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1. Sismologia y Tectdnica de Placas
(Teoria del rebote C]é‘iS_tiCO)




- SISMOLOGIA Y TECTONICA DE PLACAS

La ciencia que cstudia los aspuctos relacionados con 1a ocurrencia de tem- |
‘blores de tierra o sismos es liamada Sisenlopia.. Ista es wa ciencia joven

ya que gran parte de sus métodos ¢ instrumental fueron desarrollados duran-

‘te este siglo.

A pesar de ésto, la Sismologia ha logrado avances notables. Quizd uwna de
sus mas valiosas contribuciones al entendimiento de nuestro planeta lo ‘cons

tituya su aportacién a la 1lamada TECTONICA DE PLACAS.

Para esbozar esta teoria considéremns en primer lugar la estructura interma
“ de la-tierra. Enia figura lpodemdswér esqu:mﬁticamcntesazconstituciéﬁ. ti

. -nlcleo terrestre esta prﬁbaﬁlcmente'compuesto de fierro y niquel. £l san-
_to‘terrestrc ticne una composicidn é base de silicétos ferromignesiancs
micntras que la corteza estd corpuesta por silicatos abunﬁantes £ DOTASi0,
sodio y calcio. El1 cascarbn mis ex?erno de la tierra, el cual comprence ia
' corteza y parte del manto, con un espesor de aproximadamenté 100 kﬁ parece

comportarse como un cuerpo riguido "flotando" en el resto del manto en don-

{km)

Profunitidad
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_de pueden presentarsc movimientos como si se tratara de un fluido. i=iz
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‘conducta semejante a la de un {luido ticne sentido solamente en tiempos gco

—
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'18gicos, es decir en tiempos del orden de millones de afios.

e

El cascarbn exterior llamado litdésfcra no és continuo sobre la superficic

de la tierra sino que estd formido por diferentes "placas’en contiacto . .

con otra. ' R : '

Las placas sufren movimicntos relativos debidos a  fuerzas de ovigen am
no completamente conocidos, aplicadas a lo largo de las mismas. Estos mis-
mos esfuerzos producen en algunos de sus mirgencs 1a subduicidn de wma pia-

(>4

:
1
. .. I . . . iy
ca bajo 1la otra y en otras la creacidn de nucva litésfera (Figura 2j. Debi. i3
. , i :
' .. . S s X l
', do a estos movimientos los continentes han variado su posicidn relativa z '

través del tiempo geolSgico y se cree que en un tiempo estuvieron tocos re-
# -

unidos en un gran continente llamado Pangea. Esto nos explica el ajuste

LY,

yue existe entre, por ejemplo, las costas de Sudanérica y Africa. ,Cudl os. 1%
la distribucidn geografica de estas placas? Lo Figura 3 nos 1a nmestri.
Las zonas de creacidn de nueva litdsfera sc presentdn comp cordilleras =ad-

« -l

|

marinas y las zonas de subduccidn forman a menudo trincheras submarinas e !
1

7
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- gran profundidad. Podemos también notar que lus diferentes-placas no coin

ciden con los continentes y los océanos, sino que pueden tener corteza con .

tinental y oceinica. . e

No se sabe con certeza que causa los esfuerzos que producen los movimicntos

de las placas pero se cree que 8stos son producidos por transferencia con-
vectiva de cdlor, dc la misma mancra como ocurre cuando se hierve agua o
cualquier otro liquido.A'El fluido mis cbrcunola la fuente de céTUr 50 eﬁ—
pande,.se vuelve de esta manera menos denso y.tiende'por lo tanto a subir
ala superficie donde es enfriado y deépla:adb.hacia el fondo por nuevas
parcelas ascendentes (Figura 4},

Este. tipo dércérfjéhtcs'Ae_épavecciéﬁ pupaon;ei{sﬁif.eq_ei.ﬁénfd'tey}eétré
'aunque no debe por ésto suponerse que el mismo - se encuentra en estado  de
fusién como las lavas. Ya se ha mencionado que ésto sdlo tigne sentido ¢n

tiempos muy largos. Una manera de visualizar &sto es considerar un <ierte

3 { (’
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wlumen de roca, Si a-p.licamos a &sta w-esfucrso tcrislio.n'al por. ™ tinmmo -
: corto la roca vuelve a su posicibn inicial. 'Si.pOr- el co;ztrario apl Lcames
el esfuerzo por un perfodo prolongado de tiempo la rpc_arquedgré? defor.%m&é‘
--permanentc-emente (Fig. 5). En este Gltimo caso la roca "fluye"” v se parece,
en este sentido, a un fiuidc), ya que en éstos las deformiciones son perme-

nentes. Esto nos explica también los plegamientos que observamos muchas ve

ces en las cortaduras hechas en las carreteras.

El esfuerzo sc ard oo
Curante un tiempo orto

= - K — -
Wi I"-"':' . B
LEFTIENONT
. A
Tl.esfuerzo s¢ arnl:icza
durante un tieomna larae CEL fuerras g0 g fowms
Lermansnt s
—_— -—
Forma orininal ' Aplicacidn de esfuurzos Forma firnal
Figuro %

iCuil es la re]a{:ic‘)n de ésto cbn los temblores? En primer-lugar notaremss
que en una zona de subduccién el movimicnto de wna plica bajo la otra s¢
- realiza venciendo ias- fuerzas de {riccidn generadas en ¢l contacto entre
anbas. A lo largo de cste contacto, llamado zona de Wadati-Benioff {WB),
el movimiento de wna pi;aca,con:ra la otra tienc. lugar dicontinuamente, ;}O"

"brincos”. Es &sto precisamente Jo que gencra los temblores en esas regic




nes. Para visualizar estos procesos PENSEmos en un bloque de. cepont - sobre

‘una mesa Comp SC MuestTd en la Figura 6. L

friccidn

‘ Fig. &
Si colocamos un pcﬂb pequefio en 1a cuanastilla ¢l bloruc no s ppverd debics
'?"13 fuerza de_fr1cc1on entre €l b]oquo y. Ju mesd. Conformc aumentnnrs vl
péso la tensién en el cable continla ac1mnﬂ.ndoxe hasta que- 1vu31a ﬁ.la {Qér‘f

‘7a de friccitn, a partir de cse memento el bloque'empe:aré a moverse.

Analogamente en 1a zona W-B se acumula gradualmente hasta que rebasa W\ 13-
mite, en ese momento comienza a presentarse ui fallamicnto en alglm SUnto

1lamado foco desde donde se propaga 3 toda wna swerficie (Fig. 7).

PYarnec e fll];l‘l
~

— Arews mUCCSLVAS de Tuptura
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do deduurse este mecanismo que es conoc:ldo como la TEORIA D!‘L QHSOT"'” o‘.. =

_ Este comportamiento puede- ser observado-cuando el contacto entre placas u-..,

flora en la superficic de la tierra como en la fumisa Talla de San Andrds

en -California. De hecho, fuc en observaciones hcchas cn esta falla que pu

TICO Esto ocurrid durante el sismo de San l‘mnusco en, 1906 l.a FigUra

8a muestra las dos plﬂC.’l\ durante el movimiento latcm] que produt_c 1a acu

.mulac:on de esfuerzos. FEn la Figura ‘8b los cs}'ucr:os rebasan cierte 1in-

’

te y el fallamiento se produce cn un punto y se propaga en dmbas direccio-

nes. Lla Figura 8c muestra la situacidn despubs del termblor; existe ahora

a b - C d .
— 4

b == R
- | m

: WSS e
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un deSplazamiento'permanéce entre ambas caras de 1ls falla.

‘Alngue este proceso puede parecer intuitivamente obvio, e_n.realidad no lo
‘es. Durante mucho tlempo se penso que el f'tllmmcnto de la corteza era un

efecto de los temblore y no su origen.. Como fuentes de éstos se pcnsa,-.u

en intrusiones de magma o colapso de volfmenes por cambios de densidad de

las rocas que componcn la corteza. Amque estos mecanismos pueden ogurrir,

~sc piensa en la actualidad que 1a mayoria de los temblores en las regiones

de subduccion se originun por ¢l mecanismo cxpuesto y son liamados "tectd-

.
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nicos". Otros tipos de sismos est@n asociados a fenbmenos Jocales como son
los volcinicos o algunos otros debido p. ej. al colapso del subsuelo' por

.'pé;dida de agua, etcétera.

ONDAS SISMICAS

Si desplazamos un diapazdn de su posicién de cquilibrio y lo scltams re-

pentinamente percibimos su sonido caracteristico (Fig..9). lo mismn sucede

' Fig. 9

en la tierra, hemos visto que el.fallamiento de la roca consiste precisamen
te en la liberacidn répcntina de los esfuerzos impuestous al terreno. De es
ta manera, la tierra es puesta en vibrécién. Esta vibracidn es debida a la
propagacién de ondas comp-en el caso del diapasén.

Ahora bien,” en un s8lido pueden transmitirse dos tipos de ondas. El primer
tipo de ondas eé conecido como compresional porque consiste en la transmi-
$16n de compresiones y rafefaccionés como en el caso &e la transmisidn del
§onido, en este caso las particulas del medio se mueven en el mismo sentido
en que se propaga la onda. El segundo tipo es conocido coro ondas transver

sales o de cizallamicnto; las particulas se mueven ahora en direc

. cifn perpendicular a la direccidn: de  propagacién de la onda.



e

.La figura 10 muestra esquemdticamcnte la propagacién de estas ondas cn'im

[

bloyue s6lido,

'Las ondas compresionales y transversales han sido llumidas P y S respecti- -

. vamente por razones que s¢ verin mis adelante. Son también conocidas comoj

ondas internas porque pueden viajar en el interior de un s6lido eldstico.

'Ademds de estas dos clases de ondas pueden existir otros dos tipos mis 1lla-

_madas superficiales. £Estas ondas viajan en la superficie de la tierra y su

id--.-u.. Y Rt
S b ik aay
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"-Edﬁﬁlitud decrece con 1a profundidad. Se les ha denominado coh'elfnpmbrc de

"-f7}o$';ientificos que demost raron tebricamente su existencia: Ravleigh y
'Lag‘qndas de Rayleigh_se:originan en 1a supcrficie dcl ﬁn s6lido eldstico,
es decir, estas ondas no po&rian*generarse en un medio_iﬁfihito y se carac-
- terizan por la trayectoria eliptica Tetrégrada que describen las particulas
'u.alrpropagarse la onda. Esta trayectoria ocurre cn:cl plano de propaggcién

 de la onda (Fig. 11).

Trayectcria de la particula )

— s Diréccidn de propagarcidn de la onda

T T T I T T T T T T Ty T T I T T ooy

Fig. 11

Por otro lqdo, las ondas de love ocurren cuande cxiste wna interfasc entrc
dos medios elasticos de distintas propicdades. Como las ondas §, las ondas
de Love ocurren con un movimiento de las particuigs porpéndicular a la di-
reccidn de propagacién, sélo que, polarizado cn cl plano de la swperficie
terrestre (Fig. 12). ‘

Blreaccién de propago-
Trayactorio de lu porticula ¢lén de lo onda

A

e
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(Cuil cs la velocidad de estas ondas?  Se pucde demost rar tedricamente v oo

obscrva experimentalimente que ta velocidad de las ondas es tal Qe

V, < VS <‘VP

donde Vb, Vs y VL son las velocidades de la onda P, Sy sunerficiales res-

.

pectivamente.

Las velocidades de las diferentés 6ndas depenéen de las caracteristicas del
medio; por ejemlo, en rocas igneas la velocidad de las ondas P es del or
den de 6 km/seg mientras quc en rocas poco consolidadas es de aprox;maadnen
te 2 km/qeg 0 menor -A51 “las ondas P de 1m,tcr:emoto or1glnado en la

Costa de Acapulco serian sentidas en la ciudad de Miiico en menos défZ‘mihE

tos.
SISMOGRAFOS Y SISYOGRAMAS.

Los mecanismos para detectar los temblores fueron ideados a fines del siglo
pasado y perfeccionados a principios de éste. Actualmente estos instrumen-
tos han alcanzado un alto grado de sofisticacidn, pero al principio bidsico

emplecado no ha cambiado. Si tomamos en cuenta que al ocurrir un temblor el

‘suelo se mueve, entonces para peder obscrvar este movimiento tendriamos que

estar en un punto fijo fuera de la tierra para no sufrir nosotros mismosesc'
movimiento y poder detectarlo; &sto obviamente cs imposible. Sin embargo,

es posible construir un mecanismo que pueda medir este movimiento relativo.

El mecanismo consiste de una masa suspendida de un resorte atado a un sopor

te acoplado al suclo‘(rig.IIS), cuando el soporte se sacude al paso de las
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- ondas sismicas, la inercia de la masa hace que 8sta permanczca \m instinte

Fig. 13

en ei mismo sitio de reposo; Posteriormcnte cuando la masa sale del‘repo-
so, oscila: El movimiento posterior del péndulo no refleja el movimiento
del suelo, por lo cual se ha ideado un ﬁétbdo para volver a la masa a su
sitio original, &sto es lo que se conbce como amortiguamiento del aparato.
En la Figura 13 se éepresenta el amortiguamiento como wna lamina sumergids

.en un liquido (comlinmente acecite).

5i se s;jeta uﬂllépiz de la masa suspendida para que pheda-inscribir sobre
un papel pegado sobre un‘éilindro gue gira a velocidad coﬁstante, se podra
registrar sucesivamente el movimiento del suelo. El instrumento, hasta

aqui descrito, para detectar la comﬁonente vertical del movimiento del sue
lo, se conoce como sismbgrafo vertical y el papel donde se inscribe se lla

ma registro o SISMOGRAMA, Sismogramas tipicos se muestran cn 1a Figura 14.

Los movimientos del suelo también tiencn componente horizontal y para me-
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Fig. 14

- dir este movimiento se requiere.de péndulos horizontales que oscilan coro

una puerta que tiene su eje inclinado (Fig. 15a). 'El sismbgrafo horizontal

se representa en la (Fig.' 15b).

Los sismbgrafos que se emplean actuaimente, en general tienen masas que pue
den ser de unos gramos hasta 100 kg, mientras que los sismografos antiguos
de amplificacidn mecinica solian tener grandes masas con el fin de vencer

las fuerzas de rozamiento, tal es el caso del sismbgrafo horizontal Wiechert

_de 17000 kg de la estacidn sismoldgica de _Tacubaya {apéndice A); el ai_mrti-

guamlento se hace por corrlentes parisitas o imines, etcétera, la amplifica
cién por medio de palancas y gahanomctms v la inscripcidn en papc.l ahima-

do, papel fotogrifico o cinta magnética.
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Fig. 15

los Sismbmetros son los sismdgrafos cuyas constantes fisicas son conocidas
de tal monera que se puede conocer el movimiento real del suelo calculado

- directamente de los sismogramas.

Paré:déterminar con precisidn el epiccntfo de un temhlor se requiere del
auxilio de varias estaciones sisnnlégicas, por 1o cual los obsérvatorios
sismolégicos requieren por lo menos de tres estaciones sismoldgicas o for-
mando redes de éstas. Tal como la Ped Sismolégica Mexicana (ver apéndice
B) que controla el Servicio sismolégico Nacional, organismo encargado de
la generacidn de datos e informacidn sismolégica. En México existen otras

redes de proyectos especificos como RESMAC*, RESNOR** y SISMEX*** A ni-
proy S esp

4+ vRED SISMICA MEXICANA DE APERTURA CONTINENTAL' operada por el Instituto
- de Matemiticas Aplicadas y Sistemas de la UNAM.
**  vpED SISMOLOGICA DEL NOROESTE" opcerada por el Centro de Investigacidn y

Ensefianza Superior de Enscnada, B.C.
R&x%x WSTSTEMA DE INFORMACION SIS\KTTLCIO\:ICA DE 1‘{D\I"‘O”‘ operada por el Insti-
~ tuto de Ingenieria de Lal U\A&i



'l . 15 .
vel mundial existen convenios para cl intercambio de datos entre los dife- -
‘fentes observatorios, formando asi todas las estaciones la red mumndial.

DETERMINACION ‘DEL EPICENTRO - B : T

Hemos mencionado que el lugar en que comienza'el fallamiento que produce
los temblores es llamado foco. A grandes distancias el plano completo de
ruptura aparece Como wm punﬁo y lo llamamos foco; la proyeccibn de 8ste 50

bre la superficie terrestre recibre el nombre de epicentro (Figura 16).

Fig. 16 ' .

¢Cono determinan los sismblogos la ubicacién del epicentro?. Ya se dijo
que los sismbgrafos amplifican e inscriben el movimiento del suelo en una
tira de papel (o cualquier otro tipo de material similar) que se llama re-
giétro o sismograma. En cl sismcgrama.se registran en orden sucesivo de
tiempo los diferentes tipos de ondas Qeneradas por wn temblor v que arri-
ban a la estacién sismolbgica, como se puede npreciaf en la Figura 14. Lau
ubicacién del epicentro de wn temblor se hace nnalizéndo sus registrﬁs e

identificando los diferentes tipos de ondas como sc muestra en la Figura

[E}
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20. Se ha mencionado va que la velocidad de las ondas P es mayor que la

de las ondas S. [Dste hecho es utilizado en wna de las técnicas mis comu:

nes de la Sismologia para determinar el cpicentro. Fn efecto, suponpamns

‘que. la persona A es mis veloz que la persona B (Fig. 17). Si ambas em-

piezan a correr desde el punto 0 enel mmento que estin juntas a medida qu: se ale-.

jan de O la distancia entre ellas serd mayvor.  Pucde utjlizarse la separa-

'ci6n entre ellas en un punto dade para calcular la posicién del origen a

_partir de ese punto.

I — e e e e

et quﬁfi. . ’:if%i_.. +
) o= o t = t1 £ = o
: Fig. 17

Sobre 1a superficie de 1a tierra, wna estacidn puede propercionar la distan

cia al epicentro pero no su direccidén de manera que son necesarias al menos

tres estaciones para determinarlo sin ambiguedad (Fig. 18)}.

En la practica, la interseccién de los circulos éorrespondiéntes a las tres
estaciones no coincide en un solo punto sino comprende una regién FiS O me-
nos grande dependiendo de la calidad de los datos utilizados. La informa-
cién obtenida de estacioncs adicionales es tratada éstadisticamente en otras

técnicas sismoldgicas para refinar la posicidn.



ESCALA DE MAGNITUD E INTENSIDAD.

Las escalas de magnitud e intensidad son utilizadas paraICUantiiar o medir
los temblores.- La escala de magnitud estd relacionada con 1a energia iibe-
rada como ondas sismicas; la de intensidad con los dafos producidos por el
sismp. Ambas escalas son necesarias puesto que miden aspectos difgrentés.
de la ocurrencia de un temblor. Asi la éscala de magnitud estd felaciona.’._a
con el proceso fisico mismo mientras que la dc intensidad lo estd con el im

pacto del evento en la poblacifn, las construcciones y la naturaleza.

Com> es natural, wna clasificacidn de los temblores por medio de sus efec-

tos, que son observables, fue el primer intento de catalogarlos. Escalas
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de 1ntcn51dad fucron pr0pucst¢q desde los ﬁltlmos anos dcl q1g10 pasad)
-Z:En 1902 Mercalli propuso una tabla, que fue poqterlorncntc modificada en
1931 y desde entonces se le ha llamado escala Modificada de Mercalli (M.
Esta no eslla fmica;pero si la mis frecuentemente usada en nuestro‘contineg

eJ1.Consta de 12 grados comop puede apreciarse eﬁ la Tabla I donde se rmues -

tran tambidn las caracteristicas de cada grado.

Podemos ver que la escala de intensidad es en gran medida subjetiva. No
nos da informacidn sobre la energia liberada en el temblor puesto aue por
e)emplo m sismo pcqueno puede catsar mis dafios a una poblacidn, si ésta

' f'esta cercana a1 ep1centro que wo grande pc A vm)01 dlstanC1a ‘-:j-l-----'

: A51 pues é; neceésario catalogar temblores de aCUcrdo con 105 pfoc»éoé Llsl-;
cos de la fuente; pero también de manera tal que puedan ser mcdldoq DNesae

el punto de vista fisico serfa conveniente clasificar los temblores de acuei‘
do con la energia que disipan y aunque'podriaﬂbs hacerlo, no tenemos instru

mentos que puedan medirla directamente.

“Resulta entonces necesario encontrar una metodologpia para poder precisar no

s6lo el epicentro del sismo $ino la magnitud y fecha del mismo.

‘Poseemos sin embarpo sismpgramas y éstos pueden ser utilizados para catalo-

gar termblores de ina manera racional como se verd a continuacidn.

De dos temblores ocurridos en el mismo epicentro y registrados en el mismo
lugar, el mds débil produciri un trazo pequefio en ¢l papel y el mis fuerte

un trazo grande. Para un mismo sismo y .estaciones que se alejan gradualmen-

te del epicentro la traza se hace igualmente menor (Fig. 19).



ESCALA MODIFICADA DE MERCALLI

i

I. Microsisro.
Detectado por instrumentos.

I1. Sentido por algunas personas
(generalmente en reposo).

III. Sentido por alguwias personas dentro de edificios.
Iv. Sgntido por ‘algunas personas fucra de edificios.

V.  Sentido casi.por.todos.

e S SRR S P TSP RN T 1 OB S S

:VI._-Sentido por todos.
VII. las construéciones sufren dafio nudef&do.

. VIII. Dafios considerables en cstructuras.

IX. Dafios graves y panico general.

X. Dcstruccién-en edificios bien construidcé.
XI. Casi nada queda en pie

XII. Destruccidn total.

* Una escala mis detallada aparece en cl Apéndice D.
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y asignarle la magnitud ccro, los demis pueden ser medidos a partir de éste

midiendo la separacidn entre c¢llos para cualquier distancia del epicentro.

Se tiene entonces que:

M= log a - log Ao

El temblor patrdn, de magnitud cero se define como aquel que teniendo su

epicentro 2 100 km de distancia deja una traza de una micra cn un sismdgra-

fo Wood-Anderson elegido también como sismbgrafo patron.

Se tiene ahora una {6rmula que nos proporciona un valor relacionado con el

~

"tamafio'" del sismo e independicnte de los dafios que pucds ocasionar. Este

-

mismo valor ha sido relacionado por los sismdlogos con la energia liberada

por el sismo. Existen diferentes f£6rmilas que rclacionan la encrgia conla

(&)

magnitud de un sismo, @&stas varian porque la amplitud medida en el siem
grama puede ser la de cualquiera de las distancias fases (P, S, supcrficia-

les) quc son registradas.

Un temblor de magnitud 5.5 libera una cnergia del orden de magnitud ce la de
.. L . 20 . . o
una explosidn atomica*, es decir unos 10”7 ergs. Sin embargo, la energiz ds
un sismo de magnitud 8.5 no es tres veces csa cnergia sino la eyulvalenteas
la de unas 27,000 de estas bombas atdmicas, €sto es, la cnergia aumenta a-
proximadamente 30 veces por cada grado. Esto.puede verse mds claramenteen’

las formulas que relacionan magnitud v encrgia; éstas son de la {forma:
log E = a + bM

donde a y b dependen de la forma en que es calculada M.

Notemos que’la escala de magnitud no tiene limites; sin embargo, no se han

* como la de Hiroshima (20 Ktn de INT).
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encontrado temblores mayores de 8.6. Esto esth relacionado con cof hecho Jo

" que la corteza tiene un limite de ruptura mis alld del cwl ya no pucden -

cumlarse mis esfuerzos. Un ejenplo de w temblor de esta magnitud es el

de Alaska del 28 de marzo de 1964,

Notemos tambi&n que pueden existir temblores de magnitud negativa, puesto

-que el sismo patrén (de magnitud cero), es elegidq, hasta cierto punto arbi
trariamente,

La determinacidn de magnitudes ha sido mejorada en las (Wtimas décadas uti-
lizando la disponibilidad de mds informacibn y modelos tebricos. Sin embars
go.el principio basico es el mismo.

En el Apéndice C se detallan algunos de los sismos mexicanos mds destructi-

VOS.
LA CONSTITUCION DE LA TIERRA.

En el primer apartado de este articulo se considerd la estructura de la tie

rra. ;C6mo fue posible conocerla si las perforaciones mis profundas no alcan

zan sino unos pocos kildmetros?. La respuesta estd nuevamente en la Sismolo

gia.
De igual manera que un médico puede saber si existe fractura en los huesos
de un accidentado por medio de rayos X, el sismilogo ha deducido la estruc-

tura de la tierra por medio de las ondas sismicas que viajan a través deelia

como los rayos X a través del cuerpo humano.

Supongamos que ocurre un sismo en un punto dado si la tierra fuera completa

“mente homogénea los rayos viajarian en lincas rectas del foco al obscrvador

1



i? o 1;

i

+ (Fig. 21a).

j Lﬁs sismogramas obsérvados scrian relativam&nte simples. los cientificos
"han hallado que los rayos no viajan en linea recta sino que van curvindose
-hacig la superficie debido a‘que la velocidad de las ondas aumenta con la
 pr0fundidad. (Ver Fig. Zib]. Ademds de ésto se encuentra.que éstas suirsn
-refracciones y refiecciones que sdlo puecen explicarse sl la tierru estd
corpuesta por las diferentes regiones de que sé'hablﬁ en el primer aparti-
do. Lles temblores resultanxentonces,‘tener un aspecto positive y es Aste

el de damos a conocer el interior de nuestro plancta.

!
|

. o
*p Deigquine of n‘

NUCLEO

INTERNO

NUCLED
tXTERNO

(a) | _ . (b)
Fig. 21

SISMICIDAD

En los Gltimos 80 afios se han podido registrar todos los temblores mds im-

»

portantes (en cuanto a cnergia) de manera que se han podido hacer estudios

“cualitativos de la sismicidad de la tierra, asi se ha obtenido un esqueni




24

gta si%nuca se 1ibd-a en las costas del Octano Pacifico IC},I(H'I quc S¢ Cono-

) ce com cinturdn d¢ fucego debido a quc en esta zoni ocurre t.unlncn grian_ ac

tividad volcanica. \lay otras regiones, como e] Atlintico medio Y el Cmtu-

)
Pt . "
1

vo-

S

o =8 pr Lny T T
S J

. j'c:

=4 ]
~ A
]

o \rf“"
[T R"
|

.

. _i?
; 4
’ -,

» L

2 S

)

2 ..}g

i -
T

. ) . e

[ =) —

© T
. |
]

) . o

2 ki

N

S

I

b, B 60" 120" .
W—T‘T"T"r_ﬁ““r”r"r-ﬂﬂr

o

0" {—-r7r-.—




25

ron Eurdsico pero con una actividad sismica menor. Notese que esras‘F}an-
. jas coinciden con los limites de placas de la Figura 3. Existen también
Iréglones donde 1la aétividud sismica es casi nula o desconocida. A estas
rggiones'se lcs suele 1lamar escudos. Desde luego quo los paises que SC*

sitGan en zonas sismicas serdn mis afectados por los sismos.
SISMICIDAD GLOBAL.

_Obsgrvando la actividad sismica mundial se puede estinur el nfmero de tem-
blores de cierta magnitud que ocurren en un afio. - Se ha visto que por 1o

menos ocurren dos grandes terremotos actualmente {ver Tabla I1). Por atru
ﬁarte'estén ocurriendo varios cientos de miles de temblores de magnitud in

ferior a 3 que pasan desapercibidos.

TABLA 11
PROMEDIO ANUAL DE TEMBLORES

MACNITUD NUMERD PROMEDIO

8 2
7 20
6 100
5 3000
.4 15000
3 150000

SISMICIDAD DE MEXICO

A fines del siglo pasado se conocia la historia acerca de la actividad sic
mica de México desde 1400. Posteriormente con el desarrollo técnico sismo
16gico hacia 1910 se inaugurd la red sismoldgica mexicana {ver apéndicc A).

Be esa fecha a la actualidad se han generado sismpgramas que se conservan
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~en el Servicio Sismolégico, en la estacién Sismoldgica de Tacubaya.

. Durante los Gitimos 70 afios se han registrado y localizado, utilizandn los

~datos de 1a red sismolégica mexicana, sismos ocutrridos en la Repliblica

Mexicana hecho por el cual actualmente se conoce bastante bien la sismicidad .°.

de Mexico (Fig. 23).

PREMONITORES Y REPLICAS
Los Sismﬁlogos han observadojque inmediatanente después de que ocurre o
‘gran temblor, &ste es seguido por temblores de menor magnitud 1lamados r2-
Eiicas f que ocurren en las vecindades del foco del temblor principat. Se
- piensa due‘la ocurrencia de €stos se debe probablchenfe al reajuste mocini
co de la regidn afectada. Inicialmente la frccuéncia de ocurrencia éghragf
de pero decae gradualmeﬁté con el tiempo dependiende de la magnitud del Tem
‘blor principal. Por ejemplo péra-el temblor de Caxaca del 29 de novienbre
" de 1978 de magnitud 6.8 inicialmente se obsérvaron hasta 200 réplicas de
magnitud mayor que 2.0 diariaménte y fue decayendo eéta actividad durante
5 meses aproximadaﬁmnte. El estudic de 155 réplicasrde un gran tembior se

ha aprovechado para estimar las dimensiones de la regidn focal.

" Frecuentemente alginos temblores grandes son precedidos. por temblores de
‘menor magnitud 1lamados temblores premonitores que comienzan a fracturar 1a
regidn focal del gran temblor. No es facil determinar cuando un temblor
quefio es un premonitor de un gran temblor ya que se suele confundir con cuaj
quier otro no. relacionads. En la geﬁéraiidﬁd-dc los casos se sabe que un

temblor es premonitor sélo en el contexto de la actividad posterior.
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- PREDICCION

Se pueden preaecir los temblores? la rgspucsfu a 0515 preganta depende de
'15 que se entienda pér prediccién. Afio tras afio podemoé leer en los perisd-
dicos las declaraCidnés hechas por adivinadores, mediums.y otras gentes por .
eiiesti}b, sobfe 1a futura ocurrencia de temblores en dlglm lugar del pléng_.
ﬁa; Estas declaraciones Histan:mucho de ser prediccibnes. Se ha visto’
(Tabla Il)que—eg promedio ocurren cerca de 120-temblores de magnitud mayor

a 6-anualmente.l Se.conocen.también 1és.zonas sismicas del planeta, de mang:

ra que por ejemplo el afirmar que'durante el afio de 1981 ocurrird wn tesblor

en la costa occidental de MéxXico no contiene informacidn novedosa ni (til.

En la Gltima década el desarrollo de la sismologia ha llevado a los sismdlo
g0s a la conviccibn de que éstos pueden ser predichos. Lla investigacidn en
este aspecto es relativamente nueva a pesar de la cual se han logrado resul

tados prometedores.

Existen esencialmente dos ménerag de atacar el problema. En wna de-el]és

se estudia la variacién de ciertos parémetros fisicos debido a 1a acunla- -
cﬁ%¥de los esfuerzos cuya relajacidn oﬁasiona el temblor. Asi por cjemplo,

ge ha ébservado que la regién focal sufre una dilétaciénrqué altera la velo
cidad de las ondas que se propagaﬁ en ella. Otros de los’ pardmetros que se
alteran son por ejemplo resistencia del terreno al paso de corriénte eléc-.
frica y el nivel fréﬁtico. deos estos facfores pueden ser medidos y corre

lacionados con la ocurrencia final del temblor.

En otra de las formas de enfrentar el problema se ha estudiado 1a sisteﬁmti
-cidad en 1a ocurrencia de los temblores. Se ha observado que los epicen-
tros a lo largo de wna zona de subduccidn no se distribuyen al azar sino si -

3

guiendo un patrén geografico y temporal. Puede entonces estudiarse la his-



‘toria sismica de una rcgifn, estimar los perfodos de recurrencia de tembio-
tes de cierta magnitud y evaluar de esta manera la posibilidad de ocurren-
cia de un temblor.

Este breve bosquejo trata solamente de poner de manifiesto que los sismblo-

gos actuales se encuentran trabajando sobre bases cientificas para la futu-

ra prediccidn de temblores. Cuanto tiempo tomird ¢l desarrollar un sistcma
eficiente para predecir temblores es dificil de precisar pero seguramente

sera de algunas décadas, Indudablemente &sto requerird del desarrollo de

nuevas metodologias tanto teéricas‘cono instrunentales.
¢QUE HACER CUANTO OCURRE UN TEMBIOR?

:Existen variaé medidas qﬁé deben tomarse en caso de ocurrir un temblor, pe-
To ante 1a eminencia de un suceso de esta naturalexa, en regiones sismica-
mente activas es mejor prepararse mentalmente para wuna eventualidad, Por
otra parte conviene buscar las condiciones adecuadas de seguridad de los si
tios donde se pefnnnece mis tiempo como son! la casa, el trabajo, la escue

'1a, etcétera.

La seguridad de las casas en caso de temblores se garantiza construyendo a
éstas seglm los codigos de construccién antisismica de la regién, si en los
centros de trabajo se observa poca seguridad en las instalaciones pedir que
fseaﬁ reforzadas. En México las céCuelas, & en general, obras civiles son
construidas tomando en cuenta el cddigo de construccidn pero si se observa
:alguna anomalia conviene reportarlo a las autoridades competentes. Debe e-
‘vitarse el colocar objetos pesados o peligrosos como limparas, etcétera

en repisas y lugares elevados a no ser quc estén bien sujetos:



e

Cuando ocurra el temblor, es convenicnte tomar en cuenta lo siguiente:

._1.

(93]
.

uo.

‘Conservar la calm y tratar de serenar a las personas que nos rodcan.

Evitar dar gritos ya que &stos infunden panico, y éste es el origen, en

muchos casos, de mis fatalidades que el temblor mismo:

No desplazarse preciﬁitadamcnte en interiores; es mejor buscar sitios
que ofrezcan seguridad (debajo del dintel de puértas; debajo de mesas rg

bustas, lugares con techumbres livianas, etcétera).

i : T .
Tener cuidado de no permanccer debajo de objetos colgantes u obiectos mal
colocados. Alejarse de las ventanas ya que los vidrios se rempen con
las sacudidas, tampoco permanecer cerca de objetos que se puedan despla-

zar o derribar (como armarios altos, vitrinas, muebles con ruedas, etcé-

tera).

Fn las escuelas, los maestros deben conservar la sereniddad y tratar de
dar confianza a los alumos, pedir a €stos que se alejen de los ventanas
y, c¢e ser posible, protegerse debajo de las mesas o los dinteles de las

puertas. Si estdn en los patios de recreo pedir que permanezcan lejos

-de los edificios. Estas explicaciones y un simulacro deberian consti-

tuir prictica ordinaria al inicio de clases en todas las escuelas.

Fn otros centros de mucha concentracidn se aconscja no salir precipitaca

mente ya que ésta es la respuesta de la mayor parte de personas v se ha

visto que causa muchos accidentes personales. Lo mejor cs buscar sitios

seguros debajo de estructuras reforzadas.

Se debe tomar en cuenta que los temblores no duran mucho tiempo, pero a

‘veces ocurren otros. De manera que debe obrarsc con cautela al final de
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QUE HACER DESPUES DE OCURRIR UN TEMBLOR

Despugs de ocurrir el temblor se debe revisar si hubo dafios y accidentados
"y proveer ayudg si es necesario. Posteriormente revisar si las diferentes
instalacipnes eléctricas, gas, agua, etcétera no sufrieron dafios. Si es de
noche no prender fésforos para alumbrarse hasta no estar seguro que no €Xis
‘ten fugas de gas; No use el teléfono si no es para transmitir un mensaje

de mucha prioridad.

En las escuelas antes de movilizar a los alumos conviene inspeccionar cl
estado de los lugares de acceso: puertas, escaleras, barandales, ctcétera.
Posteriormente evacuar la escuela para wna revisién detallada de sus insta-

laciones. Esto mismo se debe hacer en caso de edificios altos.

. . A - . . .
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HISTORIA DE LA SISMOIOGIA. EN MEX1CO.

la Repiblica Mexicana estd situada en una de las regiones sismicamente mis

activas del mmdo como se puede apreciar en la-Figura 24. El estudio de la
actividad sismica en México es relativamente reciente, sin embargo su obser
vaciénrtiene antecedentes remotos. Sabemos que los primeros pobladores de
México se percataron de la act.ividad.sisrrﬁca y volcanica en estas regiones

y posiblemente hasta existieron personas dedicadas a estudiar estos fendue-

nos.

En- la €poca de la colonia la descripcidn de los temblores 1la hicicmn prin-
cipalmenté los monjes en algimos conventos y Se encuentran anotadas en algu
nas obras de Clavijero y‘Sahagfm. Con el uso gencralizado de la imprc'nfa
se remrtaban"da:cos sismol_égicos en los periédicos .de la &poca con describ—
ciones a veces pintorescas y exageradas. Posteriormente los’ temblores eran
observados por naturalistas, pubiicistas .y por el p&blicé en general, pues’
en todos los folletos antiguosﬁse encuentran notas sobre terblores, cuvas
Areas se enpezaban a delimitar a medida que las éormmic’aciones se estable-

cian entre pueblos.

Cuando se instald la red telegrafica en la Repliblica I\‘lc;x.icana los tclegra-
fistas suministraban datos 'réferentés a temblores y se publi.éaban rﬁeﬁéual- _
meﬁte en boletines. |

La medicién de los temblores por medio de instrumentos se inicié a f'iﬁes
del siglo pasado, en la época de Mariano Barcena, se instalé en el Obsci'»'af_
_toriO'}'eteorolég'ico Central wun sismégrafo del Padré ée&i; Por ese ticmpq

Juan Orozco y Berra se dedicd a observar estos fendmenos y formar estadisti

p g -

-
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cas, reuniendo importantes datos de temblores desde tiempos précolombiahos.
coleccionados con cuidado y publicados en la sociedad cientifica Antonio’
‘Alzate. Sin cmbargo es hasta el 5 de septicmbre de lQlquué por flecreto
-Presideﬁcial se crea ¢ inaugura ¢l Servicio Signnlﬁgico Nacidnal. Este c-
vento se enmarcd dentro de los festejos conmemorativos del primer centena-
rio de la iniciacién de la Independencia Nacional. Dicho sefvicio dependia

del Instituto Geoldgico Nacional.

La red inicial consistid del Observatorio Central de Tacubaya y estaciones
ubicadas en Oaxaca, Mérida, Zacatecas, Mazatiin, Guadalajara y }bnierrey.
Se eligieron conb sensores los sismografos Wiechert de periodo corto. 3dsi
" camente, estos sismbgrafos con algunas modificaciones y mejoras continfan

bl

operando.

Hacia 1929, el Imstituto GeolBgico Nacional pasd a ser el Instituto de
Geologia de 1a UNMMy el Servicio Sismplégico formd parte de este nueio
Instituto. En 1949 con la creacidn del Instituto de Geofisica, el Servicio

Sismoldgico pasd a formar parte de este Instituto.

El Servicio Sismoldgico vuelve a cobrar vida hacia 1965-1967 ﬁuando sc'ins-
talaron estaciones de mayor sensibilidad en Tchuantepec PBJ}, Vista Hermosa
(Vil0), Comitdn (QOM), Toluca (OXM), Ledn. (LCG), Presa Infiemillo (PIM),
Presa Mal Paso (PMM), Ciudad Universitaria (UNM), Tepostlén (T ) f
Popocatépetl (PPM). Tamﬁién'se instald por 1970 una red de estacCiones en
el Noroeste, con el fin de observar la actividad sismica del Golfo. de
Califormia. Este conjunto de estaciones ahora es controlado ﬁor el Centro
de Investigaéiones y de Educacigén Superior de Fnsenada, Baja Cal?forhia

(CICESE).

" Actualmente el Servicio Sismoldpico cuenta con wna red de 14 estaciones
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. (Apendice B) siendo el Observatorio Central de Tacubaya la estacion mis com :
pleta y donde se recibe la informacidn sismoldgica de toda la red,
Desde 1910 el Servicio Sismolégico ha generado ininterrumidamente datos
que hoy forman el archivo sismoldgico del pais.. Ellos constituven por si

.mismos un valioso acervo formando wma fuente de informacidén muy importante.

El Servicio Sismoldgico ha jugado un papel importante en el desarrollo de

Lpror ettt e e g e b T AT oy T 8 e PPy 11 s T Yy e aer

la Sismologia en México, pero ademis tiene una funcidn social y econémica

palpable.

PN e it et

DESARROLLO SISDIOCICO. . S T
En la Gltima década han émgresado los estudios de Sismologia en México y
se han venido formando distintos grupos de trabaju que afrontan los diferen i |
tes problemas de Sismologia. . Exi'stc.:n en la Universidad Nacional Autdnoma
de México tres de estos grupos de trabajo. El g@o del Tnstituto de
Geofisica, que ademas de realizar labores de ‘investigacién tiene a su cargo
el Servicio Sismldgico que es el vocerd oficial de 1a UNAM en la divulga- '!
cibén de ios pardmetros 'de los temblores. El Instituto de ingenie_ria enfoca ‘
su trabéjo principalmente a problemas de riesgo sismico y ‘maneja wna red de
estaciones telemétricas (SISMEX) y el Instituto de invéstigaciones Matemdti |
cas Aplicadas y Sistemas, que tiene a su_cargo el desarrollo del proyecto

de 1la Rca Sismica de Apeft'ura Continental .(RESMAC) . Existe otro grupo de

trabajo en el Centro de Investigaciones y de Educacién Swuperior de Enscnadu,.

B.C. (CICESE) que enfoca su estudio a la actividad sismica asociada tanto al :
Golfo de California como a la falla de San Andrés, igualmente operan la Red

Sismoiégica del Noroeste (RESNOR).‘: los difcrentes grtzpos tienen commica- 1

cién.y frecuentemente se realizan simposia donde se dan a conocer los avan-
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| ces en el estudio de la Sismlogia.

Existe interés en algpmas instituciones de ensefanza superior en el inte-
rior de la Repiblica por el estudio de la Sismologia y, recientcmente, es-
tin enfocando sus esfuerzos por consolidar grupos de trabajo propios para

el desarrollo de esta disciplina en sus localidades.

-
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ESCALA DE TINTENSIDADES SISMICAS

_Escala-de Mercalli modificada en 1931 por Harry 0. Wood y'Frank'Ncﬁmén.

Sacudida sentida por muy pocas personas en cond1c1ones erPCIJIFGn-
te favorables.

Sacudida sentida s8lo por pocas personas en reposo, cspecialmente
en los pisos altos de los edificios. Los objetos suspendidos deli-
cadamente pueden oscilar. -

Sacudida sentida claramente en los interiores, especialmente en los
pisos altos de los edificios, muchas personas no la ¢stiman cosp um
temblor. Los carros de motor estacionados pueden mcverse ligerainen
te. 'Vibracidén com originada por el paso de un carro pesado. Duru
cidn estimable,

Sacudida sentida durante el dia por muchas personas en los interic-
Tes, por pocas en el exterior. Por 1a noche algunas despiertan.
Estremecimiento.de vajillas, vidrieras y puertas; crujimiento de i
10s. Sensacidn como de un carro pesado ChOLdndO contra wn edificio,
los carros de motor no en movimiento se balancean claramente.

Sacudida sentida casi por todo mundo; muchos despiertan. Algwnas

piezas de vajillas, vidrieras, etc. se rompen; pocos casos de agrie

tamiento de aplanados; objetos inestables caen algunas veces. Se
obscrvan perturbaciones en los arboles, postes vy otros cbjetos altos.
Detencidn de relojes de péndulo.

Sacudida sentida por todo mundo; muchas pcr%onac aterorizadas huyen
hacia afuera. Algunos mucbles aesados cambian de-sitio; pocos ejen
mosdecmdadcqﬂmmmsochm)mluummws.Dmmslgema

Todo mundo huye afuera. Dafies sin importancia en cdificios hien sle
neados de buena construccién. Dafios ligeros en estructuras ordina-
rias bien construidas: dafios considerables en las débiles o mal pia
neadas; ruptura de‘a]gunas chimeneas. Estimado por las perscnas
conduciendo carros de motor.

Dafios ligeros en estructuras de disefio especialmente bueno; considc
rable en edificios ordinarios con dermimbe parcial; grande en estruc
turas débilmente construidas. los muros salen de sus armaduras.
Caida de chimeneas, pilas de productos en los almacenes de las fabri
cas, columas, monumentos y muros. los mucbles pesados se vuelcun.
Arena y lodo proyectadss en peguefias cantidades. Cambio en el nivel

del aguz de los pozos. Pérdida de control en las personas que guian

carros de motor.
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APENDICE C
SISMOS IMPORTANTES.

- —— e e -

Quizd wno de los fendmenos naturales que més ha impresionado al hombre’ ha ) . H
sido los térremotos. ’Su inquietud ha hecho que desde la antiguedad tra_fa- |
ta de explicarse las causas que los originan, pero no fue sino ha;sta. los
Gltinos 100 afios que ha ido entendiends la naturaleza de las fuerzas que o ' g

casionan estos movimientos, como ya se ha explicado.

Los efectos de los temblores a la commidad y sus edificaciones ha sido la

causa del temor a &stos. FEsta es la razdn por Ia cual la mayor o menor 1i
beraci6n de energfa de los temblores no ha tenido imacto social. Asi el

temblor de Alaska del 28 de marzo de 1964 de magnitud ‘8.5, siendo wno de

A

los pocos temblores que han liberado mis energia en los (ltimps 100 afios

apenas es considerado socialmente, sin ernbafgo el temblor dé Tanshan del

27 de julio de 1976, de menor magnitud 6.3 m Y 7.9 \i se ha considerado )
como el terremoto mis mortifero de los UWltimos cuatro 51glos y ha tenido ;

uw gran impacto social.

Se pueden hacer listas' de los temblores mis fuer-'tehé, perb nNo Nos daria una
idea del riesgo a que estén sometidos los pueblos asentados en zonas sismi
camente activas. A continuacidn se mencionan algunos de’ los temblores |
que han ocurrido en el mmdo (Tabla I) y en la RCp&blica Mexicana. (Tabla 1)

y que mas impacto social han tenido.
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Dufio considerable en las estructuras de discfio bueno; las armaduras
de las estructuras bicn plancadas se desploman; grandes dafos ¢n los

edificios s0lidos, con derrumbe parcial. los cdificios salen doe sus

cimientos. Tl terreno se Jngeta notahlemente. Las tuberias subte-
rrineas se rompen. . .

Destruccidn de algunas estructuras de madera bien construidas; la ma
yor parte de las estructuras. de Wamposter1a v armaduras se destruven
con- todo y cimientos; agrietamiento considerable del terreno. Los
rieles se tuercen. Con%1derables deslizamicntos de tierra en las
fuertes pendientes. Eyecciones de lodo y arena. Invasitn del agua
de los rios sobre las nargenes. S

q‘--v— 17

Casi ninguma estructura de mamposteria queda cn pié. Puentes destrui
dos. Anchas grietas en el terreno. Las tuberias y subterrineas quz
dan fuera de servicio. Hundimientos y dernumbes en terreno suave.
Bran tors1on de vias férreas. :

Destruccidn total. Ondas visibles sobre el terreno.  Perturbaciones
de las cotas de nivel. Objetos lancados en el aire hucia arriba. -

B




TABLA T

e hu . Magni;ud Richte . Regifn No. de Muertos Datos generales .
: - M Ms . - . : .
t, dgosto 16 8.6 Chile: Valparaiso Santiago 20 000
3, diciembre 28 7.5 Italia: Reggio 29 980
o, diciemtre 16 8.6 ’ China: Kansu v Stransi . 100 Q00
2% septiembre 1 8.3 Japin: Tokic, Yokohawa 93 1339 ‘ Conocido como el terremoto de Kwanto. Tu

v0 desplazamientos de 1.5 my grandes in
cen?ics le precedierun.

2T, mayo 220 8.3 China: Nan Shan ) - 200 000 Grandes fallas, se sintid hasta Pekin
* T, diciembre 23 5.6 6.2 Nicaragua: Managua 4 000 - 6 000 Miles de heridos. La ciudad de Managua
| fue casi totalmente destruida. )

Soame 30 1.5 Paquistin: Quetta - 30 odo Quetta rue tutalinente destruida. o

I3, iwio 25 8.3 Chile ' ‘ 28 000 : ' b
a diciembre 26 . 7.9 Turquia: Erzincan - 30 000 Se Jetectaron novimientos oscilatorios

de 3.7 m Jde desplazomiento con movimien-
105 trepidatorios menores,

, febrero 29 5.8 ) Morvcee: Agadir 10 000 - IS ¢on Fs w2 de los tonbiores que s muertos
i ' ‘ : ha ocasicnado a'pesar de ser poca su mag
nitued,
.27F, febrero 4 6.2 1.5 Guatemala: {uatemala 23 000 3¢ calevla en 76 000 el nlwcro de heri-

s, Lo maver intensidad se ubicd en el
drea de- Minca, |

1, agosto 27 6.3 7.9 China: Neresze - 655 237 “Cerca-do $20 200 heridos y dafws en el

’ irves e Tanshon. Tste terremoto és prola
Wierenite o1 ids mortifero de los Gltimos
fT b 2igles el 200 mis fuerte gque registrd

i Ristoria agderna,




i.nt, Tabla I

fecha

1370, muyo 31

[, septiembre
1o

Magnitud Richter

iy

Ma

7

7.7

Regién - No. de muertos

PerG: Muaras
Chimbote, Yungay 50 000 - 70 009

Iran 11 000 - 15 000

Datos generales

Derrumbes, inundaciones. La peor catis
trofe registrada en Perli por un terre-
moto ef este siglo.

Muchos heridos y dafios considerables en
Bozonabad y dreas circunvecinas.

v

.
’

't

e T,




recha

*i, junio 7

i, julic 18

— S0, fulio 29
=B, agusto 2
S, owero M

3D, Agosto 1§

¢, novicubre 28

-5, ovtubre 24

TABIA 1!

Magnitu! Richter Regibn No.

3]
3

i

7.8

6.3

6.2

6.8

6.5

Ms

7.1

‘Jalisco-Colire

Qaxaca-Puebla

Guerrero:” S5it Marcos
Oaxaca: Pinotera
Colima

Gaxaca-Puehla

Daxaca

Qaxaca: thaiwaran

—— e

— N

de Muertos

45

55

..\).
'

' 30

60u

Cocurrido los fulrimos

Datos generales

.Destructor en ©4. Cuziin Jal,, ha sido '

uno de.los temblires«is fuertes que han
100 aflos. “Se repor
taron 45 muertas en el DLF,

Grandes dafios en Esperanza, Puebla

Miles de heridos v Ja%as materiales en
varios estados. La -oblacifn mds dafa-

da fue San Marcos, Gro.

Se estima gque hubo varios muertos y miles
de heridos. CGrandes Jdafos materiales en
Pinotepa.

300 heridos y 30 poblaciones afectadas
severanente.

Miles de heridos y damificados. Cd.

Serdin destruida: dafios considerables en
las ciudades Ze¢ Pue-la, Orizaba, Oaxacay
MExico. 77 puebles Ja%udos seriamente.-

Dafios en loxicha, Taxaza. Fs quizf el
tenblor que mis :o A estuliado en 'Buico.

.

M rtes dafios en

1os estados da By

vecidn fronteriza de

o1y, Jdaxaca y Guerrero,

)

19

‘Principalmente 21 Huajuapan de Ledn, Oax.
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LOS SIGUIENTES ANEXOS DAN INFORMACION ADICIONAL

SOBRE LOS TEMAS TRATADOS
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Deriva Continental. Esparcimiento del Fondo Marino.

Tectdnica de Placas

A principios de sigle el geofisico .alemin Alfredo
Wegener propuso la teoria conocida como Deriva Continental,
en la que se supone que las ﬁasas continentales han sufrido
largos desplazamientoé horizontales que detérminafcn la posi

cibdn y distribucibn actual de tierras y mares.

Wegener se basd fundamentalmente en la concordancia de
algunas lineaszde costa, como las de América dei Sur y Afri-
ca (figura 1); en datos paleoclimiticos vy paleonto]égicbs Y
en la distribucibn de las cadenas montafiosas. Propuso la
éxi?tencia de un.granVCOntinente primario al“cual llamd Pange=a
que en el transcurso de las edades geoldgicas se_fracturé'y
sus partes navegardﬁ'sobre la capa has&ltica del pisc marino,

hasta ocupar diferentes posiciones.

Otros investigadores anteriores-ya habiénravanzadg en
la idea de‘movimientos dontinentales; sin embargo Wegenef en 151?
presenpé una consiaerahle cantidad de evidencias y una des-
cripcidh de las posiciones de los.continehtes en las diferen

tes E&pocas.

La teoria pronto encoﬁtré dﬁ_gran nlnero de oLjecionés,
pfincipalmente por el mecanismo propuesto para expliéaf-el
desplazamiento de los continentes asi como por la similitud
de edades de los oceanos, y la existencia de los cratoﬁés

continentales y de regiones de lentos levantamientces y sub-
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sidencias entre otras. Pronto la teoria cayd en desuso.

Con gl advenimiento de la Segunda‘Guerra Mundial las
‘técnicas e instrumentos para la expléracjéﬁ mnrina'exberi—
mentaron un fuerte avance, priﬁcipalmehte en los sistemas
de navegacidn asl como de registro del fondo, lo gue fomen

.16 la investigacidn de los océanos.

Eﬁ la década de los cincuenta, las 1nvestigacioﬁes
océanogréficas se ilncrementaron enormemente. Se hicieron me-
diciones de éravimetria5 de magnetometria, de fluio de calcr
de sismologla de refraccién‘y reflexidn y se tcméron mies-
tras de sedimentos del fondo chéhico. Todos estos estudios
aportaron informapién novedbsa‘cuya intenprétacién hizo nece

saria la revisidén cuidadosa de la hipdtesis de Wegener. |

Dietz en 1961 y Hess en 1962 propusieron ia teoria 1la
mada de Esparcimiento del Fondo,Oceénicq, para explicar éus
observaciones sobre el lecho marino. FEn esta reoria se con-
sidera a las dorSalesloceéniéas comd cqntros generadores de
material nuevo proveniente del manto y trasladado a la super

ficie por corrientes de conveccidn.

La idea general asume que el valle medio de una dorsal
ocednica représenta.uﬁa fisura, la cual-se rellena por mate-
rial del manto, prébablemente.pefidOtité, que al enfriarse
bajo los 500 °C sufre un proceso de serpentinizacidn. Esto
hace que disminuya la densidad de 3.3 a 2.8 g#[cm3 y aumente
su Qolumen, lo que provoca la efevaéién de las montafas qué

rodean al valle. Este proceso-también justifica el espesor
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ca51 uniforme de la corteza ocednica repor*ado por ‘los egtu-

. dios sismlcos (Figura 2).

'La teoria explica ademds, la falta de sedimentos anti-
guos anteriores al Cretlcico, los e5pesdre§ inferiores a |
1.3 Km, la distriﬁucién de edades {mayores al,aproximarée a .
' los continentes) la forma y localizacién de los guyots
(ﬁesetas submafinas, algunas de ellas situadas a gran profun
_ didad), la ausencia de la discontinuidad de Hohorovicic tajo
las doﬁsales y el elevado flujo térmico sobre ellas, y,explih
ca la presencié de las fosas'profundas en algunas méréenes
continentales como zonas en donde el piso'océénico retorna ai
manto.

La interpretacifn-de las anomalias magnéticas de canpo
Tﬁtal tomadas sobre las cordilleras submarinas enpleando iacz
inversiones de polqridéd del Campo Geomagnético hecha por
Vine y Mattews en 1963, proPOfciohé un fuerte apoyc a la ted

-
ria.

Los afios siguienfes fueron de intensa actividad y descu
trimientos. En'19é8 Isacks Oiiver y Sykes Durllcaron un articu
lo ahora clésico, "Seismology and the New GlobalATectonlcs

~en el que se.éihtetizaﬂ la mayoria de las.idéas_qﬁe-integran
lo que es conocido como Tectdénica de Placas o Nué?a Tectdnica

‘Global.

‘Brevemente, la teoria considera que la tierra posee un
asquete externo rigide de unos 100 Km de espesor. Este cas
‘quete no es continuc sind quewesté dividido en varios segmen

tos (Flgura 3). .con movwmlcntoa rclut ivos entre si,

‘1‘ l :
o
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Los movimientos a que estan scmedidas las placas produ
cen en algunos de sus margenes la subduccién de una de ellas

bajo la otra,mientras que en otros mirgenes se produce la

creacién de nueva corteza. (Figura 2).

Aunque el origen de los esfuerzos que producen estos
movimientos no es bien cémprendido es muy posible que sean
‘debido a la transferencia convectiva de calor hacla la super
ficie. Cualquiera que sea el mecanismo que produée él des-~
plazamiento, el contacto entre las placas es zona de acumu-
lacién de esfuerzos y el lugar donde se libera la mayoria de
la energia de la superficie terrestre. In la tfigura 4 puede
.VePSe que las zonas sismica y volcdnicamente activas definen
los margenes de las placas. NOtese también que los linites
de las placas no necesariamente coinciden con las fronteras

- .
cceano-continente,

La distribucidn de hipocentroé en un corté transversal
a traves de una zona de subduccidn puede verse en la figura &.
La regidn definida por los focos es llamada zona de Wadati
Bennioff en honopr a los investigadores que describieron esta

relacidn geométrica en los anos U0,
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1859
1889
1506

1910
1912
1914
1923

26~
8

1926

1329

1939
1940

1944

1346

1949

1930

1952

1955
1956
1957

1957

1958

Algunos dc los acontecimientos mis ~ ° - .
importantes cn ¢l desarrollo de ia : ’ -
Tectbnica de Placas. X |);3

Se noté la concordancia entre las lincas de costa
de Africa y América del Sur. (Hacon)

-Tdeas de conveccidn témmica en el manto (liopkins}.

Teorfa isostditica (Airy).

Mapa mostrando el movimiento de los continentes -
(Snider).

Teoria isostitica {(Pract}.
Concepto de la astenbsfera (Fisher).

Primeras evidencias de inversioncs del Campo Mawx-
nético terrestre {(Brunhes). :

Teoria de movimicntos. continentales (Taylor).

Teoria de Deriva Continental (Wegener).

Concepto de la astendsfera (Barrel).

Nuevo método Jde analisis de temblores, liamade de
mecanismos focales o plano de falla (Nakano y -
Brerly).

Concepto de la astenfsfera {Gutenberg}.

Establecimienta de una ¢poca de poiaridad inversa
magnética en ¢l Pleistoceno (Matuyuma).

Celdas de Conveccidn en el manto {Griggs!.
Determinaciones de edades radiométricas K-Ar {Evans).
Mecanismos de deriva continental (Holmes).

Descubrimiento Jde los guyots en el Océano Pacifico.
(Hess). : . .

Descubrimiento Je las zonas Jde Beniotf {Renio{f).

- Estudios Jde las cordilleras submaripas {(Instituto

Scripps).

Comienzo Je-tas mediciones de flujo térmica en el -

mar (Bullard).
Emplec dc los maynetbfmetros de Campo tatal ¢n es-
tudios marinos {Instituto Scripps),

Descubrimicnto de las zonas de {ractura en el - --
Océanc Pacifico (Mecnard y Dietrz).

Investigaciones tebricas del origen del Campo Mag-

.nético (Bullard y Elsasser).

ideas de fuentes térmicas "Hot spots” (Wilson).

" Descubrimiento Jel valle medio de las dorsales ¥

roconocimiento Jde los temblores gue en ellos ocu
rren {Ewing y Hazen).

NDemastracién 'de la Deriva Continental con datas
Palcomagndéticos (Irwing ¥ Runcorn).

Levantamicnto marino con gravimetro Je superficie.
Mo Geoffsico Internacional
Reconocimicnto de Jincamientos magnét tvos rohre lus

darsaies (Mason). Contirmado par Vaggquar,” 14961 ¥
Misen y  aff 1961,




1960

1961 -
1962

1963

1960-
0

1965

1967 -
69

11967
1968

1969

1964

1970

1970

1971

r T
nd
Primeras perforacioncs del proyecto Moholc.

Hipbtesis de esparcimicento de los fondos marinos
(Hess). ) )

Interpretacibn de los lineamicntos magnfticos em -
pleando Jas ideas de iaversiones del Campo Ueomiig-
nético vy de esparcimicento de los fondos murinos
(Vine y Marthews;, Morley).

Primera escala de tiempe vuantjtativa Jde inversio-
nes de) Campo Geomagnético usande cdddes de K. Ar
(Cox}. .

Proyecto Internacional del Manto Superior bajo la
direccibn del profesor V.V. Beloussov.

Concepto de fallas iransformadas (Wilson),

Modelo dc una lit6slera capaz de soportar tensiones
como mecanismo de hundimicento en las trincheras
(Elsasser).

Conceptos ¢ implicacioncs geométricas de las placas
{Mc Kenzie y Parker), "

-

Estudios sobre las placas y sus ifmites {(Morgan).
Nueva Tecténjca global {Isacks). )

Concepto de¢ juntas triptes {Mc Kenzie y Morgan).

Relaciones entre la edad, la clevacidn Eopogrﬂfi-
ca y el {ilujo térmico cn los fondox occinicos  --
(Sclater y Franthetau).

Programas del JOIDES (Mucstreo de la ticrra profun
da)

Informscidon del proyecto de perforacion vn mar pro
fundo (Deep sea Jdrilling Project) dentro de los -
programas del JOIDES {({rom Occanographic institutions
Deep. Earth Sampling). .

Proyecto Intcrmacional Geodinfmica. Cen la partivipa-
¢ibn del Grupo de Trabajo No. I, Grupo. de Estndio No,

Z, Placa Je Cocos, Comité Mexicane Je Geodindnica.

Proyecte CICAR (Cooperative lnvestigations of the
Caribbean and Adjacent Regions). Participacion Jde

. México. -

Proyccto IDOE (Inturmaticnal nech? Nccanographic
Exploration). Participacibn de México.
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Prediccidn de Temblores

Como hemos visto, la mayoria de 162 temblores ocurren
en los.mérgenes de las blacas como respuesta a la acumula-
cibn de esfuerzos en esas dreas. Los esfuerzos son delidos
al movimiento relativo entre placas. Este movimiento, que
es del orden-dc algunos centimetros por dfie no cambii on
plazos cortos de tiempo (geolbgicamente hallando) por con-
siguiente es-positle estudiar ios margenes sismicamente ac

tivos en terminos estadlsticos.

Los perlodos de recurrencia de los temtlores grandes
(M>7.0) son altamente variatles (30 - 100 afios) por lo tan
to es necesaric contar con un record histdrico tan comple-

ra

to como sea positle.

Si el periodo de recurrencia es.éonoﬁido, la protaii
iidad de ocurrencia de un temblor es proporcional al tiemgpo
transcurrido desde el Gltimo. Este Gltimo aspecto nos lie
va a lo que se ha definido quo tramo de quietud sismica a

falta de una mejor traduccidn del ingles "seismic gap".

El concepto anterior fue originalmente desarroilado
por Fedotov y Mogi y posteriormente por Sykes y Kelleher y
colaboradores®*. Estos iltimos autoresk putlicaron un mapa

de "gaps sfsmicos"™ para el cinturdn del Pacifico.
gap

* Kelleher et al. (1973). Journal of Geophysical research.

- gol 1y pp. 25477 Z"N
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El mapa ha sido revisado recientcmente por Mc Cann
y colaloradores®, Las siguientes figuras son mapas de

"gaps sismicos" para Mescamérica, Sudamérica y el Carite.

Este tipo de mapas es muy utii no s6lo para evaluar
el riesgo sismico sino también como parte de un programa-
de prediccéén a largo plazo. Una vez gque una regidn es
reconocida como "gap", pueden utilizarse técnicas‘para de-
terminar cambios fisicos asociados con la acumulacidn de

esfuerzos.

Los cambios fisicos observados se rslacicnan al aumsn

to de volumen, previo al temblor, ilamado dilatancia. Asz0-

ciade a la dilatancia se encuentran el canbio en la veloci

b}

®

dad de las ondas P y §, el aumento de la resistividad elf

18

e

trica, el cambio en el campo magngtico y =1 aumento de gas
radén en pozos cercanos asi como cambios en temperatura v

nivel de los fluidos en los mismos.

Para explicar la dilatancia se desarrollaron dos mc-
delos que han sido llamados el modelo americano y el modelo
ruso. Amhos coinciden en las fases iniciales pero divergen
en la descripcidn del episodic final. Quizd la situa«idn

real sSea una combinacién de amltos.

S

. ’ 4 a-
'\j!g] JIJ;‘EP“"

| : N !
# Mc Cann et al. (1979).JGR (4 a;;tﬁ_(’l‘
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Ondas Sismicacs

Dentro de un cuerpo con constantes eldsticis y oy g
y densidad‘f pueden viajar dos tipos de ondas llamadas "de

.cuerpo™ o internas:
P

Longitudinales Vp =/l“i?ag - onda  (de primus)
, : . p : :

Transversales Vs = P/p onda s (de secundus pues
arriba después ds @)

\(3_ Vs (Solmla J.e Er;;on)

En muchos casos A = u y Vpr

En un sélido eldstico estratificado con una superfi-

P

PN S -

cie libre se generan ademds dos tipos de ondas super
les:
 Ondas de Rayleigh con velocidad CR y ondas de Love

con velocidad CL; puede demostrarse que

C < 0.92 Vs

v < C Jc\fs

donde VS 'y'Vg son las velocidades transversales de los
1 "2 .

dos estratos.




b

lLa velocidad de las ondas superficiales depende de’
la frecuencia y sufren por lo tanto dispersién. 'La disper
sién.i.e. la velocidéd de grupo depéﬁde de la estructura
interna del medio y por lo tanto su estudio puede utiliiag
se para inferir esta estructura. | |

Las fases arrita descritas quedan registradas en los
sismogramas (dependiendo de la posicidn del instrumento con

respecto a la fuente) sin embargo su esiructura se compli-

ca pues‘también aparecen fases de ondas reflejadas vy rzfrac

tadas:
Superficie libre Superficie liire
U L ot
Y TN -
. | .,

. 7. ;' : \\ . P
F o N

7 .
. (gé\,

) D

~—
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. A escala global muchas de estas fases correspondien-

tes a reflexiones y refracciones en el interior del plane-

ta pueden ser identificadas;a continuacién pueden verse la:s

;e

trayectorias de algunas de estas ondas y su nomenclatura,

asi como su distribucién de velocidades con la profundicdad.

Veloc:ty (km see™")




Las diferentes fases pueden identificarse en el registro con

ayuda de las curvas de viaje de Jeffreys y Bullen gue nos dan
ei tiempo de arribo en términos de la distancia al foco. Es-
tas curvas fueron dadas por Jeffreys y Bullen en los aﬁoé 40
y a pesar de la introduccidn de los computadores modernos han

adguirido poca modificacidn.

- et =

360 3;30 320 300 280 260 240 G OO
140

0- 20 40 60 80 100 120 4 1.5 130
50 - e LY " T T e
. . T~ N {"
457
:’hna"'
Paa,
N
| PaePan
40r
dnngy
asr

Fuas

t (minutes)
~
L1,
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El tipo de onda para determinar M, no‘esté especificado es sim
plemente la maAxima amplitud y puede ser de onda P, S o de super
ficie. |

Otras magnitudes en uso comun ademas de las ML {magnitud lopal)
son la mb y la magnitud de ondas superficiales MS.

La MS fue definida por Gutenberg en 1945 para temblores super-

ficiales como

M_ = log A, + 1.656 logh + 1.818 + C  (15°<8<13°)

‘donde
AH - componente horizontal del maximo movimiento'del
suelo (de 0 a pico en micrones} para onda superfi

¥

cial de perfodo 20 seg.
. 1 Y/
Y 2, /2
A (A + Ap)
A, - Max. amplitud N-S

Ap - Max. amplitud E-W

Una fbérmula adoptada por la Asociacidn Internacional de Sismo

logia y Fisica del Interior_de la Tierra (IASPEI) es

M, = log (A/T}max_+ 1.66 logs + 3.3
para T = 20 seg la fbrmula se reduce a
M, = log Ay + 1.66 loga + 2.0

log (A/T) + Q

&

4

R



H4 |
donde Q es un término que depende de A y la profundidad. A es

la maxima amplitud de la onda P. En la prictica T es en gene-

ral 1 segundo. También pueden usarse PP y Si.

En general M, mb y Ms son'difefentes pues se derivan de dife

rentes fases. Ms y mb estdn relacionadas aproximadamente por

mb = 2.5 + 0.63 Ms

La energia sismica se relaciona empiricamente a MS por
log Es = 1.5 MS + 11.8

Se ha demostrado, por otra parte, cue para temblbres graﬁdeé
(dimensiones de fuptura de aprox 100 km) la escala MS comien
za a saturarse es decir que aungue aumenta la energia no au-
menta la magnitud (Ms). Para evitar este problema se ha in-

. troducido la magnitud Mw.

Esta magni£ud, llamada magnitud de minima energia de deforma
cidn (Mw), fue introducida por Kénamori*. La energia total
libexado en un temblor puede ser escrita como:

S i H
= (7 +02)/2 carda /bromea//o %: ehierzos
- eStuerzo 1nicia/

0 1" .Ihﬂa/
S ):,Js!ocacron /Drom edfg

- qaréa. de rupf‘ura‘

c’on_c‘d’, .

>0 9 9

« - Joumal of ch"h’s;ca(_'gcsean] ¢ é‘iﬂ?ﬂ%l “H??
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. 'Le energia total Et es la suma de la energia perdida en fric

cidn, Ef, y la liberada como ondas sismicas. Enﬁqnces,
Et.==£¥5T'E;5
Ee .—.-E,c-i—Eé
=-g A+ TR
= G A (a}_ﬂ-z _,0;> |
z -.
Si op = o, {(Modelo de Orowan) Ehtonce#, -

a -T2 | -
( > A > Puida e ‘athuarzos

= U A Aﬁr Moz A “m,omc*nfo
Rl SIEmico
-
TAAT_ ATMo
= A
T ap
La experiencia demuestra que el modelo es razonable.
v -q . ' .

Ya que %? = 1 x 10 para temblores de intraplaca entonces

j‘ﬁ_ Es ;,Baamo-li.s

Asi, si podemos estimar M, (lo cual es posible si se conoce
el Area de ruptura etc) entonces podemos estimar Es ya que
ja relacidn magnitud-energia de Gutenberg~Richter, valida
para longitudes de ruptura midxima de 100 km es
’ “&8 Eg = L5 Ms +{i.%
Jp Es - v(.fq Mo - '3
fﬂm-}das lss termblores FueJe o'e‘rmurse‘Una.' wﬂg"'ﬁ‘i Mw

tal que )ISMw+HB=:£0)§L .
o’ Mu.l = 3 MO""\O-73
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Mw c5 aproximadamente igual a Ms para longitudes méximas de

100 km pero para temblores mayores no sufrird saturacidn.

Ejemplo: Tamblor de Chile del 22 de mayo de.1960. Ms = 8.3

pero Mw = 9.5. En_la'escala Mw &ste es el temblor més gran

de del siglo.
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ABRTICULOS RELACICNADOS CON EL TEMA
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el mecanismo sismico

Poco a poco se ha ido comprendiendo
cdémo ocurren los sismos

basta llegar & formular

modelos matematicos de ellos,

La explicacion racional del origen de los temblores
y. aun mas. su descripcion por medio de modelos
matematicos que permitan su caracterizacion, es
una de las dreas mas activas de la sismologia mo-
derna. Si bien es cierto que guedan aun muchos
problemas por resolver, no lo es menos que en esta
#rea se han dado ya algunos de los resultados mas
notables en la historia de esta ciencia.

La tooria del rebote elastico

La mayoria de Ias discusiones sobre el tema co-
mienzan por hacer referencia a la teoria del rebote
elistico, propuesta por H F Reid en 1910 3 raiz del
sismo de California de 1906. Después de este vio-
lento terremoto, se encontrd que a lo fargo.de unos

B Dy Juan Manget Eapingiols g nvesugador del tnstitute de Geofisica y

proteror 00 b Facu'tad de Ciencias. ambas inattuciones de fs UNAM,

400 kildmetros sobre la falla de San Andrés se ha-

_ bian producido desplazamientos relativos del or-
.den de 3 metros, predominantemente horizonta-

les. Afios antes, entre 1851 y 1866, y luego entre
1874 v 1892, se habian llevado a cabo levanta-
mientos geodésicos en el drea. Un tercero fue he-
cho inmediatamente después de la ocurrencia del
temblor. Del analisis de estos datos se pudo esta-
blecer que entre el primero y segundo levanta-
mientos habia ocurrido un desplazamiento de uno
a dos metros entre puntos similares a ambos lados
de la falla v a una distancia de unos 30 km de ella.
Otro movimiento similar ocurrio entre los dos Ulti-
mos levantamientos. Sin embargo. un resultado
singular fue que a lo largo de la falla misma no ocu-
rrib desplazamiento alguno, sino al tiempo de ocu--
rrencia del terremoto. Reid razono que si el drea de
falla se comporta elasticamente, el lento movi-
miento relativo a ambos lados causa un aumento
en la energia almacenada y en la componente tan-
gencial de la fuerza de friccion sobre el plano de fa-
lla. Cuando se alcanza un punto critico, el fractura-
miento ocurre con un movimiento de restauracion
hacia una nueva posicidn de equilibrio al que se la-
ma rebote elistico. Ya que es improbable que esto
ocurra simultaneamente en toda la falla, ia ruptura
debe comenzar en algun punto de ella y de alli des-
plazarse con una velocidad finita. La figura 1
muestra esquematicamente estas ideas.

Aunque los detalles de este mecanismo no fue-
ron claramente expuestos por Reid. lo esencial de
la teoria quedo eslablecido de esa manera y es ge-

naturaleza 1/80
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neralmente aceptada en la actualidad. al menos
para la gran mayoria de los temblores.

Cabe hacer notar que las ideas de Reid no son
intuitivas. Durante los primeros dias de la sismolo-
gia. el fallamiento del terreno se consideraba como
un efecto de los sismos Mas que COMO una causa
de los mismos. Si bien durante la segunda mitad
del siglo XIX se tenia ya la idea de una fuente sis-
mica localizada, todavia se suponia que la energia
provenia de explosiones subterraneas, colapso de
cavernas o. posteriormente, intrusiones de magma
en zonas de debilidad. Por ello, la teoria de Reid no
fue aceptada inmediatamente por la generalidad
de los sismélogos sino después de considerables
debates y cuando hubo resistido el peso de las
pruebas observacionales.

69

Las soluciones de plano focal

Para los afios en que se nropuso |a hipdtesis del re-
bote elastico, e! instrumental sismoldgico se habia
desarrollado hasta €l punto de ser operacional. con
lo cual las observaciones eran ya sistematicas. En
1900, Wiechert habia construido su péndulo inver-
tido y la Asociacidon Sismoldgica Internacional ha-
bia sido fundada en 1903.

Durante la década de los anos 20, Perry Byerlee
de la Universidad de California habia notado que la
direccion (o polaridad) de las ondas P en los sismo-
gramas de las diferentes estaciones para un sismo
en particular,” mostraban una distribucion en cua-
drantes {fig 2). Las lineas que separan los diferen-

A

Figura 1. La linea vertical representa la falla.
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tes cuadrantes son llamadas lineas nodales y cons-
tituyen la interseccién con la superficie de los pla-
nos nodales. Byerlee desarroild una técnica para
encontrar estos planos y es considerado como el
padre de este tipo de andlisis. El significado de es-
tos planos se verd enseguida.

La polaridad de un registro indica si el primer
arribo de una onda fue una compresion o una rare-

faccién, y ella cambia a través de las lineas noda- -

les: esto puede interpretarse en términos de la teo-
ria de Reid como el afecto del desplazamiento rela-
tivo a lo largo de una falla alineada con uno de es-
tos pianos.

* Enunmedio eldstico pueden propagarse dos Upos de ondas: las compre-
sionales (P} y tas ondas transversaies {S). Las ondas P se propagan a mayor
veloCidad y consutuyen el primer 8rnbo &n un SIsMOGrama.

La falla puede modelarse matematicamente por
un par de fuerzas actuando en sentidos opuestos
(fig 3a). Este problema de elasticidad habia sido re-
suelto por Nakano en 1923, solucién aplicada por
Byerlee al problema de los planos nodaies en
1926. La figura 3 (b, ¢} muestra los patrones de ra-
diacion para las ondas P y S; éstos dan Ia intensi-
dad de las ondas: por ejemplo, para ondas P la ma-
xima intensidad ocurre a 45° Como puede obser-
varse, el patron de radiacion de las ondas P con-
cuerda con los datos observacionales.

Ei problema, sin embargo. no quedé resuelto

- alli. En los afos subsiguientes se encontrd que el

patron de radiacidn para ias ondas S no siempre
correspondia al de la figura 3¢, stno que en algunos
casos semejaba al de la figura 4c. Pronto se de-

COMPRESION

TP

4 J-q——— EPICENTRO
Y

RAREFACCION

—/ N~
T\

RAREFACCION

Figura 2.

NV

T

COMPRESION
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mostro gque era necesarno considerar un doble par
de fuerzas {fig 4a) cuyo patrdn de radiacion de
ondas P es similar al del sistema anterior {fig 4b)

‘pero diferente para las ondas S {fig 4c). La con-
troversia sobre el sistema de fuerzas apropiado

para describir el mecanismo focal durd muchos
afos. . '

No obstante, el sistema de! doble par de fuerzas
no es incompatible con a teoria de Reid y puede
consideraise como el resultado de un colapso a lo
iargo de la falla, como consecuencia de una pérdi-
da de rigidez. Considérese. por ejemplo, la fig 5,
donde un elemento de volumen estad sometido a

esfuerzos de cizallamiento; durante el sismo, el

elemento cambia a la nueva posicion mostrada

con lineas punteadas: entonces la linea AD ha su-
/

frido una traccion y !a linea BC una contraccion. Si
se toman las fuerzas en ambos lados de la falla el
resultado es un doble par.

Por otro lado. el par simple no es dinamicamen-
te posible ya que reprezenta un momento no ba-
lanceado de fuerzas. Ademas, la solucién al pro-

" blema de una dislocacion en un medio elastico

conduce al par doble y no al simple.

Asi, después de este periodo de prueba de la
teoria de Reid conservd su validez y se reforzd al
correr del tiempo con las nuevas teorias de la den-
va continental y de la tectonica de placas. El méto-
do de las soluciones de plano focal constituye ac-
tualmente una de las herramientas estandar de ta
invetigacion sismica y se aplica incluso a temblo-
res profundos donde no hay fallas visibles.

] -

il
e

Figura 3.

_ ay o b}

ONDAS P

ONDAS S
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E! mecanismo fisico da un sismo

Hemos dicho que Reid no expuso detalladamente
como vcurre la pérdida de esfuerzos de cizalla-
miento en el plano de falla, lo cual es ir‘\dispensa-
ble para elaborar un mecanismo. Suporner un par
o un doble par de fuerzas es una primera 3proxi-
macion al problema, ya que es s6lo un sistema
equivalente en términos de radiacion. En la reaii-
dad, no exisle ningtn proceso gue pueda crear
estas fuerzas; 1o que realmente existe es una acu-
mulacién de esfuerzos que se relajan catastrofica-
mente. )

Por 6tro lado.-quedan problemas que no fueron
resuelios por la teoria de Reid. Uno de ellos es que

72

las caidas de esfuerzos observadas . son menores
que las que cabria esperar de fracturamiento. To-
davia mas dificil es explicar lo que ocurre en los

. sismos mas profundos (hasta aproximadamente

700 km), ya que a esas profundidades la friccion
en las caras de una falla seria tan alta que sobrepa-
saria en mucho el limite elastico de las rocas, de
manera que habria flujo y no desplazamiento. La
respuesta a estas préguntas se ha buscado en la
observacidn experimental.

En los ultimos 15 afnos se han investigado los
efectos que sobre la friccidon en rocas tienen la
temperatura; la presion del fluido presente en los
poros y la deshidratacién de aigunos mineraies
como la serpeptinita. En general, se ha encontrado
que todos estos factores facilitan el desplazamien-

)

Figurs 4.

++
QONDAS P ONDAS S
{b) ic
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1o entre los bloques de una falla. Es entonces posi-
ble ‘que un mecanismo de deslizamiento opere a
mayor profundidad de lo que se pensaba anterior-
mente. .

Para sismos profundos, se han propuesto rneca-
nismos como fusion parcial o inestabilidad visco-
sa.* Estos mecanismos podiian causar la caida de
esfuerzos a través de un plano y. por lo tanto, el
deslizamiento a lo largo del mismo.

Algunos investigadores proponen el cambio de
algunos minerales a fases mas densas con una
consecuenie reduccién de volumen. Esto, sin em-

* Poranestzbildad viscosa se enuende lo gque ocurre con la roca cuando,
sometigda a grandes presones y temperaturas, deja ge cnmpor:arée como
un materiai elistrco y adawere propiedades visco-elasticas Estas transicio-
nes son usualmente catastroficas, : ’

73

bargo. daria lugar a radiacion del tipo de colapso
gravitacional. De hecho, este tipo -de radiacién ha
sido encontrado en algunos sismos muy profundos
para frecuencias muy bajas, pero “sobrepuesto” a
ta radiacion de tipo de deslizamiento que hemos
venido discutiendo. :

Existen pues una serie de procesos fisicos que
pueden intervenir en los fendmenos dinamicos gue
llamamos temblores. En los parrafos siguientes ve-
remos como algunos de ellos pueden ser tratados
matematicamente.

~ Modelos tedricos

Como ha sido evidente en los pérrafos anteriores,
Ia complejidad del problema requiere que en su

N _

a)

Figura 5.

naturaleza 1/80



formulacion matematica se hagan una serie de su-
posiciones que lo simplifiquen. La consideracion
de un medio elastico y de un sistema de fuerzas
constituye una pnimera aproximacion al mismo.
Este modelo permite obtener cierta informacion de
los datos observacionales, pero ciertamente no
toda ella, y por otra parte, es valido sdlo para dis-

_tancias muy grandes del foco:

A distancias pequenas, las dimensiones finitas
de 1a falia. la velocidad de ruptura y otros parame-
tros, influyen sobre la apariencia de las ondas que
se registran en el sismograma. El modelo del siste-
ma de fuerzas es incompetente para proporcionar
informacién en esta region.

Un modelo todavia simple que incorpora estas
variables es el de dislocacién. En este casc-se con-

\‘ ,74

sidetra una superficie en un cuerpo elastico sobre la
cual se presenta un desplazamiento relativo entre
sus lados. Este problema fue resuelto a principios
del siglo por Volterra. Maruyama y Knopoff resol-

vieron el caso en el que |a dislocacidon crece con el

tiempo y lo aplicaron especificamente a la sismolo-
gia. Los resultados han-sido aplicados a muchos
tembiores; la figura & muestra Ia comparacion en-

“tre un sismograma real y el sismograma tedrico

obtenido por Boore y Zoback para el sismo del 28
de junio de 1966 en Parkfield. California.

Incidentalmente, esta Ultima es una técnica -
usual en sismologia: generar sismogramas teért-
cas que luego son comparadoes con los reales. para.

estimar asi la validez de los pardmetros con que

fueron generados los sismogramas sintéticos.

Figura 6.

RY,

0 100
i |

-------- SISMOGRAMA SINTETICO

SISMOGRAMA OBSERVADO

naturaleza 1/80
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En el modelo de dislocacion se suponen conoci-
dos la longitud de la falla, su velocidad de ruptura,

los desplazamientos relativos a lolargo de la fallay

su evolucion en el tiempo. Estos datos son en reali-
dad otras de las incognitas que se quisieran deter-

& s

LT

T,

U S S

minar a partir de datos mas elementales. Por este
motivo, a los modelos de disiocacion se les ha lla-
mado cinematicos. .

Para modelar en detalie io que sucede en la fa-
ila, es necesario en la actualidad suponer un meca-
nismo para la pérdida de esfuerzos. Ya fueron se-
faladas algunos de los procesos probables, algu-
nos de ellos no son en la practica. tratables mate-
maticamente. En la actualidad se ha dado mucha
atencidn a la teoria de fractura. originada iniciai-
mente en problemas de metalurgia y resistencia de

‘materiales, donde se estudia la estabilidad de una

fractura en presencia de esfuerzos. Desde tuego.
también se hacen diferentes simplificaciones, pero
se evitan muchas de las que se hacen en los mode-
los de dislocacion. Afio con afio se resuelven pro-
blemas cada vez mas complicados. En esta tarea
ias computadoras electronicas han resultado de
gran ayuda. ' :

Por otra parte, la colocacion de instrumental ca-

‘paz de registrar movimientos fuertes en las zonas

sismicas, también. ha crecido Ghimamente.
Con estos dos factores quizad tendremaos en los

proximos aios una mejor comprensién de los pro-

cesos dindmicos que constituyen el mecanismo fo-
cal. .
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Temporary networks are often established after a strong carthquake to recuratcly
monitor afltershock activity for periods ranging from days 1o months. Portable seis.
mographs (durable, liphtweipht, -battery-operated) which can be rapidly instatled are
used. Nccause of these advantages, portable systems can also be packed into remote
areas. The instruments are characteristically laid out in some 1ype of gcometric cluster.

IX. EARTHQUAKE DESCRIPTORS

Earthquakes are described in terms of magnitude and jntensity. Magnitude is a
quantitative or absolute measurement, determined instrumentally, while-intensity de-
scribes an carthquake in qualitative or relative terms, based upon personal observa-
tions. (Attcmipts have been made 1o quantify intensity paramcters; these are reviewed
later in this chapter.) Magnitude is cxpressed in Arabic nuinbers and intensity most
often in Roman nuincrals, Quite ﬁndcrsmndably. their meanings have been confused
and misundcrstood by the public, cssentially since the time magnitude ratings were
assigned to carthquakes along with the longer established intensity ratings.

A. Magnitude

The development of a magnitude scale in the U.S. had its beginning in the carly‘

1930s when Charles F. Richter and Beno Guienberg, both of the California Institute
of Technology (CI1T), were preparing an carthquake catalog, which indicated that more
than 200 shocks per ycar were centered in southern California.?’” To lend greater cred-
ibility to the raw frequency data, Richter decided to attempt a ranking of carthquakes
{c.g., smail, moderate,” and large) ‘'based directly on instrumental indications,
and . . . freed from the variations of personal estimates or the accidental circumstan:
ces of reported effects.””'** The procedure was patierned ancr that used carlier by K.
Wadati in Japan.''

Richter started with two sets of assumptions. First, of two dlffercnt sized earth-

. quakes, originating at the same depth and recorded by the same seismograph, the

larger event will generate the larger ground motion. However, if the epicenters differ,

_ the smalier quake could conceivably produce the larger ground motion if it is located

closer to the station. Second, several scismometers, at varying distances, record the
same two earthquakes. If a graph is cmpioyed, with the maximum ground motion
plotted on the Y-axis vs. the epicenter distances on the X-axis for each station, two
curves (one for each quake) can be construcied by connecting X-Y station coordinates.
The highest curve represents the largest earthquake.

These parameters then enabled Richter to analyze observed earthquakes occurring
in southern California. Fortunately the CIT seismic network (seven stations at the
time) was equipped with standard Wood-Anderson torsion seismographs. These seis-
mographs''? were designed specifically for the network. They record the horizontal

components of ground motion but not the vertical. All of the seismographs were cali- '

brated to the same constants: time = 0.8 sec, static magnification = 2800, damping
= 0.8). This enabled horizontal ground motion to be recorded with system consistency
and trace amplitudes to be plotted rather than computed ground motions.

Figure 40 illustrates the type of graph devised by Richter for establishing the mag-
nitude scale. For several observed shocks, Richter plotted maximum trace amplitudes

“on a logarithmic scale* (ordinate) vs. the epicenter distances to each station (abscissa).

A series of similar curves evolved, upproximately parallel to cach other but at dif ferent
amplitudc levels (the higher the level, the larger the event). The parallelism meant that

* A logarithmic scale was uved hecause trace amplitudes ranged from 0.1 mm 1o 12 ¢cm and because such

8 scale produced numerical results. All fogarithms in this baok refer to the base 10,
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FIGURE 40. {Hustration showing Lhe procedure used by Charles F. Richrer 10 establish the
magnitude scale for local carthquakes. (From Hodgson, f. D., Earthquakes and Earth Siruc-
ture, Prentice-Hall, Englewood Cliffs, M.J_, 1964, 99 By permission of Prentice-Hall, Inc.,
Englewood Cliffs, N.J.)

the dlfl'ercnccs b-lwcen amplitude logs for any two earthquakes was essenually inde-

" pendent of distance (amplitudes stay at a constant ratio). .

Richter then plotted a standard or zero earthquake, giving all observed-cvent plots
a base or standard for comparison (Figure 40). This standard shock can be envisioned
as the smallest earthquake that could be expccted 1o occur in a given area. s place-
ment was arbitrary, but its slope was approximately parallel to the others, This shock
was assighed a trace amplitude of 0.001 mm on a Wood-Anderson seismograph located
100 km from the epicenter and a magnitude of 0. I the distances were measured from

the standard quake curve to the other curves, the differences would be a measure of

their respective sizes, :

A zero magnitude does not imply the absence of an carthquake. A very small shock
might conccivably be recorded with a trace amplitude smailer than 0.001 mm. In this
case, the magnitude number would be negative, However, because of the limited mag-
ﬂificalion function (2800) of Wcod-Anderson seismographs, ncegative-magnitude
events were not encountered.

Based upon the previously described factors, magnitude assumed (hc relation

77



36 Earthquakes and the Urhan Epvitonoient

M, =lop A - log A, 5 7f
. . LN

where M * = magnitude for a local carthquake; A = maximum recorded trace ampli-
tude nt a given distance written on a8 Wood-Anderson scismograph in mm; Ag = pre-
dicted trace amplitude of the standard carthquake in mm at the same epicenter dis-
tance. In written form, Richier defined carthguake magnitude as *‘the logarithm of
the maximum trace ainplitude . , ., with which the standard short-period torsion seis-
mometer , . . would register that shock at an cpicentral distance of 100 kilometers.'****

Richter established empirical values for log A, for epicenters ranging from 25 to
600 km. With these data available, it was nccessary to know only the cpicentral dis-
tance and the maximum trace amplitude recorded at a station 10 solve for M,. For
greater accuracy, a correction factor was applicd to cach station in thc CIT group 1o
account for local ground and instrument variations.

If an earthquake produced 2 maximum trace amplitude of 45 mm at an epicenter
distance of 100 km,

M =log 45 - log 0.001 = 1.66 - (-3.0) {6)

the carthquake magnitue would equal 4.65. For an actual event, a final magnitude
was an average determined from the M;s of as many stations as possiblg. A mecan M,
was dctermined for a single station if north-south and cast-west ground motions were
recorded. o - '

Since the M, scale is logarithmic, for every increase of one in magnitude, the trace
amplitude increases tenfold. Therefore, the wave amplitude for a magnitude 6 cvent
would be 10,000 times larger than that for a magnitude 2 event.

Richter ongmally believed that the magnitude scale might make it possnb!c to scpa-
rate the earthquakes of southern California, at best, into only a few magnitude classes
(e.g., small, modcrate, large). However, magnitudes were easily categorized to the
nearest half unit, and for most occurrences, magnitudes could be assigned to the near-
est tenth, with the uncertainty not excceding approximately one tenth. During this
period (mid-1930s), the seismic¢ events in southern Callforma generally had magnitudes
ranging from 2 to 5; this equated to 15 discrete M, values.

Richter’s technique was a tremendous breakihrough in guantitative seismology. [t
became possible to rank earthquake size by a numerical scale and to obtain a dctailed
seismic history for a region. However, Richier” acknowledged several shortcomings
of his magnitude scale. The most important of these included:

‘1. The Wood-Anderson scisimographs had to be used.

2. The scale was accurate for only shallow carthquakes (hypoccnlers of about 16
' km). '
3.  The scale could bc used only for earthquakes occurring within 600 km of a seis-

mograph station.
\

Although the scalc was ;mcndcd 10 bc applicable to southern California, it was used
successfully in Ncw Zcealand, '™

In 1936, Beno Guienberg and Richter,'™ using horizontal surface waves with periods
near 20 sec, expanded the M, scale to be applicable 1o shallow carthquakes originating
at distances over 1000 kin (rclescisms ) and recorded by different types of scismo-
graphs. The equation assumed the form

*  Originally designated as M, but M, (for local magnirude) is now in common usage.

'



Mg=logA-logB+C+D . . M

where M,* = magaitude of tclescismic carthquakes; A total horizontal compo-
nent*® of maximum ground amplitude®*® in microns (0.001 mm) when surface waves
have periods of approximaely 20 see; B = total horizontal component of maximum
ground amplitude in microns predicted for an event of zero magnitude at the same
epicentral distance; C = constant for cach seismic station, correcting for local ground
and instrument conditions; D = constant incorporating depth, distribution of encrgy
in azimuth, wave absorption, and wave-path irrcgularities, Regarding the Term B,
Wood-Anderson scismogram trace amplitudes (b) in mm of surface waves (periods
approximatcly 20 scc) could be used according to

4

logbelogB - 2.5 ‘ : (&)

if epicentral distances were greater than 20%; if less than 20°, surface waves have in-
correct periods and Equation 8 is not valid. Values of —log B (cqualed positive num-
bers) were determined cmpirically and included in tabular form for various epicenter
distances in degrees, : .o

Surface wave magnitude refinements and additions were made by Gutenberg and
Richter in 1942,"* including a nomogram for determining My for ‘“*normal® depth
earthquakes {16 10 20 km) from cither trace or ground amplitudes {cpicenter distance
greater than 10° for the latter). In 1945, Guicnberg'®? further improved the accuracy
of M, by revising the values of —log B and adding new worldwide station corrections
and revised corrections for California stations.

B3th'* proposed a magnitude cquation (M) based on the vertical component of
surface waves (Rayleigh) as opposed to the horizontal component (Rayleigh and Love

waves) used by Gutenberg and Richter.'” Data {from only the CIT-Pasadena station .

were used, and the limited accuracy of several equation constants hampered its imple-
mentation. , _

To determine magnitude for deep-focus earthquakes, body waves were used (e.g.,
P, PP, S),1 since surface waves from such events usually do not have 20-sec periods
and surface wave amplitudes are usually too small 10 be measured.?’ The initial step
for determining this type of magnitude was made by Guienberg in 1945;"* he deter-
mined the empirical relation between magnitude, body wave amplitudes for shallow-
focus events, and distance. This relation was

mp=A+0.1(M-T7)-10g T +log u(or log w with different A) "t
' ' (9

»

where m, 1Tt = body wave magnitude; A = maximum ground amplitude in microns;
M = surface wave magnitude; T = wave period in seconds: , = horizontal ground
amplitude in microns; w = vertical ground amplitude in microns. ‘

Data from two tables, one displaying station correciions to be added to either ,, or

*  Originally designated as M, but M, (for surface wave magnitude)is now in common usage.

** The total horizonial component equals the sum of north-south and cast-west seismogram components.
If only one compenent was available, the 1otat was determined by multiptying the givenby 1.4,

***Because various types of seismographs could be used, computed ground amplitudes had 1o be used,
1other than trace amplitudes as was the case with M.

t P = directlongitudinal waves, PP = reflected longitudinal waves; S = direct transverse wave.

tt Additional correction of + 0.1 (M ~ 7) for all longitudinal waves in “great’ (28) carthquahes of cvents
of magnitude lessthan 6.5,

H1Orlginally designated as M, but m, {for body wave magnitude) is now in common usage.
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w and the other containing values of A as a function of distance in degrees for P (?U
(horizontal, vertical), I (horizontal, vertical), and 8§ (horizontal only) waves, c:i.lblt.d
m, to be solved ut worldwide stations. -

Gutenherg'™ concluded that P, PP, and S wave amplitudes were more accurale than
surface wave amplitudes for determining magaitude when focal depths ranged from
30 1o 70 km and for calculating the magnitude of “*preat’’ (28) carthquakes. The rea-
son for the latter is that surface wave amplitudes may be oo large 10 be complctely
“writlen’’ on the width of scismogram recording paper. The historical seismogram
readings for the 1906 San Francisco earthquake produced the following magnitudcs:
m, from P waves = 8.3 2 0.1; m, from PP waves = 8.4 £ 0.1; m; from S waves =
8.2x0.1;and M, = 8.25. ’

Gutenberg'?* then procecded to use body waves for determining. the magnitude of
deep-focus carthquakes. When moving from shallow- to deep-focus shocks, Gutenberg
defined magnitude to incorporate the thesis that two carthguakes of identical size pos-
sess the samc amount of clastic wave energy regardless of their depth. This made it
possible 10 use the maximum ground amplitudes of body waves as employed for shal-
low shocks. Guienberg'™® demonstrated the applicability of m, for decp-focus events
by the use of Equation 9 and several empirical graphs. .

By 1956, Gutenberg"* had madified body wave magnitude'to the form

My, =10g (A/T) + B +C oae -

where A = maximum ground amplitude of body wavss (vertical or horizontal com-
ponents for P and PP, and horizontal component for §); T = wave period in seconds;
B = value given in 1ables and graphs, dependent upon wave phase and component,
epicentral distance, and focal depth to a lesser dcgrec;" C = empirically determined
station constant which is usually less than 0.2,

Gutenberg'** believed that the most accurate procedure for assigning magnitudes to
-earthquakes was by the use of body waves (m,), as opposed to surface waves (M, and
M,). His reasons were (1) surface wave amplitudes may be smaller than predicted i~ |
wave trains traverse boundaries of horizontal structure {energy attenuation) and (2)
focal depths may be decper than the average predicted for determining magnitude by
surface waves (if deeper than avérage, M, and M; are too small). Because of the ad-
vantages of body waves, Gutenberg elevated m, to be what he termed the unified mag-
nitude. Consequently, in his publications, earthquake magnitudes were given in m,
units.

Richter, by contrast, belicved that there were inadequacics with m,, and-he reported
surface wave magnitudes {(cither M, or M;) in his publications. Richter'?? stated his
viewsin a 1971 interview: '

Magnitudes should not be bated on body waves alone when sur{ace wave data are available; nor should
they be based on P amplitudes alone. Still worse is the practice ol assigning magnitudes on the first few
waves of the P group . . . . In many instances it has been shown that the initial waves are those of a smalt
foreshock, to which alone the magnitude supposedly determined for the following shock will then apply.

Many seismological stations detcrmine both surface and body wave magnitudes
whenever possible. The U.S. Geological Survey and many other organizations cur-
rently use the following magnitude equations.*”**** Surfacc wave magnitude is deter-
mined by

* For epicentral distances less than 16%, B \alucs change rapidly, and up 1o 20%, B is largely dependent
upon the local geology,
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Mg = log (AfT) + 1.66 log D + 3.3 E an £/
'whcre A = maximum horizontzl surface wave amplitude in microns; T = wave pecrind
in seconds (18 € T € 22); D = distance from he epicenter (o a station in geocentric
degrees® (20° € D € 160°); no correction is made for focal depths under-50 km,

Body wave magnitude is delermined by <

m,,.» log (A/T) + Q (D,h) (12
where A = ground amplitude in microns extracted from the P wave group (not neces-
sarily the maximum of this group); T = wave period in scconds, restricted 10 0.1 T
€ 3.0; Q = correction factor, a function of distance (D) and focal depth {(h), where D
= §°. Equations 11 and 12 were recommended for worldwide use by the International
Association of Scismology and Physics of the Earth’s Interior and the 1967 interna-
tional Geophysical Asscmbly.**'** Some organizations have varicd the ranges of T and
D to account for the regionai geologic struciure more closely.

It is often desirable to relate body and surface wave magnitudes for statistical com-
parisons. Richter and Gutenberg pioncered efforts 1o formulate an approximate rela-
tionship between the two. The lalest equations are?’

- e

mp=2540.6Mg . 43
Mg = 1.59m, - 3.97 ' o () '

Magnitudes agree at 6.75 to aboul 6.8; if higher, M, is Ia;rgcr than m,; if lower than
" 6,75, m, is larger than M.

" An empirical relationship (less accurate than equations 13 and 14) betwecn m and
M, was formulated by Guienberg in the form*¢-+

my, = 1.7 + 0.8M_ - 0.01M, ° S Q)

Richter?” stresses, however, that this relation is only an approx:mauon that wilt un-
doubtedly change as more data become available.

Modifications of Equations 11 and 12 have been proposed by sc»"cral researchers
for carthquakes occurring in the castern U.S."**** The modilications incorporatc ob-
servational and theoretical data that account for surface and body waves being atien-
uated (aneclastic) less cast of the Rocky Mountains. Magnitude can be overestimated
by as much as 1.5 units if the standard equations are used.'*? As reported by Nuttlj,'**
body and surface wave magnitude equations are of the general form

M= B+ Cllog &) + log (A/T) -{16)

where A = ground motion for body or surface waves; B = constant dependent upon
wave excitation of the wave period T in the source region; € = constant dependent
upon the wave altenuation coelficient, which is a function of T; A = epicentral dis-
tance.

As an example, Nuttli*** has proposed the following equation for calculating surface
wave magnitude in the eastern U.S,;

*  Surface distances measured by angles subtended at the carth's comer,

- .
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- Mg® 2.60+ 1.66 (log &) + log (A/T)max an
where (A/T)max = maximum value of A/T in microns per second for the vertical
component of Rayleigh waves having 3- to 12 -seg pcnods, A = cpicentral distance in
degrees (2° < 4 € 20°),

Nuttli'** also proposed two local magnitude scales using the vcruml component of
Love waves (L.,) for use in the castern U.5. L, represents guided short-period (0.5 < T
€ 5.0 sec) surface waves that propagate through continental crusts.'*’ Although a sur-
face wave, its small amplitude more closcly matches short-period P waves than the
long-period surface waves. L, is, therefore, more closcly aligned with m, than ‘with
M;. The cquations are

Mye® 3.75 + 0.90 (log &) + log (A/T)

0.8 <A <40 T a8)

My 4~ 3.30 + 1.66 (log &) + log (A/T)

40" <4<300° - ‘ (9)

where A = epicentral distance in degrees; A = maximum ground amplitude in mi-
crons; T = wave period in scconds, These equations are used by seismologists at St.
Louis University and the Virginia Polytechnic Institute and State University; resulting
magnitudes are reported to and published by the U.S. Geological Survey. )
Because short-period, high-gain, vertical seismometers are now available, it is pos-
sible to record microearthquakes or microseisms, and new empirical relations have
been introduced for determining local magnitude. Only two techniques are presented

~ here, but many more are found in the literature.

To fully analyze the aftershocks of the 1966 Parkficld-Cholame, California earth-
quake, Eaton et al.'*® established empirical relationships for assigning magnitudes to
more than 600 aftershocks. Magnitudes were calculated on a U.S. Geological Survey
1BM 360/65 computer with the program HYPOLAYR.'** The Richter equation (3)
was not-applicable because, among other reasons, the portable seismometers recorded

" only vertical ground motion. The equation was

M=log (1.’03 "C’: o" D' ) -1.60 (20)

where X = maximum trace amplitude from the vertical component seismogram; T =

- period in seconds of the wave with amplitude X; CI1O = trace amplitude in mm,

resulting from a 10 uv (microvolt) signal introduced into the instrument ampllher in
place of the seismometer output; D = hypocenter distance.

Magnitudes for 49 events (2.0 10 2.5) were compared to M, values derived from the
University of California, Berkeley seismic nctwork. The latter magnitudes were ap-
proximaltely 0.1 unit larger. )

The coda length or the time of signal duration has been used successfully for deter-
mining local. magnitude. This method was first demonstrated in castern Europe by

- Bisatricsany in 1958,'** and later by Solc’vev'*? in the Soviet Union, and in Japan by
" Tsumura.”* In the U.S., the method has been used by Lee et al.,'*? Crosson,'* Teng

et al..*** Real and Teng,"** and Heremann, '™ Disziricsany made use of surface waves,

" but the other investigatorss used the 1otal wave train (body and surface waves).

£z



-
St.
ng

ve
cd
h-
ey

(5)
ed

i

57

he

°r-
by
by
ng
'S,

e T - -""——.._ \-- ,.—...-..

Ny

L]
£
Various mcthods have heen used to define the termination of an carthquake as it is
“written’ on a scismogpram (of vital imporiance to this technigue). Lee et al™™ defined
termination on the basis of ihe minimum amplitude threshold; once the amplitude el
below this arbitrary level, the earthquake was said 1o have been terminated. Teng et
al.'* plus Real and Teng'** defined carthquake termination as that point where the
signal-1o-noise ratio was 1:1.
Excluding Herrmann's work,'** the relation between magnitude and aignal duration
assumed the lincar form

My = C, +C, log(t) + C, & . an

where M, = duration magnitude, Co, C,, C; = cocfficients determined by stepwise

.muhiple finear regression as described by Draper and Smith:**” t = total duration of

the scismic wave train in sccondsy A = epicentral distance in km.

Teng et al.'* cstalished an empirical relation between the duration of more than 100
events in the Los Angeles area and cpicenter distance. A stepwise lincar regression
yielded the following relation, which had a 91% multiple correlation coefficient:

M, =0.10 + 1.591 log(t) + 0.00t & 22)

Duration magnitudes compared favorably with those based upon trdce amplitudes
from Wood-Anderson seismaographs (M). -

Real and Teng'** plotted local magnitudes vs. duration logarithms (in seconds) for
approximately 400 events in southern California. A nonlinear pattern (slight curvature)
was noted in the mean slope of residuals as the magnitude or log(t) increased. The
slope inflection occurred at M, = 3.8. To remove the curvature, the variable (log 1),
called the ‘‘quadratic term,’’ was added.to the linear regression model. Hence, the

relations became . ’
M, =C, +C, log(t) + C,a if M, < 3.8 (23)
My=C, +C, (logt)) +C, if M, > 3.8 (24)

Their results indicate that M, was more accurate than M,. For M,, the mean standard
deviation from the mean was 0.1 magnitude uniis as compared to 0.27 for M;. Signal
duration was not sighificantly affected by variations in wave azimuth or source effects,
a major contributing factor for the magnitude accuracy, Much of the variation in M,
values resulted from horizontal shear waves being amplified by topographic cffects.
Real and Teng point out, however, that any duration lechnique cannot be used to
determine magnitude for multiple shocks or large earthquakes if lhcre are immediate
aftershocks. ' ~

From the previous discussion it is apparent that many empirical equations have beén
developed for determining earthquake magnitude and that their i';llcrrclalionships are
not precisely defined at this time. However, it is now often possible to assign accurate
values (£0.25 magnitude units) 1o large carthquakes occurring anywhere on the earth,

l. }\fﬂgnuudc Misundersiandings

Because Charles F. Richter devised the first procedure for dclcrmunn;, magnituide,
his namge is often used erroncously in various imedia carthquake reports, For example,
**Richter scale’ and **Richirer magnitude™ can be used synonymously with local mag-
nitude or M, but they should not be attached 10 other magnitude types. Maygnitudes
are designated by appropriate svmbols or word descriptors throughout this book.
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Earthquake magnitude scales arc open-ended, but many believe magnitude units
range from 0 to 10 ur 0 to 12. This notion is most likely a carryover from inlensity
scales, which are closcd. Theoretically, there is no maximum magnitude number. How-
ever, there is an upper limit to the amount of strain that can be stored in rocks before
they rupture. To date, the largest magnitude (M) has been 8.9 (m, = 8.1}, This value
was assigned to two carthquakes: one off (he west coast of South America (Junuary
31, 1906) and the other off the cast coast of Honshu, Japan (March 2, 1933). The
latter is often referred to asthe Sanriku carthquake. ,

Similarly, the bottom end of the scale is open, making it possible to have negative-
magnitude carthquakes. Local shocks of about magnitude —3 can now be detected
_ with modecrn, high- mag,nilication scisinometers. According to Dolt,*® a quake of mag-

nitude ~2 recleases the same amount of energy as a brick h:u:ng the ground from a
height of about I m, '

‘Corrclat:ons between magnitude and casualties or property damage are nol mean-
inglul. Magnitude is only onc deseriplor of a seisinic event and other lactors, including
population density, location of the epicenter, focal depth, building types, and soil con-
ditions, must be cvaluated. For example, the highest magnitude earthquake in North
America for which there are scismograms was the March 27, 1964 Alaska event (M,
= 8.5); the death toll, exciuding those killed by a tsunamior sersmic sea wave, was
15. Compare this to the January 29, 1960 Agadir, Morocco carthquake (M; = 5.5 10

6.0), where more than one third (12,000) of the city’s inhabitants were killed and the
death rate in two districts was 95%;'** or the M, = 6.2 West Pakistan carthquake of
. December 28, 1974 where deaths reached 5300 and injuries totaled 17,000,'3*

It also has been assumed by some that the largest historical earthguake for a given
area will not be surpassed by a larger magnitude event in the future. As noted by Allen
et al.,** the fallacy of this belief was dramatically emphasized by the February 5 1971
San Fernando, California carthquake. Up until 1971, the April 4, 1893 Pico Canyon
event was probably the largest (M, estimated to be about 6);'** the 1971 earthquake
registered M, = 6.4. Although this may not appear (o be a significant difference, 4.4
times more energy was released by the San Fcfnando earthquake.

2. Magnitude and Energy

Earthquakes relcase varying amounts of e!asuc wave énergy (E). E is essentially that
portion of the total energy strain, stored in tithospheric rock, that is not consumed as
mechanical work (e.g., through faulting) during an earlhquakc The elastic wave en-
ergy is expressed in ergs.®

Not only does magnitude enable seismic events to be ranked according 1o sizec on a
unitless numerical scale, but it also makes it possible to estimate the amount of wave
energy released. Guienberg and Richier established a relationship between surface
wave magnitude and total seismic wave cnergy through a series of empirical linear
equations,'%-'?!-141-1¢4 The equations and the years in which they were introduced are
presented in Table 1. '

Revisions, especially to the earlier forms, were made because the calculated seismic
energies were much too large, in some cases 100 limes too large.'*' A large part of the
problem was attributable to the geologic setting of participating seismograph stations.
Station sites varied from bedrock to iooscly consolidated scdiments; no instrument
corrections were made for the increased ground amplitudes at the latier stations. This

had a pronounced effect on E because the amplitudes were squnred in deriving the.

equation pa rameters, 't

* Erg» unit of work equal to a force of 1| dyne acting through a distance of | cm; ) dync is the force |

needed 10 aceelerale a freestanding gram mass J em/sec.

P




TABLE

Relation Retween lhsroricnl Equations and £nergy Release for 8__5'
One Unit of Mngmlude Change o
Encegy equation (Jog E) and Encrgy inciense for one unit of
year of introduction magnliude change
8.0 + 2.0M,(1916) 100.00 x
11.3 + 1.8M,(194D) 63.12m
120 + 1.8 M, (1949) o 63.11 = .
15.0 + 1.6 M, (19549) 39.94 x

H.8 + 15M, (1956) 3l.62x

The effects of cnergy overassigniment can .be scen in Table 1. Note that the cnergy
increase per one unit of magnitude change shows considerable variation between the
1936 and 1956 cquations. The latter cquation

logE=11.8+1.5Mg ©(28)
is thought 10 be the most accurate of the Gutenberg-Richter equations, and it is used
widely, ' '
Bth'** also established a relationship between surface wave magmitude and total
seismic wave cnergy by using records from c¢arthquakes not used by Gutenberg and
Richter. His equation assumed the form

log E = 12.24 + ] 44Mg (26)

Results obtained by Equations 25 and 26 are very similar, but Equation 26 is not in-
_~lcnded for use with magnitudes less than $. .
Two notes of caution should be observed by the reader. First, in Richter's 1958
book,?” Elementary Seismology, the energy equation was printed as ’

log E= 114+ 1.5Mg ' - an

The 31.4 is a misprint and should be corrected to read 11.8 (Equation 10, page 366).
Unfortunately, some writers have used Equation 27 in several recently published text-
books. Second, the reader of historical documents should be awar= of the modifica-

* -tions-that -have been madc to the log E cquanons because the reported energies may
be grossly inaccurate.

Using the 1956 Gutenberg- Rlchler equation {25) and solving for M; = 2, M; = 3,
M; = 4, etc., one linds that the seismic wave cnergy rcleased increases approximately’
31.6 times for every single unit change in magnitude. Therefore, a magnitude 8 carth-
quake releases one billion times more encrgy than 2 magnitude 2 event (31.6*). Table
2 lists a hicrarchy of seismic cvents (M; = 2.5 10 8.9) with encrgy comparisons, and
Table 3 compares encrgy differences for several well-known carthquakes.

Gutenberg also devised log E equations for m, and M,:

logE= 58+ 24m, " {(28)

¢ log E=99+ l.9ML - 0.024ML’ T (29)
Richter’’ notes that because the parameters describing M, 7 are empirical, the relations

y
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TABLE 2

Encegy Relations for Parthquekes with Surface Wave Magnliudes 8,910 2,3

‘ Surface wave No. of times smaller
Scismlicevent magnitude LogE Energyinergs than 8.9 ¢vent
1933, Santiku, Japan 8.9 25.13 1.41 = pO** —
1964, Alasks ‘8.3 : 24.55 3. 535 x |0 4
19048, San Franciswco, Ca. 8.3 24.25 1.78 x |0 ‘ 8
1950, Kern County, Ca. 1.7 23,38 2.24 % jo" 6]
1971, San Fernando, Ca, 4.5 21.55 )55 % |0" 3 an
1972, Managua, Nicaragua . 6.2 21.10 1.26 x 10" 11,190
1960, Agadir, Morocco 5.8 20.50 3.16x 10" R 44,620
1975, Orcgon, Off coast 4.7 18.85 7.08 x 10'° 1,991,525
1975, Helena, Moniana 19 17.65 4,47 %107 -~ 31,543,624
1974, Northern California 2.3 15.85- 3. 55 10" 3,971,830,986
TABLE)

Encrgy Differences for Several Well-Known Earthquakes

E{I1)*

Scismic Events and Magnitudes (M,) | E(2)
(131964, Alaska . 8.5 (2) 1906, San Francisco 8.3 2
£1}1971, San Fernando 6.3 (2) 1960, Agadir 5.8 11
(1) 1964, Alaska 8.5 (2)1971,5an Fernando 6.5 999
(1) 1964, Alaska 3.5 {2) 1960, Agadir 58 11,220

* FromlogE = 11.8 + 1.5M.

in Equation 29 will probably be revised in the future. Bath has also expressed m, and
M, in log E equations.**14°

It is perhaps easier to visnalize earthquake energy by the use of more fam:l:ar units.
Bath** provides a comparison between E and electrical consumption equivalency for
Uppsala, Sweden (population about 100,000 in 1968): (1) a shock of My = 1.6 would
equal the electrical cnergy consumed in one second; (2) a 6.8 event would equate (o
290,000,000 kilowatt hours (kWh} or the efectrical necds of the city for one year; and
{3) an 8.75 earthquake would supply the city {assuming a constant population} with
electrical energy for 670 ycars! .

A second analogy is between magnitude and atomic bombs or TNT. According to
Richter,?” the World War I1 type of atomic weapon released about 8 x 10%° crgs of
energy (20,000 tons of TNT). When this figure is compared to the magnitudes of sev-
eraf large carthquakes, the results are staggering: (1) 197] San Fernando, California,
6.5 M; = 4.4 bombs; (2} 1906 San Francisco, California, 8.3M; = 2225 bombs: (3}
1964 Alaska, 8.5M; = 4438 bombs; and (4) 1933 Sanriku, Japan, 8. 9M; = 17,625
bombs, Table 4 relates earthquake magnitude to the approximate energy of TNT.

3, Magnitude and Faulting

Two general statements can be made in reference 10 faults and magnitude. First, as
the length of a fault trace increases, the potential for larger magnitude carthguakes
also increases. The San Andreas fault, therefore, would be morce likely to have a great
carthquake than the Garlock fault {Figure 5). Sccand, if the depth is held constant for
shocks of shallow foci, the length of surface rupturing and crustal offset increases with
magnitude. - '



TABLE4

-
Exrthquake Encrgy (Magnitudes 1.0--9.0) 8 ?' N
Approaimate TNT encrgy
English Metric
Maegnitude (M,)

1.0 oz 1M

1.5 2 9095

2.0 b kg

2.5 4] 9kg '
30 39Nb 180kg

3.5 1.990lb 905kg

40 6ton v

45 Jion N

5.0 19%10n 181t

5.5 1,00010n 9091

6.0 ’ 6,270t00 5,700t

6.5 31.550100 28 682t

1.0 199,000ton 180,909t

7.5 1,000,000101 909,095t

8.0 © §,270,00010n " " 775, 700,00

3.5 31,550,00010n 28,681,8181

9.0 . 199,000,000ton 180,909,091t

¢ t = tonne (metric ton), 1.1 short ton,

From California Division of Mines and Geology,
Min, Inf. Ser., 22,77, 1969, ’

‘io':'\?—:\_"’m lidn,? .A!bce and Smith,'** Bonilla,*' and Bolt'** derived cipirical cqua-
carth “CtWCCI"l. nuignitude anfi rupture lengths. For example, Tochcr"_‘ analyzed all
than :\.nakcs |n. northern California and Nevada from 1?06 to 1958 with M.,s lgrgcr
show, ¥ and discovered that cach event was associated with surface breaks; one cvent

M a surface rupture at M; = 5.75. Upon plotting M, vs. the common log of the

zu;faw. fault rupture length (i) in km, Tocher derived the equation for M, larger than

My =5.65+0.9810gt ‘ R (30)
Usi: .. . . B
- ::'-"R the same seismic data, Tocher’® then related local magnitude with, surface
PRy Tength and the maximum displacement (D) of rock units on either side of a

fault Ly wany: . . .
h centimeters, The ernpirical equation assumed the form

M, =522+0.531ogtD an

. th\\\n et al.*? have estimated surface fault displacements for future earthquakes
::u; ";";\\a.n Francis.co Bay regi-on by ;malyzinf‘; orfsel-rflagni‘mdc.dala frt?m past cvents
that th\t\lmu{“ cstimates predicted for a particular strike-ship fault. Their data suggest
for M, maximum offscts would be 10 m for a M, = 8 event, 6 m for M, = 7,2 m
U - 6,and 0.5 m forM, = 5. ..
sets ’:::"-“CI'Y rc'ccmly, it was l\clic\fcd that when faulting occurrcd,.ru'p!uring arnd off- -
region :3 confined 1o a single fauit or perhaps to several faults within the epicentral
K © However, Wyss ot al.""" and Allen et al.””* documcnted breaks not only along
the s0Usrce region scgment of the Coyote Creek fault but also on three distant active



FIGURE 41. Decay plot for aftershocks recorded at the
Warm Springs scismograph station, 35 km from the Fehe.
ruary 9, 1971 San Fernande, California earthquake epicen-
ter. (From Scholz, C. H., Microcarikquakes on the San
Andreas fault and alicrshocks of the San Fernando earth-
quake, in The San Fernando, California, Carthquake of
February 9, 197!, Geological Survey Professional Paper
733, U.S. Government Printing Office, Washingion, D.C.,
1971, 35.) '

faults (showing evidence of repeated Quaternary movement) associated with the mod-
erate 1968 Borrego Mountain, California carthquake (M, = 6.4). The three faults
included Superstition Hills, Imperial, and Banning-Mission Creck, all located in the
Imperial Valley. These faults ruptured along 23, 20, and 30 km segments at 45, 70,
and 50 km epicenter distances, respectively. The rupturing was most likely caused by’
seismic shaking. Max Wyss of the California Institute of Technology has commentied
on the enginecring implications of this phenomenon:*? It implies . . . that damage
" to structures on or ncar carthquake {aults may even occur-even though-the earthquake.
is centered on some other distant fault.”

4. Foreshocks, Aftershocks, and Swarms ‘

A primary earthquake can be preceded by foreshocks and followed by afrershocks,
the latier being the more common of the two. Both groups have magnitudes smaller
than the main shock. A swarm is a scries of carthquakes all of about the same size, in
which no one event can be identified as the main shock. .

K. Mogi, of the University of Tokyo's Earthquake Research Institute, proposed a
classification scheme for the above 1ypes of carthguakes.'” '™ Scquences can be one
of three classes: (1) a large carthquake with no foreshocks, but followed by after-
shocks; (2) a scquence of foreshocks-main shock-aftershocks; and (3) a swarm.

Aftershock frequency and magnitude values are usually higher for large than for
moderate ciarthquakes. However, regiardless of the size of the main shock, the afier-
shock sequence most ofien follows an exponential decay rate for the first few days
because of the rapid stress drop. Figure 41 is a decay plot, as dutermined by Scholz,'”
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for the afiershocks associated with the February 9, 1971 San Fernando, Cilifornia
earthguake. It is noted that the decay rate closcly approximates a =1 regression line.
In all, thousands of aliershocks were recorded, and 55 events had M,s » 4.'™ On the
first <ay, 36 (65.5%) of these events were recorded, but ony B (14.6%) were recorded

-on the sccond day.'™

The largest aftershock ofen oceurs shartly after the main carthquake, Two examplces
of this occurred in Nevada' in 1954, The M, = 6.6 Rainbow Mountain quake was
followed by a 6.4 aftershock about 11 hrlater, and the M, = 7.1 Fairvicw Pcak earth-
quake was followed by a 6.8 aftershock only 4 min later.*

Without question, one of the most intense (in frecquency and magnitude) affershock
sequences was associated with the 1964 Alaska carthquake. Duing the first 24 hr, 28
aftcrshocks with M,s greater than 4 were recorded; 10 of these exceeded M, = 6. By

- the end of the sccond day, the sequence for M, > 4 totaled 55, one of which regisicred

6.7, and the total reached 75 (M, > 4) by the end of the first week.! Press and Jack-
son'"? estimate that 12,000 aftershocks (M, 23.5) occurred in the first 69 days.

As would be expected, aftershocks have a pronounced psychologeal impact upon a
population. Arvidson'®® rec'ates this personal account for the aftershocks assoc:alcd
with the 1964 Alaska carlhquakc

We came Lo anticipate them, and not without apprehension. Both the frequency and magnitudg varied. We
began Lo eapect a severe shock once 4 number of minor shocks had oceurred, and Lo 1his end some 1ype of
earthquake detector or warning device could be found in alimost every home. In our house, for cxample,
when a ceiling lamp started to sway past 2 predetcrmined point, it was tine to ¢vacuate the house. '

As previously stated, foreshocks, especially those that are perceptible, are less com-
mon than aftershocks. However, when felt by a populace they have a strong psycho-
logical impact; a feeling of uncertainty prevails as to whether they represent a warning
of alarger event yet to arrive. ‘

Two examples of foreshock activity occurred in the United States during 1975. The
Pocatello Valley, ldaho-Uiah border, m, = 6.1 earthquake was preceded (22 hr) by a’

M; = 4.2 foreshock.!’ Some 21 foreshocks, with the largest M, = 4.7, preceded the

M, = 5.7 Oroville, California earthquake.? Foreshocks are being investigated as pos-
sible prediction signals in several countries, and the prospects are discussed in Volume
11, Chapter 1, ‘“‘Earthquake Prediction.”

In January 1975, the Brawley arca (Imperial Valley) of Caln'orma was the locale for
a swarm which had a dense sequence for three days. Some 75 events had M,s ranging
front-37to" 4.7; the to1al exceeded 260 shocks (M, > 1.5). The swarm activity com-
menced on a point of the right-lateral Brawley fauit and procceded north and south
at a speed of 1 km/hr."* Human reaction varied from people sleeping in their cars to
the Brawley Fire Department parking all vehicles out of doors until the activity sub-
sided,

The most famous swarm was the August 1965 to January 1967 Matsushiro, Japan
sequence, Almost 700,000 shocks were recorded, 60,000 were strong enough to be felt,
and 400 were damaging.”'*? During the period of peak activity, more than 6000 felt
and unfclt quakes were detected each day at the Maisushiro Scismological Observa-
tory.'**

S. Earthquake Frequency o !

Estimates vary as to the number of natural carthquakes that occur every year. Most
seismologists are in agreement that the frequency certainly exceeds 1 million (1 every
30 sec), and if the smallest shocks are included, the number undoubtedly rmchc% sev-
eral million. Tufty'™ puts the number at about § million,

Earthquake frequency varies at an essentially exponential rate with m*lgnlludc small
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earthquakes are much more common than large events. Therefore, if one accepts the
frequency as being several million per-year, the vast majority of ¢vents are too small
{o be detecled by human sensors. As a general rule, the sinallest magnitude (M, or
M,) shallow-focus quake that a person can perceive, if near the epicenter, is about 2,

If carthquake frequency and magnitude data are available for a specific repion
(or the cntire planct), and il the number of events per specificd magnitude range is
plotied on a log scale vs. mapnitude on a lincar seale, the coordinates will fall on an
approximate straight linc.”** This line can be represented by the Gutenberg- Ru.hu:r
cquation:*'

L]
log N=a- bM . 3an

where N = number of carthquakes per unit of time; M = shocks of a certain magni-
tude (any one type); a and b = constants 1o be determined from the earthquake group
under investigation. As noted by B3th,** the value of b varics with the region in ques-
tion plus the range of focal depths; the variance is usually from 0.5 to 1.5 with most b
values very close to 1.0.'" The b value is a reflection of the linc slope of the semilog
-plot of earthquake frequency vs. magnitude,

For the period from 1918 to 1964, B3th** analyzed global carthquake frequency for
events greater than M; = 6, and foundato be 8.73 and bto be 1.5. Thcrcfo're.

log N = 8.73 - 1.15Mg K 03

He lhcn procecded to equate enerpy release per magnitude class for a single year. Com-
bining his energy-magnitude equauon

* logE=12244144Mg Q26)°
with Equation 33 yielded
log EN=20.97 + 0.29Mg ' Go

where EN = energy release in ergs per year per magnitude c¢lass. Based upon this
relation, an increase of one’in magnitude Cquatcs to roughly a doubling (1.95 x) of
the energy released. Using Equation 34, Bath* concluded that magm:udc 28 earth-
quakes release approximately 50% of the total seismic energy in a single year, M, 27
about 75%, and M; 26 almost 90%. .

Utsu'**'** has used a three-parameter cquation for determining the frequency of
shallow shocks in Japan plus shallow and deep everits for the world:

log N=a- bM + log(c - M) (35

70

where the additional symbot ¢ = upper limit of rhagnitudc recognizable in certain

carthquake groups. The ¢ factor accounts for the sharp drop-off in frequency near the’

maximum limit of magnitude. When this drop-off occurs, the tog N vs. M line assumes
a convex curve. Other types of threc-parameter equations have been formulated by
Riznichenko,' Okada,*'*® Oisuka,'*® Sacuiu and Zorilescu,'” and Purcaru and Zori-
lescu. '™ g

Bolt" has plotted an average line which can be used to extrapolate the apprommatc

*  Thercisless agreement with the plotied fine for magnitudes less than 4,
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FIGURE 42. Average number of carthquakes above a given body wave magnitude
{m,) for the world. (From Nuclear Explosions and Earthquakes: The Parted Veil,
by Bruce A, Bolt. W. . Freeman and Company, Copyright © 1976.) .

TABLE S

Earthquake Magnitude {M,} and Annual Frequency

Pesceiption M, Annual frequency
Great earthquakes »8.0 1
Major carlhquakes 7.0-79 . 10
Destructive shocks 6.0—6.9 100
Damaging shocks 5059 1,000
Minor strong shocks ©  4.0—49 .10,000
Generally feh 1.0—-3.9 T 100,000

From Gutenberg, B, and Richier, C. F., Sersmicity of
the Earth, GSA Special Papers No: 14, Geological So-
ciety of America, New York, 1941, 105. With permis-
sion, '

earthquake frequency per year for body wave magnitudes larger than about 3.5 (Figure
42). Observed frequency plots fall of f the line for smaller shocks.

In the first version of Seismicity of thé Earth,*'* Gutenberg and Richter related
magnitude to annual [requency (Table 5); these yearly frequencies were modificd in
the later two editions of Seismicity of the Earth.'**'*! Revised and expanded magni-
tude/frequency data were published by the National Occanic and Atmospheric Admin-

®* This mention of Seismicity of the Farth affords the author the opportunity to acknowledge one of the
monumental clforts in scismology. A few of the accomplishments of the three editinns inctude: (1) the
assignment of magniludcs 1o historical carthquakes for which scisimograms were available, {2) magnitude
and focal depth corrclations, und (3) the detesmination of the spatial distribution of quakes associaled
with volcanism, mountain structures, occan teenches, and gravity anomalies,
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Esrthquake Munliﬁ'dé'm.} and Annual Frequency

Description Bemis )y, Annual frequency
Oreat T 8.0 1.1
Mlio" v e Srrent '7.0_-"9 |'.o 4
Large {destructive) 65.0—6.9 120.0
Moderate (damaging) T 5089 £,000.0 .
Minor (damage slight) 4.0—4.9 6,000.0 X
Generally feht ' 3.0-3.9 49,000.0 !
Potentially perceptible = ™ *'"20_.2.9 100,000.0
Microcarthquake (impercepiibie} <2.0 600,000.0 +

- From Nationat Earthquake Information Genter, Magnitude — deter-
mining the ‘"size’” of an carthquake, EFarthguake {nf. Buil, 2, 26,
1970.

=rRrTtaby e . - -
istration in 1970 (Table 6).*** The word descriptors used in this table are widely used
today to describe carthguake classes. - .. .. .. ‘

. - B L - -

B. Intensity ' o .

Intensity represents the direct or macroscismic effects of an carthquakc‘ on humans,
their products, and the features of the carth's surface at some locale as determined by
direct obscrvation. Intensity is, therefore, an attempt to assess the severity of a seismic
event. Earthquake intensity is highly variable due to many factors including magni-
tude, epicentral distance, focal depth, geologic/soil conditions, type of construction
(including age and workmanship), and the expertise of the observer. Intensity varies
over a geographic region, whereas the magnitude for the same carthquake would ide-
ally be the same, regardless of locale.
1. Intensity Scales ae

As with magnitude, scales have been mtroduccd to measure degrees of intensity.
The following U.S. Geological Survcy description succmclly states lhc philosophy be-
hind intensity scales:?* 7 7

Early efforts to determine the size of an earthquake were necessarily based upon personal observations of
the severity of the earthquake’s effects. Investigarors found that characieristic effects of damage and human
Agaciiqns were very similar for most ¢carthquakes and ¢ould be calegorized 10 make comparative studies of
shocks occurring at different timmes m the same or different locations. To facilitate their investigations, carly
seismologists developed intensity scales that grouped carthquake effects characteristic of each scale value.

A number of scales have been introduted in countries with a high seismic risk.
Gorshkov and Shenkarev'™® describe 44 such scales,

In the 1880s, De Rossi'™® of Italy and Forel'®” of Switzerland introduced the first
scale to gain widespread acceptance; it is still used in parts of Europe. (Both men had
devised their own intensity scales carlier; the 1883 scale resulted from their joint ef-
fort.) The Rossi-Forel (RF)'sc;Ucis comprised of 10 effect descriptions, each designated
by a Roman numeral, with | indicating the feust amount of scismic effect (Table 7).
The procedure was to compare observation assessments to those of the standard scale
descriptions. The nummber representing the closest match was the numerical intensity
assigned to that Jocation. If a tic resulted, the higher intensity number was sclected.

It became apparent, especially with rapid advances in technology, that the Rossi-
Forel scale had several shoricomings. Some objections included: (1) the effects on tall
buildings, motorized vehicles, and underground pipelines could not be included in the
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TABLET ' o

a

Roasl-Forel Intensity Scale of 188)
Intensity Description

| Mictoseismic shock. Recorded by a single seismograph or hy seismographs of the tame model,
but not by several seismographs of different kinds;: the shuck fcht l?y an experienced obscrver,

1 Exrrcmcfy fechie shock. Recorded by several seismographs of different kinds; felt by small
number of persons at rest,
'
m Very fecble shock. Felt by several persons st rest; strong enough lor the direction or duration
fo be appreciable. .
w Feeble shock. Fell by persons in motion: disturbance of movable obiects, doass, windows,
cracking of ceilings.

\'4 Shock of moderate intensity, Felt gencrally by everyone; disturbance of furniture, beds, etc.;
. ringing of some bells, .

vl Fairly strang shock. General awakening of thase asleep; ggneral ringing of bells; oscillation
of chandelicrs; stopping of pendulum clocks; visible agnauon of trees and shrubs; some star-
tled persons lcaving their dwetlings. : -

vil . Strong shock. Overthrow of movahle objects; fail of plaster; singing of chusch bells; gencral

panic, without damage o buildings. -
Vit Very strong shock. Fall of chimneys: cracks in the walls or ceilings.
1X Extremely strong shock. Partial or total dcsu:uc'tion of some buildings.
X Shock of extreme intensity. Great disaster; ruins; disturbances of the s!'rﬁla: fissures in the

ground; rock falls [rom mountains.

Feom Wood, F. )., Ed., The Prince William Sound, Afaska, Earthquake of 1964 and Aftershocks, Yol. 1,
U. 8. Government Printing Office, Washingion, D.C., 1966, 18.

assessment procedure; (2) a wide range of intensity effects was grouped at the higﬁeSl
level; (3) the scale did not take construction quality into account; and (4) effect descrip-
tors for buildings and physical features were *“too subjective, unmeasurable, and spe-
cifically European.””'"

Mercalli'® updated and expanded RF scale descriptors in 1902, but the, 10 levels of
intensity were maintained in the Afercalli scale. Cancani®® later expanded the Mercalli
scale to 12 levels and made an attemp! to correlate intensity and ground acceleration
{known as the Mercalli-Cancani scale ). Sicberg®® published an expanded version of
the Mercalli-Cancani scale in 1923, ‘

In 1931, American seismologists Wood and Neumann?®? made significant modifica-

tions to Sieberg’s Mercalli-Cancani scale 1o more closely approximate California con-

ditions. Detailed and abridged versions wére construcied, This form became known
as the Modificd Mercalli (MM ) scale ol 1931; the abridged version is prescnted in Table
8 with Rossi-Forel equivalents. Endorsements and adoptions from the seismological
community were immedinte. The U.S. Coast and Geodetic Survey began using lhe
scale the same year that it was introduced.

Richter? made the only significant modification to the MM scale in the U.S. Hc
requestcd that the version be called the Madified Mercalli scale, 1956 version, and not
bear his name because of probable confusion with the **Richicr magnitude’, This
version is currently used by the U.S. Geological Survey (Table 9).

'Y
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TANLES _ ;
Modifled Mecicatli Tntensity Scale of 1931 {Abrldged)

Intensity . Description

1 Not felt excepl by a very few under specially favorable clreumstances, (§ Rossi-Forel Scale.)
)] Felt only by B few persons ot rest, :spcéially on unper floors of buildings. Delicately suspended

objects may swing. (1 10 1] Rossi-Forel Scale.)

1] Felt quite noticeably indoors, especially on upper Moors of buildings, but many people d("t not
: recognize it as an carthquake. Standing motorcars may rock slightly, Vibration like passing
-of truck. Duration estimated. (111 Rossi-Forel Scale.) ,
1V During the day felt indoors by many, outdoors by few. At night some awakened. Dishes.
windows, doors disturbed; walls make creaking sound. Sensation like heavy truck striking
building. Standing molorcars rocked noticeably. (IV 10 V Rossi-Forel Scale.)

v Felt by nearly everyone, many awakened, some dishes, windows, ete., broken; a few instances
of eracked plaster; unsiable objects overturned. Disturbances of tiees, poles, and other tail
objccts sometimes not.ced. Pendulum clocks may stop. (V 10 V1 Rossi-Forel Scale.)

vi Felt by all, many frightened and run outdoors. Some heavy furniture moved; a few instances
of fallen plasier or damaged chimneys, Damage slight. (VI 1o VII Rossi-Fore! Scale.)

Vil Everybody runs outdoors. Damage negligible in buildings of good design and zonstruction;
slight 1o moderate in well-built ordinary struciures; considerable in poorly built or badly
designed structures; some chlmncys brokea. Noticed by persons driving motorcars. (VI
Ross: Forcl Scale.)

vill Damage slight in specially designed structures; considerable in ordinary substantial buildings
L. with partial collapse: great in poorly built structures. Panel walls thrown out of frame struc-
' tures. Fall of chimneys, factory stacks, columns, monuments, walls. Heavy furniture over-
turned. Sand and mud cjected in small amounts. Changes in well water. Persons driving
molorcars disturbed. (VI11 + 10 IX~ Rossi-Forel Scale.} ’

IX ~ Damage considerable in specially designed structures; well-designed frame structures thrown
out of plumb; great in substantial buildings, with partial collapse. Buildings shified off foun-
~ dations. Ground cracked conspicuously. (1X + Rossi-Forel Scale.)

X Some well-built wooden structures destroyed; most masonry and frame structures destroyed
with foundations; ground badly cracked. Rails bent. Landslides considerable from riverbanks
and steep slopes. Shified sand and mud, Water splashed (slopped) over banks. (x Rossi-Forel
Scale.) \

X! . Few, if any, {masonry) siructures remain standing. Bridges destroved. Broad fissures in
ground. Underground pipelines compietely out of service, Eanh slumps and land slips ingoft
ground. Rails bent greatly. -

b 41! Damage total. Waves seen on ground surfaces, Lines of si'ght and level distorted. Objects
thrown upward into ajr.

From Wood, H. O. and Neumann, F,, Modilied Mercalli intensity scale of |93|..Buﬂ. Seismol. Soc. Am.,
1, 277, 1931 With permission. Rossi-Forel intensity scale equivalents determined by the U.S. Coast and
Geodetic Survey.

The 1956 version incorporates effccts on four types of maso'nry buildings. Specific
differences are noted when the 1931 and 1956 scales are closely compared. Simon?®?
believes that the scale should be further refined, making it possible 10 evaluate (1) the
effects on a person sleeping on a waterbed (usually awakened by 6- 1o 60-sec period

0




TABLEY

Modificd Mcrcalll Intensity Scale of 1931 (1956 Version Abridged and Rewrltien) - " 9

Intensity Description

1 Not felt. Marginal and long-period effects of |ll'ge- earthquakes,
I Felt by persons at rest, an upper floors, or favorably placed.

111 Felt indoors. Hanging objects swing. Vihration like passing of light trucks. Duration esti-

mated. May not be recognized as an carthquake, .

v Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jélt like a
heavy ball striking the walls. Standing motor cars rock, Windows, dishes, doors rattle.
Glasses clink. Crackery clashes. In the upper range of 1V, wooden walls and [rame creak,

v Felt outdoors; direction estimated. Sleepers wakened. Liquids disturbed, some spilled. Small
unstable objects displaced or upset. Doors swing, close, open. Shutlers, pictures ;nove. Pen-
. dulum clocks stop, start, change rate.

vi Felt by all. Many frighicned and run outdoors. Persons walk unsteadily, Windows, dishes,
glassware broken. Knickknacks, boaks. etc., off shelves, Pictures off walls. Furniture moved
or overturned. Weak plaster and masonry D cracked. Small bells ring {church, school). Trees,
bushes shaken (visibly, or heard to rusile). : .

VI . Dilficult to stand. Noticed by drivers of motor cars, Hanging objects quiver, Furniture bro-
ken. Damage 1o masonry D, including cracks. Weak chimneys broken at roof line. Fall of
plaster, loose bricks, stones, tiles, cornices (also unbraced parapets and architectural vrna-
ments — CFR). Some cracks in masonry C, Waves on ponds; water turbid with mud. Small
slides and caving in along sand or gravel banks. Large belis ring. Concrete irrigation ditches
damaged.

R 4111 Steering of-moltor cars affecied. Damage to masonry C; partial collapse. Some damage 10
_masonsy B; none to masonry A. Fall of stucco and some masonry walls. Twisting, fallof |
chimneys, factory stacks, monuments, towers, elevaied tanks, Frame houses moved on foun-
dations if not bolted dowa; loose panel walls thrown out. Decayed piling broken off. '

- " Branches broken Itom trees. Changes in flow or temperature of springs and wells. Cracksin

- - wet ground and on stecp slopes.

CoIX General panic, Masonry D destroyéd; masonry C heavily damaged, sometimes with complete
. ’ . collapse; masonry B seriously damaged. {General damage 1o foundations—CFR.} Frame

U structures, if not bolted, shifted off foundations. Frames cracked. Serious damage to reser-
voirs. Underground pipes broken. Conspicuous cracks in ground. §n alluviated ateas sand

o ema- - and mud ejecied, earthquake fountains, sand craters. .

X . Most masonry and frame structures destroyed with their foundations, Some weil-built wooden
: structures and bridges destroyed. Serious darpage to dams, dikes, embankments, Larpe tand-
slides. Water thrown on banks of canals, rivers, lakes, etc. Sand and mud shifted horizontally
on beaches and flat land. Rails bent slightly.

X1 Rails beni greatly. Underground pipetines completely out of scrvice,
- X1§ . Damage nearly total. Large rock masses displaced. Lines of sight and level distoried. Qbiccts
thrown into the air. b

Note CFR, Charles F. Richter additions to the 1931 scale. Masonry A, good workmanship, mortar, and
design; reinforced, especially laterally, and bound together by using sieel, concrete, ete.; designed to
resist lateral fosces; masonry B, good workmanship and mortar; reinforced, but not designed in detail
10 tesist lateral forces: masonry C, ordinary workmanship and moriar; no extreme weaknesses like
failing to tie in at corners, but neither reinforced nor designed against horizontal forces; imasonry D,
weak materials, such as adobe; poor mortiar; low standards of workmanship; weak horicontally.

From Elementary Seisinology by Charles F. Richter, W, H. Freeman and Company, Copytight © 1958,
* With permission..
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TEOREMA DE PROBABILIDADES TOTALES
Dade un conjunto de eventos mutuamente exclusivos y colectivamen

te_eihaustivos, Bl' Bz.... Bh, es posible siempre expresar 1la pro
" babilidad P{A) de otro evento A como sigue .

P(R) = €(ANB) + e(AOB,Y + .- . g;?cp.na )
Entohcés . | E | |
?(A\ i P(MB YP(B) (2)
L'-'*l . . .

TEOREMA DE BAYES

La probabilidad condicional de Ay dado que ha ocurrido el evento B &s

olrle) N B  _ PBNA) (3)
y pe)  R(®) o
Por lo visto en las definiciones anteriores es;pdsibleljegar a.lo

siguiente

P(eIA) '?(AW \=1,2,...n (4)
ix"(%\#.)?(h )

Generalmente a la probabllldad resultante se le llama "a pobta&&oh&

y a la probabilidad P(Aj) se le llama "a prioadl"

DISTRIBUCION DE PROBABILIDAD bE LAS VARIABLES ALEATORIAS

El comportamiento de una variable aleatoria se describe’ a.través
de levyes probabilisticas representadas mediante funciones de aig
tribucién de probabilidad. )

N . . B . N X . . ‘

En el caso de variables aleatorias @isdretas estas leyes se repre
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sentan mediante FUNCIONES DE MASA DE PROBABILIDAD, en el caso de
variables continuas se utilizan las FUNCIONES DE DENSIDAD DE PRQ
-BABILIDAD. Cuando se tratan varias variables a la vez el compor
tamiento lo determinan 1eyes de probabllldad CONJUNTAS.

_beTRIBUCION,DE PRdBABiLiDAD'ﬁARGlNAL

_El comportamlento de una (o varias) variable (s) aleatoria(s) se
puede obtener a partir de una distribucién conjunta integrando

sobre todos los valores de las variables cuyc comportamiento no

interesa. La funcidén que representa a este comportamiento es la °

dlstrlbuClOH de probabllldad MARGINAL Por ejemplosean X y Y va
riables aleatorias continuas, con densidad de probabilidades |
fﬁ3 (x,'y);‘entonces la funci6n de probabilidad marginal de x es
igual a T o '

| 'px(ﬂ' = g ‘cn.v (e ) I SR (r)

- .
Generalizando

K‘xz x‘,xl’x% LI

DISTRIBUCION DE PROBABILIDAD CONDICIONAL

81 en una funcién de distribucibén de probabilidad conjunta algu
nas variables adquieren valores fijos la funcibén de distribuci6n
de probabilidad normalizada resultante representa a la distribu~

cifn CONDICIONAL, Sean X y Y variables aleatoriaé continuas vy

£ - (x, ¥} su funcibn de distribuci6n; si Y adquiere el'valor'yé.

X, Y
. entonces la funci6nrde probabilidad condicional de X.es igual a

g.. ) : ,__-E;_L.x(k)jb) | ' . ((.‘
X 4. fy (4.) | o
EnldOnde :

-\:y (‘iﬂ = 5 -%‘,Y' QYJILSO) &7’ N _l .1

AT AR Sﬁg £ Gar e dar e e

8x



FUNCION DE DISTRIBUCION ACUMULADA

Una forma alternativa de representar el comportamiento de una
variable aleatoria es mediaﬁte_la»funcién de distribucifn acu
.mulada. "El valor de dicha funcidn, Fx(x), es igual a la pro-
babilidad de que la variable aleatoria sea menor o igual que

el argumento, es decir '

L) = P(X2x) = S £l

La funcidn dz distribucién fx(x) se puede encontrar a partir
de la funcibdn acumulada, a través de

dE@ _ T (0 enal) s £o
t;;%-*"' = 4a 25-’ s;;(u)cﬁuu : = 'g((x)

Sus pr0p1edades son las siguientes

2 B ()2
Bl =2
R() =

F () - (-x‘J- el % ‘-’-X‘-)ﬁ]

MUMENTOS DE UNA VARIABLE ALZATORIA

Y

1cdla 6 -valor esperadu de una varlable contxnua X
= (%) = S g(x)dlx
-
Varlancxa de una variable continua X
1 r 3 .
‘ G;:M(.Z\: S(y.vv\\'p(x)clx-:gtfl—e["]

-
Desviacid:n estandard de una variai:le continua X;

<i; = J (T;L
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FUNCIONES DE MASA DE PROBABILIDAD:
BINOMINAL Y DE POISSON

VEnéeguida se tratan dos distribuciones de variables aleatorias
discretas -dlscontlnua de orden finito la BINOMIAL y de orden
“infinito la de PO[SSQN

DISTRIBUCION BINGMINAL

Se aplica a experimentos de Bernoulli (acepta tinicamente dos po
sibles resultados: éxito y fracaso).

Sea
probabilidad de obtener éxito
q = 1 -p = probabilidad de obtener fracaso

o
|

La probabilidad ae obtener x €xtito al realizar n veces el expe
rimento de Bernoulli es '
-

Lt_,z:_f ?_i_“,__% re
Agui se supuso que 1os X éXltOS ocurreﬁ al prlnc1plo El nmero
total de formas en que pueden presentarse los x éxitos es iqual
a‘las,permutaciones de n objetos formados por dos grupos: uno de
x objetos iguales y otro de n-x objetos iguales 6-séa‘igual a
. ol

e e it

x!(h-v)/
o] sea gue la probabilidad buscada es la siguiente . , :
/ Mo o . ',
Plv) = h. f’ by & ' ()
xi(n-w)l.

La variable aleatoria x es un nmero entero entre cerco y n

Su media es igual a

rﬁ = j%iA ? P(x) = 117b

L
Xaw



Su variancia es - _8
at " _

Cogt e IR = nps

=0

Su desviacién estindard

o = /"t

La representacifn grdfica de P(x) para n =6 y p = 0.5 e35 como

sigue A

Pl

21

o4

_l

. . o [} 2 3 _H-
DISTRIBUCION DE POISSON

nt——
A |
*

o .

Si se considera que en la distribucién binominal-n tiende a infi
nito mientras que la probabllldad P de éxito tiende a cero, en-
tonces la ec.(10) se convierte en

' X -~y : '

P(x) = D{ < )y  ¥=0,,23. .. ' ()
Esta distribucién de prggabllldad se llama de po;ssou de parére-

tro v

Su medla .estéd dada por

m, = :Z;.k P(X = U_

Su variancia es 1gual a

Z WP = W
~ Su desv1ac16n esténdard

e = I

(La distribucién dc Poisson de pardmetros v = np se aproxima a la

binomial siempre que n > 50 y n p < 5%



- 9
. En las siguientes figuras se ilustra la variacifn de la forma de

*1a$ distribuciones con el par;metro 'H

PCx) 1
L PROT
.
>*
r(.x)u
' I _ V:'Z.S'“
11
x
P(x)‘k _ A
._ ll | 9559
IIIII_-IJI_F.- -
x

PROCESO DE POISSON

Este proceso representa el nﬁmero de eventos qué'oCurre en.un tiempo t cuag:

do dichos eventos tienen. distribucifn de Poisson; es decir,
: m At

]

Ilustrando esto grdficamente:

I | lllll I

N

Wl e

En un proceso de Poisson, la media de su distribucién (de Poisson)
es'm_ = At. Al pardmetro A se le llama tasa media de ocurrencia

del proceso.
e

Un proceso de Poisson dcbe“satisfacer las siguientes hipbtesis:
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1. ESTACIONARIEDAD

ha probabilidad de un evento en un intervalo corto de tiempo
(t, t + At) es aproximadamente A(At) para cualquler t. Es de
cir que no importa qué tlempo t se elige para ‘hacer la estima
cidn.

2. NO MULTIPLICIDAD

La probabilidad de 2 o més eventos en un 1ntervalo corto de

. tiempo es despreCLable comparado con A{Aat)
3. INDEPENCENCIA

El nfimero de eventos en cualquier intervalo de tiempo es inde
pendiente de el nfimero en cualquier otro intervalo de tiempec.
0 sea que la ocurrencia de unos es independienté de los gue

ccurren an otro intervalo de tiempo.

Varies investigadores han propucsto modelos probabilisticos va
ra descripir la ocurrencia de temblores. Algunos de ellos se
basan en la construccién de histogramas de tiempos ce espera en
tre eventos siémicos. Por simplicidad matematica frecuentemen-
te se adopta la hipétesié que la distribucién probabilistica de
tales tiempos de espera es de Poisson. Es decir, para una deter
minada regidn, la probabilidad de que ocurran n temblores con

magnltud mayor que M en el intervalc de tiempo (G, t) es

p() = (N tf e 't_/m‘.

" en gue A“ ¢s el nGmero medio de temblores con magnitud mayor
3 :
que M que ocurran en dicha regibén por unidad de tiempo. Si se

considcra n nulo se obtiene EC") _ l t



S !

" qﬁe'repreéenta la probabilidad de que no ocurran temblores con
}Amagnitud mayor'que M en el intervalo de tiempo t (aGn cuando
. no emplece en cero) es decir la probabllldad de la intensidad
‘f mixima en el - intervalo t

EJEMPLO

Mediante un estudio estadfstico sobre la ocurrencia de sismos
en cierta regibn se estlmé gue un temblor con una magnltud
‘ 1gual a 6 o mayor tiene un periodo de recurrencia de 100 arnos.
Calcular las probabilidades de que en los pr6x1mos 10, 50 vy
100 afios no. ocurra nlngﬁn sismo en dicha regidén cuya magnlthd
exceda a 6, suponlendo gue la ocurrencia de los sismos se pue

"de modelar mediante un proceso estocistico de Poisson.

— X
Ly - p S
.n -.01t
. .01t
P(n) = :1: .
Para t = 10 anos
' ° -.01 x 10 ‘
' 0 !
Para t = 50 afos
, . ° -.01 x50 -
P( 0) = F'Ol X 50) e =607
: 0! .
=.100 anos .

Dara t

' ) : ° -.01 x.100 '
p(.0) = (.01 x 100) e - - .368

- 02

|
t
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Las probabilidades de gque ocurra pot lo menos .un sismo con mag -

nitud mayor que 6 son

P {n > 1)

e (02 =1 - .905 = .095
"P.(n>1) =1 - .607 = .393

P (n > 1)
. e

1 - .368 = .632
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| FUNCIONES DE DENSIDAD Dt PROBKBILIDAD=

EXPONENCIAL., NORMAL Y LOGNORMAL

- DISTRIBUCION EXPONENCIAL

En la seccidn anterior se traté el proceso de Poisson. En lo
que sigue se describir& la distribucién de tiempo de espera-en

_ tre eventos si ellos se describen mediante un proceso de Poisson.

Si denotamos la variable aleatoria T como el tiempo de la pri-
mer ocurrencia de un evento, entonces la probabilidad de que T
exceda alglin valor de t es igual a la gue no .ocurran eventos

en el intervalo de tiempo t, o sea igual a 1-FT(t) = p {0), o

) sea- ‘ _ FT(t) - e"lnt , t ;0

- iy W
fi-éE) - \- &

‘Entonces

: , okt ' .

Que es la distribucibn exﬁonencial. Esta describe el tiempo
de la primer ocurrencia de un evento de Poisson. Pero recor-
dando las propiedades de independencia y estacionariedad del
proceso de Poisson P L probabilidad de gue no se presen
.ten eventos en ndigdn intervalo de tiempo t; aunque este no em
'piece en t = 0. Si utilizamos ¢l tiempo de arrivo del n-ésimo
_eveﬁto como el principio del intervalo de tiempo, entonces
e?aMt es la probabilidad de que el.tiempo de ocurrencia del
(n+1l) -8simo evento sea mayor t. Es decir, los tiempos de arri

vo intermedios de un Proceso de Poisson son independientes vy



estdn distribuidos exponencialmente. Su valor esperado, cono-
cido como peadiodo de tecuanencia, es igual a (AM)—l, su varian

2q es iqual a (Aé)_l '

.o

l;
S
.o X
o ',lt

Distribucién'exponencial



DISTRIBUCION NORMAL
Una de las mds importantes funciones dentro de la teorfa de Proba
bilidades es la NORMAL O GAUSSIANA, Esta es aplicable a variables

aleatorias continuas dentro del dominio de los nlimeros reales,

La funci6én de densidad de probabilidad est& dada por

_..'(x-m,\z
£(x‘= '?.:1 p < o ——. K L o . : (‘5)
en donde - * '
m, = media
o; = variancia

Al examinar esta expresién se deduce que es una funcifn simétrica
con résPecto a un eje vertical que pasa por m ., que es asintftica
al eje.derlas abscisas para valores quetiendan a * «, y, gque su
 valor m&ximo corresponde a m_ . "En la siguiente figura se presen- -
ta su representacién cuando su media permanece constante igual a

m.y su desviaci6n est&ndar (Gx) varfa

ﬂ () +

U:_ 0.2,




' DISTRIBUCION LOGNORMAL - 16

La distribucién [QGARITMICO-NORMAL O LOGNORMAL Se presenta en el
caso de que el logaritmo natural de una variable aleatoria tenga
- distribuci6n normal. Es decir,si la variable ¥ tiene una funcién
de densidad dada por la ec 13, y si X =ln ¥, entonces la funcifn-
de densidad de Y resulta lognormal y est& dada por | _
_ _ S (] 3._rhx,j5'l ‘ 4
-'Ei(‘i)":rjf;ﬁv— exflz( % =0 (l).

. La siguiente figura muestra la grdfica de una distribucién logarft
mlcqfnormallcon m, = 0y Oy

It

1. Esta es de forma asimétrica posi

tiva Y

T
fits

Su media estad dada por
o

my = (4 86y = exp o v o22)

o

Su varianza es iqgual a

O = ewp(Tme £ T - (op € 1)
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~ ANALISIS DE REGRESION

Una incSgnita importante que debe despejarse en el andlisis de

-regresidn es la FORMA GENERAL DE LA EXPRESION MATEMATICA que se
piensa puede explicar el comportamiento de cierto fenlmeno. Un
pfoéédimiento gr&fico puede resolver este problema. Dibujando .
los valores observados de la variable independiente X con los |
correspondientes valores observados. de la variable dependiénte.
Y en un sistema de coordenadas rectangulares, se obtiene un con

junto de puntos conocidos como DIAGRAMA DE DISPERSION

'H‘ 1t | I Y .
[ ]
L ]
- . hd
Tx ' x : M
a) Relacién lineal ° b) Relacién no lineal c¢) No existe
Relacién

La CURVA DE REGRESION es aquella a la cudl tienden a aproximar-
se los puntos del diagrama de dispersién. La ecuacién de la cur

va de regresi6n es la ECUACION DE REGRESION,

En el caso de regresidn lineal se tiene una ecuacién de regresién

de la forma _
‘1 O, + A %

con dos par&metros por determinac.ao v ai

Existen diferentes métodos para determinar estos pardmetros aguf

se estudiard el método de. MIFIMOS CUADRADOS
METODO DE MINIMOS CUADRADOS

Se llama DESVIACION, ERROR O REs;nuo_a-la diferencia de ordenadas



de un punto muestral y de la curva de regresién correspondiente ' i
a una mnisma abscisa

4,

_"3\'_"5: | | |

1
HI = Q'O T CL"X"

b ’
rK " . ’,

El método de los mfnimos cuadrados establece que de todas las
? . curvas de regresién gue se pueden ajustar al conjunto de puntos
mzestrales dados la MEJOR es aquella gue tenga la propiedad de

que la suma de los cuadrados de sus residuos sea minima
) ~ 2 a .
M Zi. AC -
. L:(

Aplicando este criterio para el caso de una recta

_m.:“‘[clt;_' = wmin 'i_(_j'._ e _Q';"‘f.)]?-__

Para encontrar el minimo se aplica la condicién necesaria'conoci
da para que una funcién tenga un punto extremo, es decir, se igua
lara cero las primeras derivadas parciales deé la funcién con res-

pocto a cada una de sus variables.

El resultado de esto conduce a un sistema de ecuaciones simultd- . .

neas cuya solucidn es el valor de los pardmetros ag Y ay-

!
¢



. ‘REGRESION NO LINEAL

Para resolver el caso de regresién no lineal, generalmente convie -
- ne MAPEAR los puntos muestrales a un sistema de referencia en don
"de sf se aproximen a una recta, mediante ecuaciones de TRANSFORMA

CION
A o= X (ha,r)

? -.:A} (M,‘U’"

S~
-
U

.
Los sistemas de transformacifn que se usan con mayor frecuencia

con los SEMILOGARITMICOS Y LOS LOGARITMICOS

Par ejemplo una transformacién SEMILCISARAITMICA es oomo sigliet .

' | SRV E '
En el sistema x-y el diagrama de dispersién de los puntos mapeados (xi, yi) ‘
corresponde a una recta cuya ecuacifn es y = a, + a, x, en el sistema w la
ecuacifin correspondiente es /00 4 v =i 40,

.= \Oﬁe'\‘ﬁ.‘h\v

= (10° )(\Ou\)u-

= Q. b‘b
En donde :



x¥

20

‘V'-.'r..[O

P\r
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1. INTRODUCCION L - :

.Los criterios de disefio modernos tienen como objetivo optimi

zar las estructuras, es decir, conducir a sistemas estructu-

‘rales en los cuales la utilidad obtenida de su ejécucién'sea

méxima. La determinacién de la estructura éptima se puede

lograr a través de estudios costo-beneficio gue incluyan

explicitamente los siguientes pardmetros: los beneficios es-

perados de su construccidn, los costos esperados de las posi
bles fallas, los costos iniciales de disefio y construccién,

asi como las probabilidades de ocurrencia y las intensidades

méximas de las solicitaciones de diseno. En este trabajo se

tratard lo relativo a la determinaci6tn de las solicitaciones

sismicas en un sitio dado con base en modelos de riesgo sfs-

"mico. Los otros pardmetros serdn discutidos en otras contri
. buciones de esta reunién.

. Las cargas sismicas producidas en construcciones durante la

ocurrencia de un temblor son generadas por el movimiento
erritico del suelo que rodea la cimentacifn de una construc-
cifn. Dicho movimiento es trasmitido a la estructura como

fuerzas de inercia que actfian en los diferentes elementos de

.la misma. La_amplitud de ésas fuerzas depende principalmen¥ ’
te de las propiedades dindmicas del sistema estructural y de

las caracteristicas del temblor.

Sin embarge, es ampliamente reconocido que se tienen grandes
incertidumbres respecto a la intensidad, localizacibn y el
nimerc de temblores futurcs, por lo cual el disefio de estruc
turas en una regidn de actividad sismica potencial debe
incorporar dichas incertidumbres. ' Una forma racional de
hacer esto (ltimo es evaluando los niveles de las intensida-
des méximas esperadas del terreno en un sitio dado rara dife
rentes lapsos de tiempo. Lo anterior puede lograrse hacien-

do uso de los llamados modelos de riesgo sfsmico, los cuales
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son modelos matemdticos que en una situacién ideal deben sin

':tetizar toda la informacidén sfismica existente sobre la regién
. de interés, asi como el estado del arte sobre el proceso de
. generacifn de temblores. Los resultados de dichos modelos

son generalmente presentados por medio de grédficas o tablas

que relacionan los valores de los pardmetros del movimiento

" del suelo (aceleracibn, velocidad y desplazamiento mdximos)

en un sitio de interé&s con lapsos de tiempo llamados periodos

de recurrencia.

Una vez que el riesgo sismico para un sitio ha sido determina

 do, el calculista estard en posibilidad de analizar el compor

tamiento de las implicaciones econémicas de diferentes dise-
flos bajo varios niveles de la intensidad del movimiento del

terreno.
C

~La informacidn sismica que se mencion6 en el parrafo anterior

puede dividirse en los siguientes tipos: tect6nica, estadisti

ca {sismicidad}, geoffsica y geolégica. Como se verd mids ade
lante, con los modelos de riesgo sfsmico actuales es muy fre-
cuente utilizar las dos primeras fuentes de informacién (en
particular la relacionada con la sismicidad); mientras que
las dos dltimas son utilizadas en una forma complementaria e -
indirecta. Debido a lo anterior en este trabajo se le daré
énfasis a la informacién tecténica y sobre la sismicidad de
la regién de interés, gue es el occidente dé México. En el
capitulo 2 se presentan brevemente aspectos relacionados con
los temblores y la respuesta de las construcciones a los mis
mos. Una sintesis de los aspectos mds importantes scbre la
tectbnica la sismicidad de esta regién se presenta en el ca
pitulo 3. |



En el Cap 4 se presenta un modelo de rieSgé sismico cuyos pa
" rémetros son estimados aplicando estadistica bafesiana. Di-
" cho modelo se ha utilizado recientemente en el Instituto de
" Ingenierfa, UNAM, para determinar - las intensidades mdximas
del ﬁerreno (paré diferénteé lapsos de tiempo) en algunos si
tios de México. En el mismo capftulo 5 se presentan los re-
sultados obtenidos de éplicar el modelo mencionado para de-
terminar el riesgo sismico en un sitio en el estado de Jaiig
co. Finalmente en el Cap 6 se presentan algunas conclusio-
nes y recomendaciones sobre el riesgo sismico del occidente
de Méxiéo.ﬂ ' |
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2. TEMBLORES Y LA RESPUESTA DE CONSTRUCCIONES A LOS MISMOS

2.1 Origen de los temblores

Los temblores de interés en .ingenierfia se consideran de origen'
tecfénico: Esta clase de temblores se generan cuando la corte
za terrestre libera energfa eldstica al desplazarse las super;
ficies laterales de fallas geol&gicas. Dicha enexrgila sé pro-

- paga en la forma de ondas sismicas a través de la corteza te-

" rrestre, las cuales se manifiestan por el movimiento ca6tico

de la superficie de la tierra. Este movimiento errdtico es

el que dana las estructuras localizadas en sitios alcanzados

por temblores, cuando ésas estructuras no han sidoc disenadas

para soportarlos.

Se llama foco de un temblor al punto bajo la superficie de

la tierra donde se supone que se inicia la ruptura de una fa

1la geolSgica. La profundidad de ese punto se conoce como

profundidad focal y la distancia del foco a un sitio de inte

rés se denomina distancia focal o hipocentro. La proyeccién

- vertical del foco sobre-la .superficie de la tierra se llama

epicentro y 1la distancia de éste a un sitio se le conoce co-
wo distancia epicentral. La longitud de ruptura de una falla

se denomina longitud.de la falla.

‘2.2 Intensidad de Mercalli y mégnitud‘de un tembhlor

La intensidad de Mercalli modificada, I(MM), es una medida
" subjetiva del nivel de daho que sufren las estructuras hechas

por el hombre, asf como de modificaciones a la geologia super
ficial producidas por un temblor en un sitio o una regién da-
da (ref 1). Dependiendo del nivel de dafio causado por un teg
blor en un sitio, se asigna un nmero romano que varfia del I
al XII (de la escala de Mercalli.mpdificada) a un temblor en

ése sitio. Se llaman isosistas de un temblor las lineas que
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_unen puntos (sitios) ‘en los cuales ese temblor se manifiesta
“con una misma intensidad, en la escala de Mercalli modifica-
~da., Las isosistas forman parte de los llamados mapas de isg

sistas de una regién para un temblor determinado.

La magnitud, M, de un temblor es una medida obhjetiva de la

energia liberada durante un temblor; en su forma original se

:,definié como,

M= ioglglg% . | {1.1)
donde M es la magnitud del temblor, A es la amplitud méxima
{en milimetros) registrados por un sismégréfo Wood-Anderson
a una distancia de 100 Em del epicentro.y Ao es una amplitud
igual a 107? milfmetros {ref 1). En la actualidad la magni-
tud de un temblor se obtiene como el promedio de las magnitu
des obtenidas por-diferehtes estaciones sismol&gicas. Exis-
ten algunas variantes de la escala original de magnitudes de
los temblores.

La energia sismica (en érgé) liberada durante un temblor pue

de calcularse en forma aproximada mediante la expresién semi

empirica (ref 1):

1og1¢E = 11.8 + 1.5M (1.2)

Dado gue la escala de Mercalli modificada no requiere de ins

. trumentos para asignar la intensidad de un temblor en un si-

tio, los catilogos de I(MM) constituyen la Gnica fuente de
informacién sismica disponible para algunos sitios o regio-

nes, especialmente-para temblores ocurridos antes de princi

. pios de siglo. Los catilogos de magnitudes de temblores se

inciaron en la tercera década de este siglo, principalmente

en el Srea de California, Estddos Unidos. Para otras regio-

nes del mundo dichos catdlogos se iniciaron hace unos pocos
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afios. Como se verd en el capftulo 5, la informacién conteni

'da en esos catéIOgds constituye una parte escencial de los

procedimientos utilizados para predecir las intensidades fu-
turas en algﬁn-sitio de interés; por lo cual se han propues-
to expresiones semiempiricas que relacionan la magnitud-M de
un temblor y su correspondiente I{(MM), asf como algunas carac

terfsticas geométricas del temblor (como su profundidad focal

etc.). Dichas expresiones se utilizan para generar o complg
mentar catdlogos de M en algunos sitios o regiones de interés.

. 2.3 Acelerogramas e intensidades méximas del terreno

Desde el punto de vista de la ingenierfa, la informacién fun
damental para estimar ‘las fuerzas sismicas que act@an sobre

una estructura la proporcionan los acelerogramas, los cuales

son .grificas que representan la variacién en el tiempo de
las aceleraciones del terreno. Un dcelerograma, el cual se
puede idealizar como una secuencia aleatoria de pulsos de
aceleraciones generados por el movimiento del terreno dufag .

‘te un temblor, se.obtiene por medio de un acelerdgrafo. Los

acelerogramas también se pueden simular por medio de computa
doras anal®gicas o digitales., Las variaciones en el tiempo
de las velocidades y los desplazamientos del terreno obtie-

" nen al integrar el acelerograma correspondiente uno y dos ve

ces resPectivamente (ref. 2).

De observaciones de campo y de laboratorio, se ha concluido

que las respuestas méximas de las construcciones a temblores
(aceleraciones, veloéidades, desPlazamiéntos) dependen de la
intensidad*, el contenido de frecuencias, la_distribucién en
el tiempo de dicha intensidad y la duraci6én del temblor

(ref 1). La intensidad y el contenido de.frecuencias de un

* En lo que sigue se entiende por intensidad de un temblor a
cualquier parémetro del movimiento del terreno relacionado
con la respuesta dé una estructura a dicho temblor.
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temblor pueden estimarse {(en forma aproximada) a partir de
su aceleracién, velocidad y desplazamicnto méximos. '

2.4 Espectros de respuesta -

Las respuestas miximas de un sistema de un grado de libertad*
sujeto a un temblor se pueden obtener resoclviendo la eéuacidn
de equilibrio dindmico (expresifén matemitica que relaciona
las fuerzas de inercia, amortiguamiento y elédsticas del siste
ma con la fuerza sismica cérrespondiente, ref 1). Otra forma
de obtener dichas respuestas es a partir del registro de las
aceleraciones de la masa del sistema, en caso Que el sistema

estructural esté instruméntado.

Se conoce como espectré'de respuesta a la curva que resulta
de unir los puntos correspondientes a 1%5 respuestas miximas
a un acelerograma dado de sistemas de un grado de libertad
con el mismo amortiguamiento y diferentes pericdos naturales
de vibracién. ' ' ) ‘

De estudios estadfsticos efectuados en diferentes lugares
{ref 1 y 2) se ha llegado a la conclusién de que las intensi
dades méximas del terreno estdn correlacionadas con los espec¢
tros de respuesta. En partiéular, la aceleracidn mixima del
terreno se relaciona satisfactoriamente con las respuestas
midximas de sistemas de pericdo corto (estructuras rigidas),
mientras que la velocidad méxima y el desplazamiento méximos
correlacionan adecuadamente con sistemas de periodo interme-
éio y largo (estructuras flexibles) respectivamente. De aqui
se sigué que los -espectros de respuesta pueden. calcularse a
partir de las intensidades miximas del terreno y factores

espectrales de amplificacién como los prbpuestbs en la ref 1.

* Un sistema en el cual uha sola coordenada define la locali
zacibn geométrica de su masa, como por ejemplo un pértico
de una crujfa, cuya trabe tiene una rigidez infinita.
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Con el procedimiento mencionado en el pdrrafo anterior es po
> sible obtener los espectros de. disefio. Los cuales son gr&fi
' cas que relacionan las envolventes de las respuestas maxlmas

. esperadas de sistemas de un grado de libertad sujetos a dlfe

rentes temblores con los periodos naturales (o frecuencias
naturales) de vibraci6n de dichos sistemas. A partir de los
espectros de diseno se pueden calcular las cargas sismicas

que en un instante dado actuarfan sobre un 51stema estructu*

ral.




3. TECTONICA Y SISMICIDAD EN EL OGCIDENTE DE MEXICO

3.1 Técténica

La estructura tecténica'dé"la regibén comprendida por los es-
tados de Michoacé&n, Colima, Jalisce, Nayarit y Sinaloa esta

relacionada con el movimiento de subduccidén de las placas de
Cocos y de.Rivéra bajo la placa Americana, asi como con los

movimientos de las fallas transformadas y centros de disper-
sidn del Golfo de California refs (3, 4, 5, 6).

Los estudios efectuados en dichas refs perhiten concluixr que
la estructura tect6nica de la regifn es muy compleja, en par
ticular en lo que se refiere al comportamiento tecténico de
la triple junta de las mencionadas placas. Lo anterior se
debe a que tanto las velocidades de subduccién, como los rum .
bos de las piacas de Cocos y de Rivera son muy diferentes,
va que la primera se desplaza con una velocidad de 5 cm/afo
en la direccién noreste ref {4) mientras la segqunda lo hace
con una velocidad de 2.1 cm/afic en la direccibn noroeste ref
{3). De lo anterior se éigﬁe que los mecanismos de los tem-
blores en la zona sean nuy diferentes, dependiendo de . cual -
sea la placa a que se asocien ref (3).

Ast, ae los temblores localizados fuera de la costa, algunos
. se asocian a la zona de la Fractura de Tamayo frente a las
costas de Sinaloa y Nayarit, otros a la zona de la fractura '
de Rivera y la mayorfa a la trinchera mesoamericana refs
(3,.4, 5, 6). En cuanto a los temblores localizados tierra
~adentro en la ref (7) se sugiere que se les puede asociar a
los movimientos en las fallas Zacamboxo, del Pacifico ¥y
Clari6n Fig 1; debe mencionarse que no se tiene evidencia
coacluyente sobre la existencia y por tanto de las caracte-
risticas especiflcas de estas fallas.
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3.2 8ismicidad

La sismicidad de la regifn ha sido motive de estudios recien
tes como los de las refs (3, 6, 7, 8). De dichos estudios
se puede concluir que se tiene evidencia estadfstica de la

ocurrencia de temblores destructivos en la regién de interés,

mas no se cuenta con los correspondientes registros del hovi
miento del terreno.
Entre 1los temblores con magnitudes mayores o iguales a 7
ocurridos en la regién se puede mencicnar tres en el_sigio
pasado (1845, 1858 y 1875) y cuatro en el presente (1911,
1932, 1941 vy f973) refs (7 'y 8) Figs 2 a 7. '

En la ref (3)-se estudia el problema'de la localizacién del
temblor de ijunio de 1932 con'magnitud igual a 8.2 y sé con-
cluye que dependiendo de si este temblor -fue causado por el
movimienfo de la placa de Cocos o por la placa de Rivera se
espera que un temblor con caracteristicas similares ocurri-
rfa (o sea tendria un_periddo de recurrencia) en 56 ¢ 140

afios a partir de 1932. En 14 ref (8} se menciona que la re
gibn de Jalisco tiene un potencial sismico muy alteo y que

el lapso para que ocurran temblores fuertes_(magnitud mayor

o igual a 7) varfa entre 32 y 56 afios.

3.3 Conclusiones sobre la tecténica y sismicidad del oceci-

dente de Mé&xico

De lo discutido en los incisos 3.1 y 3.2 se puede concluir

lo siguiente:

~a) La informaci6n actual sobre la geotectbénica y la sismici
dad del occcidente de México solo permite afirmar que la

regibn es sismicamente activa.

b) Que en la regidn pueden ocurrir temblores destructivos cu
' yo periodo de recurrencia varfa en un rango de decenas a

cientos de. afios,
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c) Sé tiene informaci6n de tipo estadfstico sobre las magni
‘tudes Y la localizaci6n de temblores OCUrrldOb en la re-
gidén en el presente siglo y algunos del pasado.

d} No se cuenta con reglstros del movxmlento del terreno en
la regidn; que sean de 1nterés 1ngenler11

4. MODELOS DE RIESGO SISMICO:

4.1 Modelos de riesgo sismico

Los modelos de riesgo sfsmico son modelos matemdticos gue en
una situacifn ideal sintetizan el conocimiento actual sobre
el pro¢esb de generaci6n de temblores vy que se combinan cdn
la informacidn sismotecténica disPOhible‘en una regidn, para-
estimar los vélores'espefados de las intensidades miximas
del mov1m1ento del terreno en un 51t10 dado durante CLertos
lansos (perlodos de recurrencia). '

Los modelos de riesgo sfismico que se han utilizado en los
Gltimos afios en el Instituto de Ingenieria, UNAM, tienen co-
mo-hip&tesis fundamental que las intensidades miximas del

" terreno en un sitio determinado resultan de las contribucio=-

nes de la actividad sfsmica de volumenes de la corteza terres

tre vecinos al sitio. Sin embargo, los modelos mencionados

" difieren en la forma en que consideran las incertidumbres
inherentes a los diferentes tipos de informacibn sismica dis

ponible y sobre los modelos conceptuales del proceso de gene

racién de temblores.

Se tiéne un tipo de modelos que agui se denomina bayesianos
" en los cuales las. incertidumbres sobre la informacién y los
modelos mencionados son'explicitamente considerados por me-
dio del teorema de Bayes (Apéndice A). Los otros modelos,

que llamaremos ho bayesianos;. manejan las incertidumbres men
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cionadas apoyandose exclusivamente en la informacién estadis
tica con que se cuente (generalmente escasa) o en la opinidn
(generalmente‘conservadora) de los especialistas para modifi
car alguna hip6tesis sobre el proceso de generacién de tem-

- blores. | ' '

En la Parte IT se.presenta - un modelo de riesgo sismiéo_ no-bayg
siano utilizado recientemente. En 4.2 se propone un
modelo de fiesgo sismico bayesiano y en el cap 5 un.ejemplo
de su aplicacién a‘la determinacién de las intensidades mi-
ximas esperadas del terreno para un sitio en el estado de

Jalisco.

4.2 Modelo de riesgo sismico con paridmetros bavesianos

4.2.1 Sismicidad regional yflocal

La sismicidad regional, v, en un sitio determinado, o sea el

efecto que producen los temblores que ocurren en la regién
'vecina al sitio, depeﬁde principalmente de la contribucién
que a la misma hacen los volumenes de la corteza.terrestre
“alrededor de dicho sitio. Dada la atenuacién de la intensi
dad con la distancia, solamente los temblores locélizados a
algunos cientos de kilbmetros del sitio contribuyen en forma

importante a esta sismicidad..

Los volfimenes citados se designan como fuentes sismicas y se

caracterizan por las incertidumbres asociadas a la frecuen-.

cia de ocurrencia y las magnitudes de los. temblores gue gene.

ran. S5e denomina sismicidad local, X, al procesoc de ocurreg
cia de temblores de diversas magnitudes en una fuente sismi-
ca. De lo anterior se puede concluir que la sismicidad re-

gional para un sitio puede estimarse a‘partir de las sismici

dades locales de las fuentes sismicas corréépondienpes.
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Por ejemplo.si A(M) representa el ntmero de temblores de mag
- nitud igual o mayor que M generados en promedio por unidad
de volumen y por afio en fuentes sismicas vecinas.a un sitio
especifico, el efecto de estos temblores en dicho sitio se
‘puede evaluar con la expresifn (ref 10)

Ve (¥).= S, % (Mly, R)} dv (4.1)
donde v, (y) és el nfmero medio anual de temblores con integ 
sidad mayores que "y" registrados en el sitio de interés y-
generados por las fuentes sismicas, M{({y, R) } es la magnitud
M que prodﬁce una intensidad "y" a la distancia R y dv es un
volumen elemental de la corteza terrestre distante R del si-
“tio de inter&s. El subfndice c de v significa que las inten
sidades "y" son calculadas d.partir'de las magnitudes, pro-
fuhdidade$ Yy distancias'epicentrales provenientes de catdlo-
gos de temblores y de leyes de atenuacién qgue relacionan mai :

nitud-distancia-intensidad como se comenta m&s adelante.

4.2.2 Modelo de sismicidad local

La sismicidad local, A (M), asociada a una fuente sfismica de-
terminada puede estimarse utilizando un mcdelo del proceso
estocdstico (aleatoric) de la-ocurrencia de temblores de di-
versas magnitudes en dicha fuente. Si se adopta una forma
para el proceso, la sismicidad local podrfa calcularse una

vez que se estimen los pardmetros que definen a dicho proceso.

En este trabajo se supone gue laIOCurrencié de eventos se
puede idealizar mediente un proceso homogeneo de Poisson.
Lo anterior implica que la distribucién de los tiempos de
ocurrencia de temblores es independiente de la historia pre-
via. Esta independencia se supone tambiéh por 1o que respec
ta a la distribucién espaciai de los focos de los eventos

sfsmicos. De acuerdo con la referencia (11), A(M) se expre
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sa como

.A(M) = q e fM (1 - é'Y(Mu'M)) M S My
(4.2)

=0 _ M > M,

donde a, B, Y Y Mu son parametros del proceso, 16s cuales

deben estimarse a partir de los datos estadistlcos, Y de las

caracterfsticas sismotectSnicas de las fuentes vecinas al si

tio o de zonas similares de la tierra. -Mu es la magnitud mi

xima que dichas fuentes pueden generar.

4.2.3 Ecuaciones de atemiacidn

Las ecuaciones de atenuacién son expresiones semiempiricas
que relacionan magnitud-distancia-intensidad (aceleraciones,
velocidades y desplazamientos méximos) de temblores en terre
no firme. Dichas expresiones pueden obtenerse a partir de
los datos que existen sobre los pardmetros mencionados. En
general, los procedimientos utilizados para obtener las le-
yes de atenuacién consisten en ajustar curvas a los datos de
eventos ocurridos en diferentes regiocnes, por lo cual las
expresiones asi obtenidas reflejan las caracteristlcas geotec

ténicas de la fegidn para la cual fueran obtenidas (ref 12).

En este estudio se utilizarén leyes de ‘atenuacién de la for
ma siguiente ' _ - e

..b3

b2M (R + Ry) (4.3)

Y:’-ble

donde b;, b,, by ¥y Ry son los parémetros estimados del aju”—

te y R fue definido preVLamente.

En este ‘trabajo se usarin las leyes de atenuacién propucstas

en la ref 12 las cuales fuerohﬁbﬁienidas a partir de la in-



formacidn correspondiente a temblores ocurridos en terreno
firme de la costa oeste de los Estados Unidos y de la Repd-
blica Mexicana. Las expresiones-prophestas en dicha ref para
estimar la aceleracién, a, y la velocidad, v, mixima del te-
rreno asociédas a un temblor son:

0.8M

a = 5600 e (R + 40)7% en (cm/seg?) (4.4a)

‘v =32 (R + 259717

“en (cm/seg) {4.4Db)
donde M vy R, la magnitud y la distancia del sitio de interés
al foco del temblor se obtienen de la 1nformac16n del catdlo
go de eventos para la reglén de 1nterés.

En la ref 12 se efectud un anéllsls estadistlco de los erro
res de predlcc16n asociados a las expresiones 4.4a y 4.4b.
De este estudio se determiné gque los logarltmos naturales de
los coc1entes de las intensidades (a o v) predlchas a las
_reglstradas instrumentalmente tienen distribucién lognormal.
Los parémetros de las mencionadas distribuciones fueron- pa-
ra la aceleracidn méxlma del terreno, media igual a 0. 04 Y
desv1ac16n esténdar igual a 0. 64; para la velocidad méxima
del terreno, media 1gual a 0.124 y deSV1a016n est&ndar igual
a 0.74.

. 4.2.4 Modelo de sismicidad régioﬁal

-La contribucifén de una fuente sismica de volumen elemental
Av a la sismicidad regional'vc en un sitio, distante R de la
fuente, se puede obtener combinando las ecs (4.2) y (4.3},
de lo cual resulta la siguiente expresitn, (ref 11).

T (1- (Y/Yl) ©y av, v £ vu

. (4.5)
=0, : ' '-_Y>Y1

A vly) = a by (R+Ro) Ty
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En (4.5), r = B/b,, ¢ = y/b,, 9 = b; ¥, y, -es la intensidad
obtenida con la ec. 3 para M = My:; a, B y vy son pardmetros de
la ec (4.2). '

Para obtener la contribucién de varias fuen;es sfsmicas a Vo
en un sitio basta con integrar la ec 4.5 con respecto al di-
ferencial de volumen. El resultado de dicha integracién no
variard en "y" como la ec 4.5; sin embargo, para fines prédc-
ticos dicho resultado se puede representar por una expresién
similar a su sequndo miembfo, es decir (ref 11}):

-r

vc(y) k vy

i

(1-(y/yD) %), y < v,y
' | ' (4.6)

it

0 o’ ' Y>> Y

donde k;-r; € y Y1 son pardmetros que se pueden estimar a
partir. de informacién estadistica de los.teﬁblores y'de las
caracteristicas sismotect6nicas de las fuentes vecinas al
sitio de interé&s o de zonas similares de la tierra..‘El pard
metro y; es el valor méximo esperédo, que resulta de aplicar
la ec 4.3, a la combinacién mas desfavorable de M, ¥ R, para
las diferentes fuentes sismicas vecinas al sitio.

Y

T.0os valores de v obtenidos en terminos de los datos estadis-

" ticos sobre intensidades caléuladas (a2 partir de magnitudes

vy distancias) con las ecuaciones de atenuacién de 4.2.3 de-
ben corregirse para tomar en cuenta las incertidumbres deri-
vadas de la utilizacién de dichas leyes. La correccién men-

ciconada se trata en 4.2.6.

Generalmente los catilogos de temblores que contienen la
informacién mencionada en el pdrrafo anterior est&n incomple
tos; es decir, no incluyen todos los eventos que pudieran ge
rerar intensidades méximas del terreno capaces de producir

danios en las estructuras que se construyan en el sitio. de

~
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interés. Esto provicne de que s6lo cdntienen informacifén com

pleta para magnitudes por encima de un cierto limite inferior.

y por lo tanto emplear estos catflogos sin correccién equiva-

le a ignorar la contribuciétn al riesgo de los temblores muy

-pequehfos, pero frecuentes, que pueden ocurrir a distancias

muy cortas. Debido a lo anterior resulta necesario introdu-
cir una funcién correctiva f(y), por. la cual deberd multipli-
carse la sismicidad Vg obtenida-a partir del catdlogo; al va-

lor corregido de v se le designard por v fl{y) depende de

co’ ‘
los par&metros de las leyes de atenuacién y de las intensida

des miximas calculadas con esas leyes. En forma aproximada

Jf(y) puede‘répresenta:se asi (ref 11)

£(y) = 1/(1-b(1-y/y®); v < v (4.7)

donde b, s, y y! son definidos como sigue s > 0, 0 £ b <1y
¥l es el valor mﬁxlmo de y; que puede esperarse de las fuen-
tes sismlcas vecinas al sitio de inter&s. Los valores Pape~
ciflcos que adoptan s, b y yi dependen de los parémetros de

A(M), de las leyes de at°nuac16n utilizadas y de la distribu

cibén espacial de la sismicidad en la zona vecina al sitio.

De la ec.4.7 se puede ver que f(y) es igual a 17(1—b), para
y = 0 e igual a 1 para y = j{. Los valores limites manifies
tan el hecho de gue en genéral.loé catélogbs'dé temblores es
t4n completos para magnitudes grandes y siendo lo contrario

para magnitudes pegquenas.

De lo anterior se sigue que la b(y) corregida por incompletez
del catdlogo se expresa como

Veol¥) = £ly) v (y) . (4.8)

donde f£(y) ¥y Vg (y) estan dados por las ecs- (4.7) y-(4.6) res-

pectlvamente.
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4.2.5 Estimacién bayesiana de la sismicidad regional vly)

'+ En este trabajo la estimacién de v(y) consistird en obtener
la esperanza de esta varible a partir de la distribucién con
junta de probabilidades de los pardmetros k, r, € Yy Y1, que
son los que definen a v_(y) de acuérdo a la ec 4.6. Para de
terminar esta distribucién se efectuari el anilisis bhayesia-
no de dichos pardmetros, que escencialmenteé consiste en apli
car el teorema de Bayes.(Apéndice'A) a toda la informacién
geotecténica y sismolégica éignificativa de gue se disponga
en la regién donde se localiza el sitio de iﬁtefés. Si se
‘representa por 2 el vector formado peor los parémetros k, r;
1€, Y17 por YN el vector constituido por los N valores de las
intensidades Yy observadas durante un lapso t, por £' y £" a

las distribuciones bayesianas inicial y posterior de Z respec

" “'tivamente; por L la funcifn de verosimilitud del vector Y

para un Z cdado. Se tiene la 81gu1enbe expresmén (Apéndl e A):

£7 (z]¥: €) a £ (2) L (Y tlz) (4.9)

L.a distribucién fé(z) depende de las disffibuciones margina-

~ les iniciales de los pardmetros de A (M), es decir de a, 8,.
Yy M (vér ecs 4.2 y 4.5}. En relac16n a o se puede partir
de est1mac1ones de los valores esperados de A (M) para magni-
tudes pequefias en zonas sismicas que involucren vol@menes

. considerables de 1la cortezaltefreStre. También se. puede uti-
lizar la informaciébn geofisicé sobre la liberacién de ener-
gia sismica en regiqnes de dimensiones intermedias (ref 11):
En cuanto a § se puéde utilizar valores que provienen de re-
giones sf{smicas semejantes a la de ihterés, ademds de que su

rango de valores posibles tiene una cota superior (ref 11).

Como no se tiene informacién sobre los posibles valores de v,
_ para este pardmetro se requiere utilizar distribuciones difu-

sas. Finalmente la dlstrxbuc16n inicial de M, se puede formu
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lar con base en la informacién geotecdténica de la regidn ve-
cina al sitio, o si dicha informacifn e¢s escasa o inexistente.
para las miximas magnitudes observadas en la mencieonada re-
gién. o ' ' '

Cuando se‘ca;eée de informacién significativa en la regidn
sismica de interés, la distribucién fé(i) se puede determinar
asignando a los parémetros'k, r, €, y1 distribuciones marging

les uniformes en intervalos que se consideren apropiados; ade

- mis se supone que dichos parédmetros son estadfsticamente inde

pendientes. De lo anterior se puede obtener que

£v(z) = £(k) £(r) £(e) £l(y1) (4.10)

~donde f(i), 1 =k, r, €, y1 representan las distribuciones

marginales de los parémetros k, r, £, Yi.

Para obtener la funcidén L(.) se supone lo siguiénte: que las

 intensidades observadas (es decir las intensidades calculadas

para valores observados de magnitud y distancia) Y. son varia

bles aleatorias independientes con identica distrigutién, que
dichas intensidades tienen un limite inferior Yor asi como la
hip&Stesis mencionada anteriormente de gue la ocurrencia de
los temblores constituye un proceso de Poisson(seccifn 4.2.2).
De acuerdo con las Hipétesis anteriores se pueden escribir
que la funcién L{.) sétisface la siguiepte relacidén de propo£
cionalidad |

N . _ ' o
+i£‘ anéo(yi)< ‘(4.11?

L(Yy; t]2)= v 1

co¥o!

En esta relacifn, v (yo) es la tasa de excedencia corres-

co
pondiente a Yo calculada con la ec 4.8, t es el lapso de-

. Y .
observac1§n de YN Yy vco(yi) es la derivada de vco(y) con res

pecto a y valuada para y = Y- En el_apéndice B se muestra

la obtencidén de la ec (4.11) asi como la forma explicita de
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sus té&rminos.

Sustituyendo las ecs 4.10 Yy 4.11 en la ec (4.9) es poSible
obtener la distribucién de probabilidades a posteriori de los
pardmetros k, r, €, Y1, de lo cual se sigue gue la esperanza
a posteriori, E"(.), y la variancia a posteriori, ¢2"(.) de
Voo PAra y =y, se pueden estimar con las giguientés expre-
siones: ‘ - _ : %
n ’ - = ' n . l
E" (v, (v;)) £ veol¥y) £ (z[YN ; t) 'dz (4.12)
2n = { _n 2egn .
g (vco(yi)) .I{vgo(yi) E" (v  (¥;)) fz(z[YN ; t)dz

3 .
(4.13})

en esfas ecs dz = dk dr‘ae dy, f £ es el dominio de Z. La
integracién de las ecs (4.12, 4.13) se efectuard discretizan
do £ por medio de la concentracidn de las probabilidades baye
sianas-de Z en los puntos del dohinib definidos por valores

preseleccionados de los pardmetros k, r, €, yi:; es decir:

ny n; nj n; ‘ . |
E"{v_ (y.))= I L Lz I v_ _{y.,)E" (z Y.:t)
S eo1 m=1 n=1.s=1 p=1. ©° 71 Z "mns y'’'N

{4.14)
. - nl" ‘I'l.z nj; Ity ) 2' |
o<"(v_ (y.))= L z b T v _ (y.)~E"(v__(y.))“t>"
- co*i m=1 n=1 s=1 p=1 co'fi | CO_.l Z
mn-s u N (4.15)

En las ecs (4.14, 4.15) m, n;, n; y n. representan el ndmero
de valores seleccionados de k, r, £ y y:1 respectivamente,
£"(.) es la distribucién de probabilidades a posteriori de 2

valuada en km' T’ Es’,Y1u° En las ecs 4.14.y'4.15 esta
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implfcito que vco(y‘) también debe ser Qalhadaien los mismos

puntos que £"(.). El coeficiente de variacién a posteriori
de v (y )., V"(U (yi)) se puede obtencr directamente con la
" ec 4 16 ' |

ViV (Yg)) = 0" (v (Y /E (v ly))  (4.16)
‘donde o"(.) es la desviacidn estandar a posteriori.

4.2.6 Correccibn por incertidumbre en las leyes de atenuacién

En 4.2.3 se menciond que los cocientes de las intensidades
reales éntre las predichas con las leyes de atenuacién que se
‘utilizan en este trabajo {eds 4.4a y 4.4Db) tienen una distri-
bucién de probabilidades lognormal con medias y desviacicnes -
estidndar indicadas en esa seccifn. Para tomar en cuenta el
efecto de las incertidumbres impliéitas en las leyes de ate~
nuacibn en la sismicidad calculada a partlr de dichas leyes,
en 1a ref 13 se propuso la sigquiente expre516n

R =g

v Y) = S ov ty/w) £ () du (4.17)

u

donde v({y) es 1a 51sm1016ad en el 51t10 asoc1ada a la inten-
sidad y corregida por 1ncert1dumbre en las leyes de atenua-
c16n,v {y/u) es la sismicidad en el 51t10 sin incluir dicha
correccmén, o, = Y/¥i, ¥ f es la funcién de densidad de pro
babilidades del cociente de las intensidades reales entre
las predichas con las leyes de atenuacién.

En el caso gue nos ocupa Ve (y/u) esta dada por la ec 4.8,
(u) es la funcidn de den51dad de probaollldades de la dis
trlbu016n lognormal y y: se definié arterlormente.r Combinan

do las ecs 4.8 y 4.17 se obtiene (ref 13):’
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vly) = 4K y"_r (1 - g—i’; (-yl-lﬁ) (4.18)

Ln (y/ya1) - m -.¢’r,

Q
2))

i,
Ci.ﬂ e (1 - ¢f

a

0
Il
" o
a -
~
[a]
r
+
=
"

ry = ¢
rs = r - ¢

K, r, €Y V1 son los parémetros de E" (bcé(yi)); my o son
respectivamente la media y la desviacién estdndar del error
de prediccidn de las leyes de atenuacién (ecs 4.4a y 4.4Db)
y ¢ es la funcién normal de distribucién de probabilidades

con media nula y variancia unitaria.



5. RIESGO SISMICO EN UN SITIO EN EL ESTADO DE JALISCO

En este cap se presenta uha aplicacién del modelo descrito

en el cap 4 para la determinacién de las intensidades maximas -

del terreno para.diferentes periodos de recurrencia, de un si
tio que tiene como coordenadas 21.3°N, 104.4°W, localizado
en el estado de Jalisco.

5.1 Informacibn para el sitio

~Con basé en la informacidn tectbnica y sobre la sismicidad
de la regi6n (la cual fue discutida en el cap 3) se decidid
addptar como fuente sismica un prisma de 14 x 14 grados de

" latitud y longitud con centro en el sitio y 300 kilSmetros
de. profundidad. La informaci6n de tipo estadistico sobre
ldsltemblores ocurridos en dicha fuente provino de las refs
(8, 14).

De las refs (8, 14) se generS un catdlogo de temblores con
magnitudes mayores o iguales a 4.5 para el lapsb'1900 a 1981.

Como las magnitudes reportadas en dichas refs (10, 18) inclu

yen magnitudes asociadas a la trasmisifén de ondas de cuerpo -
.(mb) y de superficie (ms) para los eventos ocurridos en di-
versas &pocas, fue necesario uniformizar el cat&logo a una

s6la magnitud.

 Para logfar lo anterior se utilizaron eventos registrados de
11900 a 1981 y de los cuales se tenfan ambas magnitudes; se
.efectud un ajuste de minimos cuadrados a dichos datos, lo

cual condujo a las siguientes ecuaciones:

m, = 1.12 m, - 0.705

R (5.1)
. mb.< 5.6 -
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mg = 1.312mb - 1.565
' (5.2)

Estas expresiones fueron utilizadas para uniformizar los tem-

blores del catfloge inicial a la'mégnitud m_ Gnicamente.

Por otro lado la prefundidad de un nfimero importante de even
tos del catdlogo no fue reportado f dado gque se requiere di-
cha 1nformac16n para poder convertlr el catélogo de magnltu—
des a uno de 1nten51dades {a través de las ecuaciones de ate
nuac16n) se utilizaron las s;gulentes ecuaciones ref (15)

. C n y |
CH + 40y = 1 RAU " (5.3)
. i= . - - .
- | n = -z o
(F + 25)72 = L g+ 25) O (5.4)
. " i= ‘ .

para calcular una profundidad promedio H de los temblores
ocurridos en la fuente sf{smica selegcionada.

En las ecs 5.3 y'5}4 H, es Ya profundidad reportada para el

i-ésimo temblor y n es el n(mero de eventos cuya profundidad
sf fue reportada. Las ecs 5.3 y 5.4 son utilizadas para cal
cular la profundidad de un temblor al cual se le determinari.
su aceleracién o velocidad del terreno en el sitio de interés

.respectivamente.

De la aplicacibn de las ecs 5.1 - 5.4 se cbtuvieron dos catd A

logos con magnitudes m, Y con sus profundidades correspondien

tes para determinar la aceleracién y la velocidad del terreno

en diferentes sitios de interés.
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5.2 Riesgo sfsmico en el sitio de¢ interés

" El modelo de ‘riesgo sismico descrito en 4.2 fue apl;cado ut1
‘lizando 1la 1nformac16n mencionada en 5.1..

A partir de las magnitudes, las coordenadas epicentréleS‘f
las profﬁndidades focales de los temblores de los catilogos
mencionados al final de 5.1 y haciendo uso de las leyes de
atenuacién paraAaceleraciones y velocidades méximas ecs 4.4a,
4. 4b, se calcularon las intensidades del terreno correspon-
dientes a los 81 afios de observaciones.

A continuaci6n se'prbcedié a calcular ia tasa media de exce-
dencia de las intensidades observadas, v {y) (donde y repre-

senta las acelera01ones o las velocxdades m&xlmas del terre-.

' no). Para ello se ordenarcn en forma ascendente las y's y

para calcular las Vo (y) correspondlentes se divide el nGmero

de 1ntensxdades mayores (o} 1guales a la 1nten51dad de lnteréé

_entre el lapso de observac16n, que en este caso es de 81

anos.

" En la £ig 8 se presentan los valores obtenidos de Ve {o su

reciproco el perlodo de recurrencia T ) para la aceleracién
mixima del terreno para el sitio de 1nterés. En la fig 9 se

" muestran los correspondientes valores para las velocidades

m&ximas del terreno.

De la localizacibn de los epicentros de los temblores del ca
tilogo con relacién a los sitios de interés se decidil propo
ner que f(y) en lé ec 4.7 tendria un valor igual a la unidad.
Con esto se supone que el catalbgo esta completo en todo el
rango de magnitudes utilizadas. ) :

- De acuerdo a lo mencxonado en el cap 4, para el cdlculo de

"la tasa media de excedepcxa E" ) se requleren los valores
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iniciales (a briori)‘de los par&metros k, r, €.y yi- Los va’

‘lores utilizados son los mostrados en la tabla 1. De la ins

peccifn de los datos de la muestra para el sitio ‘se decidi6
que k, r y ¢ estarfan comprendidos en los rangos indicadés
en diéha tabla. Los lfmites de y, se obtuvieron a través de
las ecs 4.4 y se consideran con base en lo aiscutido:en el
cap 2 una magnitud mixima esperada de 8.2 (refs 3), y dos va

lores de R, 24.5 y 40 km, los cuales conducen a un rango de

-aceleraciones y de velocidades m&ximas del terreno de 617 a

950 cm/s? y de 96 a 150 cm/s respectivamente. De estudios
sobre el efecto de y, en la estimacién de E“(ﬁco) para los
datos del sitio se observ$ gque no era necesario que y,; fluc-
tuari en los rangos indicédos, sino que bastaba con tomar sus
l1fmites superiores, por lo cual se dgcidié utilizar los y;

indicados en la tabla ;.

En este trabajo se supone'que a priori los parédmetros k, r,

€ Y Y1 son estadisticamente indepénaienfes por lo cual la pro

babilidad a priori de cada una de las combinaciones de los -
diferentes parimetros es igﬁal a 1/1024, donde el denominador
se obtiene de multiplicar el nﬁheio de valores utilizadbs'de
cada pardmetro es decir, 8x8x8x2, qofrespondientes ak, r, e

Yy Y1 respectivamente.

Finalmente los valores de m y ¢ en la ec son los mencionados

en 4.2.3. es decir, m = 0.04 y 0 = 0.64 para la aceleracién
mixima del ‘terreno y m = 0.124 y ¢ = 0.74 para la velocidad.

mixima del terreno.’

Los resultados obtenidos se presentan en las figs 8B ¥y 9, 1a

primera corresponde a las aceleraciones y la segunda a

las velocidades miximas del terreno en el sitio de interés,

respectivamente. En esas figs se tienen las curvas de la

esperanza de posteriori y el coeficiente de variaci6n de v

co’
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E"(vco) y V“(vco)_correspoﬁdientcs. Las curvas de E“(vco)
Y1 de -la tabla 2, Tahbién'se‘muestran en dichas figs las
curvas E"{v} que représentén las espéranzas a posteriori de

v obtenidas después de aplicar las correcciones por incerti-
dumbre en las leyes de atenuacidén de acuerdo a lo mencionado
en 4.2.6. Estas curvas proporcionan los valores finales de
las aceleraciones y velocidades méximaé.del terreno a.y Qr
para el sitio de interés para diferentes v o Tr. En la tabla
3 se presentan los valores de a,. Yy v, para v§rios periodos de
recurrencia obtenidos de las méncionadas curvas.

- Comparando los valores de las aceleraciones y velocidades m4

ximas del terreno pafa periodos dé_recurreﬁcia de 50, 100 vy
500 anos obtenidos en este trabajo con los proporcionados en-
la ref 16 se-puede conciuir lo siquiente:

a) Las aceleraciones de la ref lssoﬁ 2.42, 2.7.y 3.66 veces m2
nores que las obtenidas en este estudio para los T, men-

cionados;

b) Las velocidades de la ref 16son 1.87, 1.9 y 2.64 veces
menores que las obtenidas en el presente trabajo.

Lo anterior quiza se debd a que la informacién utilizada en

‘este trabajo es mas completa, asi como a gue las ecuaciones

“de atenuatifn utilizadas en la ref 16 eran menos precisas que

las usadas en este trabajo.
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CONCLUSIONES

Con base en lo descrito en los capltulos anterlores, se con-

cluye lo 51gu1ente.‘

1'

'Seria muy conveniente que a la brevedad p051ble se propon

Existe evidencia del -alto potencial sfsmico del occidente
de M&xico en partidulér en los estados de Colima, Jalisco

y Michoacén.

Debido a lo anterior y a las posibles consecuencias de
los efectos de los temblores en las construcciones, seria
muy conveniente que a la brevedad posible se realicen

estudios de riesgo sismico detallados para las ciudades

més importantes de la regifn.

o

gan reglamentos de diseno sismico para las ciudades m&s

importantes de la regldn.

Serfia muy recomendable que a la brevedad posible se insta
len acelerfgrafos para reégistrar los movimientos sismicos
que ocurran en las ciudades importantes y otros sitios

del occidente de Méxiqo.‘
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PARMMETRO . kini kfin &k rini rfin ar eini efin ) AE Yijni %fin
a 20 27 . 1 1.50 2.06 0,08 0.10 8.15 1.15 949. 951
0.02 1.77 1.84 0.01 0.10 8.15 1.15 149

v .59  0.73 151

TABLA 1 VALORES A PRIORI DE LOS PARAMETROS k, r, €, y, PARA ACELERACTONES
(a) Y VELOCIDADES (v} PARA UN SITIO EN EL ESTADO DE JALISCO

]

PARAMETRO k" " . E" Yi.
a 22,2053 1.7922 4.6756 950.60
v 1.8033 4.6891 149,99,

0.6449

TABLA 2 VALORES ESPERADOS A DOSTERIOR DE LOS PARAMETROS k, ¥, €, y, PARA
ACELERACIONES (a) Y VELCCIDADES (v) PARA UN SITIO EN EL ESTADO DE
JALISCO '

PARNMETRO | PERIODO DE RECURRENCIA Ty (afiog)
~ 50 100 200 300 400 500 1000
“a.(em/s?) 92 135 202 250 . 292 330 495
v (cn/s) 0.3 15,2 22,2 28 3. 31 8¢

TABLA 3 ACELERACIONES {a) Y VELOCIDADES (v) MAXIMAS DEL TERRENO PARA VARIOS
PERIODOS DE RECURRENCIA (Tr) PARA UN SITIO EN EL ESTADO DE JALISCO

Lyy

T8
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APENDICE A Teorema de Bayes. -

Si H, (i = 1,n) representa un conjunto de hipGtesis mutuamente excluyentes
'y colectivamente exhaustivas sobre un fenfmeno parcialmente cenocido y A

es una observacion del fenbmeno, eI teorema de BayeS se puede exprasar ¢o-
Mo (ref Al) - |

P(H;/A) = P(H) P (A/H)/ f P(H ) P (AZHs) T ' (A1)
e ! S
donde P({a/b) significa la probabilidad de a dado.b; P(Hi/A) es la probabi-
- lidad a posterfori de que H- es verdadero dado que se observa A; (H-) es
la probab111dad inicial de H aS1gnada antes de observar A y P(H/H ) es 1a
_ prooab111dad de A si H es verdadera. El término en el denommngdor del se-

gundo miesbro de la ec (Al) proporciona la constante normalizadora para que
el primer miembro sea una probab1]1dad '

Para el caso que se tiene en el cap 3, se desea aplicar el. teorema de Bayes
para'otener 1a densidad de probabilidades a postericri de 7 {donde 7 es el
vector formado por los parédmatros de la sismicidad regional uco(y)) dado
que se han observado N tembiores con intensidédes-YN dprante el Japso t,

-Al. Ra1ffa, H. and Scnla1fer R., “App11ed Stetistical Dacisicn Theory™ MIT
Press (1968) -

A2. bBenjamin, J R and Cornell, C i‘s. "Prahé.bility, Statistics ard Docizions for
Civil Engineers”, McGraw, Aill (1970) :
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es decir el primer micmbro de la ec Al se asocfa a f;(Z/YN;t) de'1é ec 9.

El témino P(Hi) de la ec {Al) corresponde a la densidad de'nrobabilidadeq
inicial (supuesta) de Z{ reprenentado por fé(Z) en la ec (9).

E1 término P(A/Hi)~de la ec (A1) es la probabilidad de que ocurran las in-
tensidades YN’ en caso de que los pardmetros que definen la sismicidad
regional, (v (y)),5ean precisamente los que se asignaron inicialmente a Z.

Se puede demostrar (ref AZ) que esta probabilidad es proporcional a la fun-

cidn L(Y,;t/Z) ce laec (9). .

_ E) término en el denominador del sequndo miembro de la ec (Al) se omitid en

" la expresién 9 , por o cual en lugar del simbolo de igualdad de la ec
Al se tiene el de proporcionalidad. -



| APENDICE B ' Deduccién de la ec 4.11

La funcidn de verosxm1]1tud que se requ1ere es la probab111dad de que en

" ura regién eSpec1F1c= durante un lapso t ocurran N tembleres cen intensi-
dades y' mayores 0 iguales a una inténsidad y , tales que n1 temblores co-

- rrespondnn al intervalo Ay de intensidades, n al ‘intervalo A% ,;..nk al
intervalo Ayk Lo anter1or puede escribirse como P(Y t]N) |

P(Yn;t]N) = P(n‘,nz,...nkfﬂ) P(ﬂ,t) S ()

De acuerdo a la hipétesis de que la ocurrencia de temblores en la regidn

a.

e interés constituye un proceso de Poiéson, se sique que la intensidad Y3
esociada a cada temblor es independiente de la historia'previa, por lo
cual la distribucién conjunta de nl,nz,...nk dado n es muTtinomiaI_(ref'
81) | - | |

.

n; : L ‘ '
(P‘_) / nsl : . -~ (82)

ll.-l?"

P(n nse nklN) [

" en la ec {B2) P. es la probzbilicad de que cada vez que ocurre un temblor
en la regién de interds su intensidad y; se encuentre en el intervalo AY; -
" Si los Ayi son muy pequeros, 10s niadoptarén'va1ores caro o uno, por 10_

cual ni! = 1. Sustituyendo este Gltimo valor en la ec {s2) conquce a

B! lgual que ref A2
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E . | " >
P(n on_s.omy|N) = N!iLI! P, (83)
en-la cuval’
”i = fylyp) dy; | . (4)

el término fy(y ) de 1a ec (B4) es la ordenada de 1a funci6n de densidad
de probabilidad de las lnten51dades para un temblor cualquxera valuada en
iy d_yi es el intervalo infinintesimal en que se encuentra yi. La fun-
cidn de densidad mencionada puede obtenerse a partir de la tasa de exceden
cia de las intensidades observadas U;obli), de acuerdo a la expresidn sj-

‘quiente. _
o vy (9) '
Fly) = —2 €0... (25)
Veolyd y=¥3
- vm(yi) 1 veoly )
sustituyendo la'ec_(BS) en la ec (84) y esta G]fima eh l1a ec (B3)
AURLITRLNT Nl (v Ly, )/(vco(y ) ) - (8

Yi=l co i
donde y es 12 intensidad minima de) catflogo de intensidades observadas;
véo(y;) es la Ve (ec 8) corrcsp01d1entc ay s el término v (y ) es la

derivada de V.o CON respecto a y valuaoa para la 1nt nsidad ¥i-

Utilizando de nueva cuenta la hipétésis de Poisson sobre la ocurrencia de
temblores en 1a regién de interés, la probabilidad, P(N,t), de que durante
un lapso t ocurran N temblores con tdsa media de excedencia vco(jg) se
puede valuar con la expresidn siguiente (ref Bl)

pit) = e Voo v (10" o (87)

. Sustituyendo las ecs 86 y 87 enlaec Bl se dbticenc la ec B8



. N - . -
| P(YN;t N) =t e ?co(% )t noovl (yi) |

i=1

S¢ puede demostrar (ref 6) que
L0tyit] D)« PUYyit|)
y:s{ se obtiene el Ln de ambos miembros de {BS)

LOGEIZ) = g, o) £ 4T v ()
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(B8) o

(89)

N,
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1. 1. TRCGDUCCION

E1 objeto de este trabajo es la determinacidn de espectros de disefo 4isinico

para diversos tipos de terreno en la Planta Geotirmica de Cerro Prieto, B.C,

Este sitio se localiza en la vecindad de la ciuded de flexicali, B.C., y sus
coordenadas geograficas son 32°24' de latitud norte y 115°14' de longitud
oeste, fig 1.

Los espectros de disefio sismico son graficas que relacionan las envolventes
de las respuestas miximas esperadas de sistemas estructurales sencillos (i-
dealizados como de un grade de libertad) sujetos a diferentes temblores con
tos periodos raturales de vibracién de dichos sistemas. A partir de los
mencionados espectros es posible estimar las solicitaciones sismicas para
]a§ cuales se debe disefar una estructura Toca]izadé en una zona sismica,
tal como el sitio donde se localiza la Planta Geotdrimica de Cerro Prieto
(PGCP).

Los criterios de disefio que se propongan daben tener por objetivo cptimizar
las estructuras, es decir, conducir a sistemas estructurales en los cuales
la utilidad obtenida de su ejecucidn sea mixima. Lla determinacién de la es
tructura Optima sc puede lograr a través de estudios costo-beneficio que in
cluyan explicitamente los siguientes pardmetros: Tos heneficios esperados
ge su cpnstruccién, 1os costos esperados de las posibles fallas, l¢s costos



iniciales de dischar y construir, asi como las probabilidades de ocurrencia
(e -intensidades miximas) de las solicitaciones.,

Aunque se cuenta con 1as herramicntas necesarias pava cfectuar los ostud1os
costo- benef1c10 citados arriba (ref 1) su aplicacidon prdctica se ve a veces
~ limitada por las dificultades asociadas con la estimacidn de las consecuen-
'cias de falla o utilidades de la'operacién de las estructuras proyectadas.
Por ello la determinacin de la estructura 6ptima ante solicitacidn sismica
se llevard a cabo siguiendo el criterio propuesto en la ref 1, el cual se-
‘basa en la comparacidn de las intensidades esperadas de disefio (aceleracio-
.nes; velocidades, etc)., en dos sitios diferentes, para un mismo poriodo de
recurrencia. Este pardmetro se define como el reéiprocp de la tasa media
de excedencia de una intensidad dada durante un lapso previamente definido,

Como no se cuenta con un nimero suficiente de registros del movisiento del

terreno en el sitio de interés, ni de informacién suficiente sobre las carac

teristicas sismotecténicas de las fallas cercanas al sitio, la determinacidn
de los espectros de disefio se efecﬁuaré a partir de 1a informacibn estadis-
tica (catélogo) sobre las magnitudes y las coordenadas focales de temblores
generados cerca del sitio de interés durante este siglo.

Con 1a informacién anterior y-utiiizando Teyes de atenuacidn {relaciones
magnitud-distancia-intensidad) previamente propuestas en la ref 2 se obtie-
- nen expresiones que relacjonan aceleraciones y velocidades maximas del te-
rreno con tasas de eftedencia (periodos de recurrencia).
Las expresiones mencionadas se corr1gen para tomar en cuenta fas incerti-
dumbres asociadas con las intensidades reales en comparac1on con las calcu-
ladas a través de las 1eyes de atenuacién, asi como las incertidumbres re-
Tacionadas con el uso de un catéiogo gue no incluye ‘todos los eventos que
pudieran producir intensidades importantes en el sitio de interés. Lo des-
crito en los pdrrafos anteriores se tratard con detalle en el cap 3. '

Los espectros de disefio para diversos periodos de recurrencia se obtienen
a partir de las intensidades miximas del terreno. El espectro de disefio pro
puesto se selecciona siguiendo las recomendaciones de la ref 1, tal como se

indica en el cap 5.
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2. GEOLOGIA, TECTONICA Y SISMICIDAD DE LA REGION

2.1 Geologia -

| La PGCP se iqca]iza en el VYalle de Mexicali (fig 1) el cual forma parte de

la provincia geoldgica 1lamada del Golfo de Ca1ﬁfornia o depresidn de. Sal-
ton (ref 3). Estructuralimente estd formado por graberns (depresiones) 1le-

nados por aluvicnes y horsts (]evantamiéntos) de rocas paleozoicas forma-
das antes de la actividad tecténica (ref 3).

La litologia de la regién de interés corresponde a l1a del delta del Rie
Colerado (refs 3 y 4) y estd formda por arenisca, arcillas y lutitas de-

" .positadas ciclicamente. Dichos sedimentos se encuentran cubiertos por

aluvién de la Sierra Cucapa y dreas adyacentes {réf 3). La distribucidn
horizontal de los sedimentoc deltaicos es desconocida debido a la irregu-
laridad horizontal en que se han depoiitado Tos sedimentos mencionados.

2.2 Tecto'u;éca

La estructura tectdrica de la regidn ha sido descrita por un arreglo simple



de fg}las transformadas y centros de-dispersidn que se caracterizan por
generar enjambres de temblores, actividad volcdnica reciente, dreas geo-
ftérmjfgs y depresiones topngrificas submarinas {(ref 5, 6).
:Entrg‘las~fa1las principales que se lecalizan en el Valle de Mexicali se
puedeh mencionar a las siguientes: Imperial, Cerro Prieto, Elsinore (tam-
Af bién Tlamada Laguna Salada). Otras fallas en la zona son las de Agua Blan

.€a,-San Miguel, de Sierra Judrez {refs 5, 6). Recientémente se ha locali-
zado un sistema de fallas secundario denominado Volcano en 1a zona donde
se encuentra la PGCP (ref 4). Estas dltimas fallas se asocian al movimien
to lateral derecho de las fallas Imperial y Cerro Prieto (ref 7).

Una caracteristica de la mayoria de las fallas mencionadas en los parrafos
anteriores es que solo se conocen parcialmente sus dimensiones (ref 8, 9).

2.3 Siwndedidad

En 1a ref 5 se reportd que la actividad sismica de la regidn de interés se

concentrd en las fallas Imperial, Cerro Prieto, Sierra Judrez y San Miguel.

En particular se gbservaron temblores cuyos epicentros se alinearon con
las fallas Imperial y Cerro Prieto. Estudios posteriores realizados entre
1974 y 1975 mencionados en la ref 10 mostraron actividad sismica asociada
a. la falla Cerro Prieto {dnicamente.

Otros estudios de la sismicidad en la regién donde se localiza la PGCP
(ref 10) mostraron que la mayoria de 1os eventos identificados se concen-
traron en el extremo noroeste de la falla Cerro Prieto’ y el sureste de la

~falla Imperial.

Dasde el punto de vista ingenieri 1 recientemente ocurrieran temblores.due
causaron dafios a estructuras; estos temblores fueron los de octubre 15 de
1979 y junio 9 de 1980. E1 primero tuvo una magnitud de 5.6 (magnitud de
ondas- de cuerpo) y- aceleraciones maximas de hasta 500 cm/se92 (ref 11). Su
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Cepicentro se 10ca1170 cerca de la ciudad de Mexicali (ref 12).

El segundo’temb1or ocurrid el 8 de junio de 1980 con una magnitud tocal de
6.7‘y aceleraciones miximas del terreno de hasta 663 (cm/segz). Su epicen-
tro se localizéd cerca de 1a falla de Cerro Prieto; las coordenadas fueron

0 32.213° N y 115.028°W (refs 13 y 14). En la ref 13 se describen los dafios

observados en diversas estructuras en la regidn afectada. También se des-

- criben en la ref (14) los efectos de los mencionados temblores en el terre-
‘no, entre los que destaca la formacidn de pequefios "volcanes" de arena muy

fina y agua con elevaciones de hasta 40 cm sobre cl nivel original del te-
rreno, lo cual indica que las capas de suelo superficia]és en-la regidn de
interés son susceptibles de licuarse. Este efecto de licuacidn puede ser
pe]agroso para estructuras que se uesplantenen terrenos suscoptables a tal

~ fendmeno, dado que al fallar el suelo existe el peligro de colapso total o

parcial de las estructuras. Por lo anterior se recomienda identificar las

formaciones para las que haya sospechas sobre potencial de licuacién y efec- -
. tuar estudios detallados especificos para decidir sobre uso del suelo, es
decir, sobre sitios en dondepueden desplantarse estructuras y en donde dehe
impedirse la construccién. '




3. HMODELO DE RIESGO SISMICO
3.1 Sismdcidad reglonal y Local

La sismicidad regional, v, en un sitio determinado, o sca el efecto gque pro
ducen Tos temblores que ocurren en la regidn vecina al sitio, depende prin-

.cipaimente de la contribucidn que a la misma nacen los volumenes de la cor-

teza terrestre alrededor de dicho sitio. Dada la atenuacién de la intensi-
© dad con la distancia, 'solamente los volumenes localizados a algunos cientos
" de kildmetros del sitio contribuyen en forma importante a esa sismicidad,

‘lLos volumenes citados se designan como fuentes sismicas y se caracterizan
4p0r‘1a§ incertidumbres asociadas a la frecuencia de ocurrencia y las magni-
tudes de los temblores que generan. Se denomina sismicidad local al pPro -
ceso de ocurrencia de temb1ores de diversas magnitudes en una fuente sismi-

ca.

De los parrafos anteriores se puede concluir que la sismicidad regioral pa-
ra un sitio puede estimarse a partir de las sismicidades locales de las
“fuentes sismicas correspondientes. '



. La sismicidad local ascciada a una fuente sismica dctcrmindﬂa pacde estimar
" s2 utilizando un modelo del preceso estocdstico (alcatorio) de la ocur

cia de temblores do diversas magnitudes en dicha fuente, Si so adopta una
. forma para el proceso, la sismicidad local podria calcularse una vez que
se estimen los pardametros que definen a dicho proceso,

Como se menciong en el cap 2, 1a informacifn sobre las caracteristicas sis-
motecténicas de la zona vecina al sitio no es suficiente como para definir
verias fuentes sismicas, por lo cual se calculara la sismicidad en el sitio
‘de interds a partir de las intensidades calculadas de los temblores con fo-
cos contenidos en un prisma de 12 x 12 grados de longitud y latitud, con
centro en el sitio y profundidad de varias decenas de kilémetros. DPara es-
tos fines, la sismicidad se definird en terminos de la tasa media de exce-
dencia de cada intensidad por unidad de tiempo. ‘En formz aproximada la
sismicidad de un.sitio puede expresarse mediante una expresidn de la forma

-r : '
e Ty
vile) = a3 - 95 hax) ¥ S Y5 pax (1
v; =0 ) | ‘ Y2 Y5 méx
j=a v

EnTa ec 1 v, (j} es el nimero medio anual de tcmblores con intensidades ma-

" yores que ¢ reg1strados en el sitio de interés y gpnerados por las fuentes

ismicas vecinpas-al sitio, a., r. ..
515 * %50 s VY5 max

los cuales deben estimarse a partir de los datos estadisticos, y de las

son. los parametros del proceso,

caracteristicas sismotectdnicas de las fuentes vec1nas, y son las intensi-
dades mdximas del térreno (aceleracién, a, y velocidad, v) que pucden cal-
cularse a partir de Tas leyes de atenuacifn que se presentan en 3.2

Los valores de v obtenidos en términos de los-datos estadisticos sobre in-
tensidades calculadas (a pértir de magnitudes y distancias) con las leyes
de atenuacion de 3.2 deben corregirse para tomar en cuenta las incertidum-
bres derivadas de 1a utiljzacidn de dichas leyes, asi-como-las'incertidUmbres
relacionadas con el catéTogd de temblores empleado. Este no incluye todos
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los- eantos que pud1eran generar 1ntens1uad¢s del terreno fmportantes (des-

de e] punto de vista de'diseifo) on el 51t10. Las correciones mencinnadas

-13;2’A$Layeb de atenuacddn

lse tratan en 3.4 y 3.3 PCBDCCtl“m“ntQ.

. .l“

PR

Las leyes de atenuacidn son expresiones semiempiricds que relacionan magni-

- tud-distancia-intensidad (ace]eracionés, velocidades y desplazamientos md-

ximos) de temblores en terreno firme. Oichas expresiones pueden obtenerse
a partir de los datos que existen sobre los pardmetros mencionades., En
general, los procedimientos utilizados para obtener las Teyes de atenuacidn
consisten en ajustar curvas a los datos de eventos ocurridos en diferentes
regiones, por lo cual las expresiones asi obtenidas ref]ejan‘ias'caracte-

risticas geotectdnicas de la regidn para la cual fueran obtenidas (ref 15),

- En este trabajo se usardn las leyes de atcnuacidn propuestas en la ref 2,

‘1as cuales fueron obtenidas a partir de 1a informacidn correspondiente a

temblores ocurrides en terreno firme de la costa oeste de los Estados Uni-
dos y de 1a Repiblica Mexicana. La eleccién de dichas leyes de atenuacidn
se justifica dado que la regidn de'interés (ver cap 2) se localiza cerca
de Ja zona de los Estados Unidos mencionadé arrita, Las expresiones pro-
puestas en la ref ¢ para estimar la aceleracién a, y la velocidad, v, md-
xijmas del terreno asociadas a un temblor son: '

- 5600 e0 8

=4
K

(R +.401'2 en (Cm/segi) (2)

1+7

M (R +25)° en (cm/seq) | (3)

-
i

-donde M y R, Ta magnitud y la distancia del ‘sitio de interés al foco del

temblor se obtienen del catdlogo de eventos para la regidn de interés,

‘En la ref 2 se efectud un andlisis estadistico de los errores de prcd1cc1on

asociados, @ las expresiones 2 y 3. De ese estudio se determind que los

logaritmos naturales de los cocientes de 1as intensidades (a o v) predichas



Vo4 las registradas instrumentaimente tienen distribucién normal .

‘Qi‘{gyLo§7patametros de las mencionadas distribuciones fueron: para 1a aceleracién

; }}F méxima. del ‘terreno, media igua] a 0.04 y desviacidn estdndar igual a 0,64;

o '.,;1 para 1a velocidad mixima del terreno ) media igual a 0.124 y desviacifn es-
Coe T tandar igual 2 0..74.

3.3 Covreceddn por Lncompletez del catalogo

‘Como se menciond en 3.2 la sismicidad en un sitio puede estimarse a partir
de 1a informacidn estadistica sobre Tas magnitudes, coordenadas y profundi-
cades aocales de los tcmb]ores ocurridos en las fuentes s1smlhas vecinas.
Esta informacidn-se ut1112a en combinacidon con las leyes de atenuacidn
{ecs 2 y 3) para evaluar las intensidades-mdxiwas del terreno en el sitio

S ' : de interds. Sustituyendo estas intensidades en la ec 1 es posible evaluar

1a sismicidad en el sitio, Vas asociada a la informacidon estadistica utili-
zada. ' '

Generalmente los catdlogos de temblores que contienen ta informacidn mencio
nada en el parrafo anterior estdn incempletos; es decir, no incluyen todos
10s eventos que pudieran generar intensidades miximas del terreno capaces
de producir dafios en las estructuras que se construyan en el sitio de in-
teres. Esto proviene de que s6lo contienen informacién completa para mag-
nitudes por encima de un cierto limite inferior y por lo tanto emplear es- -
tos catilogos sin correccidn equivale a ignorar la contribucidn al riesgo
de los tembiores muy pequehos pero frecuentes, que pueden ocurrir a distan-
cias muy cortas. ODebido a lo anterior resulta necesario introducir un factor
de correccién, fc’ por el cual deberd multiplicarse la sismicidad Va obteni
da a partir del caté]ogq; al valor corregido de v se le designard por Vi

: ' " Como se verd mas acie1ante,'fc depende de 1os_par§me£ros de la sismicidad
' . local, de los pardmetros de las leyes de atenuacién y de las intensidades

v indximas calculadas con esas leyes.

Para fines de obtener el factor correctivo fc, 1a sismicidad lecal X aso-
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~ciada a una fuente sfsmica se estimard con la expresin siguiente (ref 15):
' - M
AM) = ao iy _ : (4}

dornde A (M) es 1a tasa de excedencia deé la magnitud M por unidad de volumen
y ror unidad de tiempo, y o y B son pardmetros que dependen de las ca-
racteristicas sismotectdnicas de Ta fuente sismica considerada.

Lado que interesa evaluar ‘la sismicidad en termiros de las intensidades

S mdximas en el sitio, se debera expresar la ec.4 en términos de esas inten-

sidades, para lo cual se utilizardn las ecs, 2 y 3. Estas Gltimas pueden

rcaze<entarsp por '
Y =b

L e b (R + R, ) by | o (5)

conde y es la intensidad calculada (acclefaciﬁn o velocidad) asociada a
iy Ro y bi (i = 1,2,3) son los pardinetros de las ecs mencionaQas y R fue
“previzmente definido. Despejando M en la ec (5) y sustituyendo en la ec
4 selobtiene ‘ ‘

AMM(gRY) = e vy (R+RDTS - (6)

! . : . ~ r - _ .
. donde y = bl , r=8/b,, s = Bby/by.

La sismicidad regional v puede evaluarse con la expresién siguiente'(ref 15)

cvuly) = S OAM(yeR))dv : (7)
v .

donde la integral con respecto alvolumen incluye todas las fuentes sismicas

que contribuyen a la sismicidad en el sitio de interés,

Para calcular el factor fc parfiremos de 10 siguiente: suponqamos que para

una region se tiene un catdlogo (para un lapso dadoj que se considera con- .

fiable para temblores con magnitudes mayores a una magnitud seleccionada,
~digamos M . la sismicidad total en el sitio de interés, v (y), o sea la




correspondiente a todos los eventos ocurridos cn la regifn, pucde obtenerse
;- comp la suma de las sismicidades producidas por los tewblores con magnitu-
f}”}des menores o iquaies que Ho y YTos mayores que dicho valor; a estas dos.

cciaponantes  las 1lamaremos yi(y).y\@(g) respectivamente; es decir,

vily) = v (y) +\J2(Q) - | - (8)

E1 factor f. es funcidn de la intensidad y, y sc obtiene como el cociente’

ce la sismicidad total que resulta de integrar-la ac 7 bara un volumen iti-
mitado, con X dado por la ec 6, entre-la qué se obtiene cuando al integrar
1a ec 7 para un volumen ilimitado se toma X dado por la ec 6 para M > Mo e
igual a A(MO) para M < M ; es decir,

foly) = %;%g} S | (?)

en dondéAu(g) estd dada por laec 7 y vz(y) se obtiene como sique:

walyd = 5 amdav+ g e OR gy (10)
* . ’ - .

R<R R > R*

En esta ecuacidn, R* es la distancia a la que un temblor con magnitud My

"produce una intensidad calculada igual a y, de acuerdo con la ec 5.

Para calcular vt(y) se supondrd que la sismicidad es uniforme en un seni-

espacio limitado por la superficie del terreno*,.por 1o cual al combinar
las expresiones (6} y (7) se obtiene

- vt(H) T 15s] (2-sj {(3-s) " | (11} -

5> 3

* Aunque esta hipdtesis no serfa la adecuada para evaluar v, se considora
aceptable para la estimacidn de fc.' '



yq‘égprcsién para R* se puede deducir de la ec §,
R = (b, e"?"o/,«)”b - R, , (12)

- donde todos los pardmetros han sido previamente definidos.

Una vez que se tiene el valor de R* se obtienen las integrales que aparecen -
en la ec 10: |

Vply) = vpy (y) + vy (9) | (13) |
entdonde
3 BN .
. 27 aR* .
R R(IS) 2R 1(25) ZR(3S)

vopl) = 27w vy g - (o7 (2557 * 1 itz sy ) (19)

s >3
En Ya G1tima ecuacién,
= (R* + Ro) _ (16)

AT sustituir las ecs 11, 13, 14 y 15 en la ec 9 se obtiene: -

) - 2y gy R ()
ct? (1-s) (2-s) (3-s)
A ‘(1-5) s p (2-5) . (3-3) ;1
BﬁJBMO oy (R Ry 2R* Ry . o an
3 1Y {1-s) . {1-s) (2-s5) = (1-s)(2-s)(3-s)/ :
s> 3 _ .

Finalmente, la s1sm1c1dad corregida por incompletez v (j), asociada a 1a
1ntens1dad yf» se obtiene. como



()= Tl) vely)

5.4 Conreccddn pon Lneentidumbre en Las Leyes de atenmeddn
En 3.2 se menciond que 10s cocientes de Tas intensidades reales entre las
- predichas con las leyes de atenuacidn que se utilizen en este trabajo (ecs
2 y 3} tienen una distribucién de probabilidades lognormal con medias y des-
viaciones estindar indicadas en esa seccidn. Para. tomar en cuenta el efecto
de las incertidumbres implicitas en las leyes de atenuacion en la sismicidad
calculada a partir de dichas leyes, en la ref 15 se propuso la siguiente ex-
presién ' '
“« ' .
vly) = QJ vp(ulu) fo {u) du ' (19)"

donde v.(y) es la sismicidad en el sitio asociada a la intensidad y corre-
gida por incertidumbre en las leyes de atenuacién, vp(g/u) es la sismicidad 
en’e1.sitio'sin incluir dicha correcccidn, o, = g/gméx, y f, es 1a funcidn

de densidad de probabilidades del cociente de las intensidades reales entre
las predichas con las leyes de atenuacidn. ‘_ -

En el caso que nos ocupa vp(g/u)‘esta dada por Ta ec 18, f_{u) es Ta fun-
cidon de densidad de probabilidades de la distribucidn lognormal y Yhodx se de~
fini6 en la seccién 3.1. Combinando las ecs 18 y 19 se obtiene (ref 15):

vc(g) = ¢y Ky + €1 Ky y™" E (20)
donde ‘
 Unlyly . :
= [ max) -'m
Co [ 1 - ¢ \ - U )
K = !

o T “Ynix



T2
n

. . Lo .
[ it . M ' . .-
. TN N LN . . . .
o . LI B . .

. _H'Ln{y‘/y. ) -m - o
exp (Q){ m\ixc -

.‘Kl .= a

S | |
> air? +moyp

Oy Iy son los parametros de la ec 18

Ymax

m, o son la media y la desviacién estandard de las leyes de atenuacidn
{ecs 2 y 3)

o es la distribucién de probabilidades normal éstandarizada
acumutada ' '
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4. RILSGO SISMICO EN LA PLANTA GEOTERMICA DE CERRO PRIETO

4.1 Infommacién para el sitio

La inforchi@n de tipo estadistico scbre los tembliores ocurridos en la fuen-

~te sismica adoptada, que es un prisma de 12 x 12 grados de latitud y longi-
tud con centro en el sitio de interés y algunas decenas de kilometros de

- profundidad, provino de las refs 16, 17, 18, 19. De las refs 16y 17 se
generd un catdlogo de temblores con magnitudes mayores o iguales a 4.5
para el periodo 1932 a 1980. De las refs 18 y.19 se obtuvieron dos cati-
~logos, ambos para el lapéo 1932 a 1974 y para magnitudes mayores o iguales

a 5y 6 respectivamente. En la fig 1 se muestran los epicentros y profun-

didades de los eventos con magnitudes mayores o iguales a 4.5.

Las intensidades Y3 méx (j = aceleracién, velocidad) es decir, las cotas
superiores a las intensidades miximas esperadas del terreno en 1a regidn
de interés,se estimaron a partir de las ecs 2 y 3 adoptando una magnitud
de ondas de cuerpo mdxima ecperada M = 7.4 y una distancia R = 15 km. EI.
valor de M fue seleccionado con base en las refs 20 y 21 y el valor de R
se tomé.como un valor,caracteristiéo de la regién en cuestién (fig 1). Con
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"'"'].'0.5." valores de My R mencionados se ontuyo;
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v
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1 Qalorldel pardmetro. B en 1a ec, 4 fue calculado a partir de la siguiente
expresién (ref 22) |

B=23b o (21)

donde b es un paraﬁetrb que depende de las caracter{sticas sismotectdnicas
de 1a regi6n de interés (ref 23). En este trabajo se tomd un valor de
b =.0.87 con base en las refs.18y 24, con 1o cual se obtuvo un g = 2,

_Findlmente los valores dem y o utilizados en la ec, 20 son los mencionados
“en 3,2,Aes decir, m = 0.04 y ¢ = 0,64 para la aceleracion mixima del terre
no ym-=0.124 y g = 0.74 para la velocidad mixima del terreno, |

4.2 Riesgo sismico en el sitio de {nterss

El modelo de riesgo sismico descrito en el cap, 3 fue'ap]icado utilizando
la informacién sobre. el sitio mencionado en 4.1. Los resultados obtenidos
fueron los siguientes:

. En las figs 2 y 3 se presentan los valores calculados de-1a tasa media de

.excedencia v (o0 su reciproco el pericdo de recurrencia, Tr) para las a-
celeraciones y velocidades mdximas del terreno respectivamente. En am-

- bas figs. se tienen los resultados para cada uno de los catdlogos, asi
coino las curvas de ajuste correspondientes, Dichas curvas tienen la for
ma de 1a ec. 1 con parametros a = 3600, r = 2,23 para aceleraciones maxi-
mas (fig 2) y a = 150, r = 2.82 para velocidades miximas (fig 3). Los
valores de a y r se calcularon aplicando un criterio de minimos cuadra-
dos dandole mayor peso a las v.aﬁociadas alias intensidades medias,



. En 1as figs 4 y 5 se presentan las curvas v versus aceleracion'y veloci-
dad mixima del terreno obtenidas después de apiicar las correcciones por
“incompletez del catdlogo y por incertidumbre en las leyes de atenuacidn
respectivamente. Las curvas résultantes de la correccién por incomple-
tez (11amadas la correccidn en las figuras) tiencn como pardinctros

a= 75000, r = 2.74 para aceleraciones (fig 4) y a = 200, r = 2.9 para
- velocidades (fig 5). Las curvas cbtenidas de la correccidon por incerti-
dumbre en las leyes de atenuacién {denominadas curvas finales en ambas
figﬁras), preporcionan los valores esperados de las aceleraciones. y ve-
" Tocidades miximas del terreno a.y v, para el sitio de interés para dife-
rentes v y Tr' Por ejemplo, se tiene

: o
(afios) - (cm/segz) . (cm/seg)
30 270 29
50 331 38

100 410 53



5. ESPECTROS DE DISERQ

. En el capitulo 1 se menciond que los espectros. de disefio para un sitio, es

decir, 1as envolventes de las respuestas mdximas esperadas de sisiinias es-
tructurales sencillos sujetos a diferentes temblores pueden obtensrse a
partir de jas intensidades mdximas del terreno en el sitio. Dado que estas

d1timas dependen, entre otros. factores, de las propicdades mecdnicas de los

materiales que forman los estratos superficiales (ref 2»), en este trabajo
se consideran tres tipos de terreno atendiendo a su rigidez. La clasifi-

- cacidn propuesta es la siguiente: terreno firme, tal como tepetate, are-

nisca medianramente cementada, arcilla ccmepacta; terreno intaermedio, tal
como arenas no cementadas, 1imos de mediana o alta compacidad, arcillas
de mediana compacidad; terrenos compresibles, como arciilas blandas muy
compresibles. '

Para definir que-tipo de terreno se tiene en un sitio eSpécif1co se puede
aplicar el siguiente criterio (ref 26);

&) Se localizard el nivel del terreno firme, bajo el cual todos los sue-
los tengan modulos de rigidez mayores que 5 x 10% ton/mz, 0 reguieren
mas de 50 golpes por cada 30 ¢m, en.la prueba de pecnetracidn estﬁndar.
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b) Para estratos comprendidos entre el nivel det terreno fime y el nivel

en que las aceleraciones noeizentales del terrepo se trasitan a la
castruccidn se calculurd la suma E Hii§:7§; donde S

espesor del i-ésimo estrato, enm’

H, =

i
Y; ¥ SU peso volumétrico en tonﬂn3
G; = mdaulo de rigidez en ton[mz'

Si la suma zHi/?i/Gi as menor que 0.20, el terrenn se considerard firme.

Si la suma ZH1/Y1/Gi es mayor que 0.20, y menor que 0.45 el terreno se
cunsiderard intermedio.

[

A falta de informacion precisa: para ta aplicacidn del criterio anterio
nuede tomarse para v, el valor de 1.5 ton/m3 y Tos valores de Gi pueden
estimarse como Gi = 0.35 Ei’ en que £, es la pendiente inicial de {a cur
va esfuerzo-deformacidn de una prueba de compresidn simple,

Los terrenos cuyas propiedades se desconozcan se supondrdn como terre-
ros compresibles.

Para la clasificacidn de) tipo de terreno anterior se tomardn en cuen- .
ta todos los suelos que se encuentren debajo del nivel en que las ace-
lzraciones horizontales se trasmiten a la construccidn; por ejemplo, en
el caso de un cajén de cimentacidn este nivel corresponde ria al des-
plante de la losa inferior. - o

5.1 tapectres de diseiio para ferreno fiume

E1 criterio que se seguird en este trabajo para calcular especiros de di- -
sefio para terreno firme se apdya en las ref 1 y 27.Dicho criterio consis-
te en multiplicar la aceleracidn y la velocidad mdxima del terreno en un
sitio pira un periodo de recurrencia dado, a,. Y Vs por los féctores de
amplificacidn f, v f, (que dependen del amortiguamiento} respectivamente
(ref 1). Los valores resultantes, que seldenominaran a* y v*, son respec-




tivamente Tas civolvente de los espectros de diseio de aceleraciones y ve-
‘io@idadeS'para sistemas de un grado de libertad sujetos a difercates tem-
blores. Estos G1timos son congrucntes con la sisaicidad del sitio de in-
'tetéﬁ..

'Dadp que las leyas de atenuacidn utilizadas en este trabajo (cap 3) corves,
ponden a terreno fTirme, los espectros de disefio obténidos_seran deicabIes
-para estructuras que se apoyen en suelos de esas caracteristicas,

Las ordenadas A., del espectro de disefo de aceleraciones para un periodo
de recurrencia Tr se obtienen a partir de s a* y v* que ya se detintieron,
y T, que son los periodos naturales de los sistemas de un grado de libertad.

De. acuerdo con estos pardmetros, las ordenadas Af(T) se calculan ast:

. Para T =0, Af = ar

. Para 0 < T < T* (en donde T* = 2n v*/a*), se tienen dos casos:

a) Si a*/Q>“ar, Af varia linealmenta con T dosde T = 0 hasta T = 0.12 en
" que adquiere el valor miximo a*/Q, que se mantiene constante para
0.12 < T < T*,

b),Si ax/Q < A Af varia linealmente con T desde T = Q hasta T = T*, en
que adquiere el valor a*/qQ. '

1/2.

Para T > T*, Af = (a*/Q)(T*/T)

En Tas expresiohes anteriores, @ es el factor de ductilidad, definido para
una seccién, un miembro o una porcidn de una estructura con compdrtamiento
elastcp1éético, como el cocicnte de su deformacidn mdxima entre su deforma
cidn de fluencia. @ caracteriza la capacidad de absorcién de energia por
comportamiento ineldstico de una estructura. En disefio sismico los valores
de Q usados comfinnente son los siguientes: 1 para sistemas frdgiles, 1.3
‘para mamposterias huccas reforzadas, 2 para mamposterias macizas confinadas
y 4 para estructuras de marcos de concreto y acero. En la ref (28) se



proponen valores de ) para diversas condiciones de la estructuracidn y e
. 1os materiales utilizados.

Llas figs 6 a 9 contiencn espectros eldsticos para amortiguamientos viscosos.

“con valores 0.02 y 0.05 del critico, respectivamente, para distintos tipos
de terreno asi como los correspondientes espectros reducidos por duclilidad
de-acuerdo con.los criterios propucstos arriba para obtener A (T). £n las

- estructuras reales, la parte del amortiguamiento que se presenta para defor

" mac iones pequefias es muy inferior a los nimeros que suelen citarse como
reprasentativos del amortiguamiento "viscoso" para distinto tipo de estruc
turas; es decir, 1a mayor parte del amortiguamiento que convencionalmente
se asigna a cada tipo de estructura proviene en realidad de'disipaéién de
energ1a mediante ccmportamiento no 1ineal histerético. En las pdqginas que
siguen se adopta el criterio de dcterm1nar Tos espectros .de disefic sismico
en el sitio de interés mediante calibracidn con 1os que 1a experiencia ha
considerado adecuados en otros sitios. En dichos espectros se addpta la

convenc16n de separar el amortiguamiento en una parte "yiscosa" que no de-

' pende del tipo de estructura y en otra que se representa mediante Ta re-

}duccién por ducti]idad; Ta parte viscosa se hace corresponder a 0,05 del.
critico. Esta misma convencidn se adopta aqui; por:lo fanto, en lo que

_ 'sigue los espectros que'se proponen para ‘disefio deberdn correspohder al.

- amortiguamiento de 0.05 del critico y al factor Q reductivo por ductilidad
que se recomienda para cada tipo de estructura. |

En tas figs 6 a 8 se preséntan los espectros de disefio ace1eracidnns para
terreno firme en Ja PACP. Dichos espectros resultaron de aplicar el criterio
descrito en los parrafos anteriores a los datos del sitio de interds. Los
valores_de a. ¥ v, utilizados corresponden a periodos de recurrencia Tr de
30, 50 y 100 afios y aparecen tabulados al final del cap 4. Los valores de
f ”y f empleados tomados de la ref 1 son, respectivamente 4.3 y 2. 8 para
arcrt1guam1ento de Q.02, y 2.6 ¥y 1 9 para amortiguamiento igual a 0.Q5
(ver ‘tabla 1).

Como se menciond en el cap 1, los criterios de disefio deben conducir a sis
tamas estructurales en tos cuales la utilidad obtenida de su ejecucidn sea’
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mixina. Tambidn secoments que Ta dutcrainacion de 1a estructura optima yoauie
rede estudios costo-beneficio. Dichos estudios permiten selcccionar de enlre
un cdnjunto d2 posibles sofuciones, auel preyecto gue conduce al equilibriv 621
timoféntre la sequridad y el costo de Ta estructura. [ado que 10s parduactros
necesdirios para la aplicacidn directa de los estudics costo-Leanficio y optimi-
zaciﬁn son muy dificiles de evaluar, en la prdctica suele 2cudirse a criterios
de calibracibn de disefio. y seguridad. En este trabajo se utilizard el criterio
de calibracidn propuesto en la ref 1, dque consiste en determinar la intensidad

$ = —~

disefo en un sitio a partir de expresiones que rajacionan los valores Opti-

(1Y)

d:
mos c¢2 disefio para estructuras da caractaristicas similares en dos sitios con
diferentes niveles de ?iesgo sismico. Es decir, e?,critério supone que se to-
man cerno base de comparacidn las intensidades de disefio en un sitio en donde
dichas intensidades hayan sido establecidas a partir de estudios tedricos, ex
periencia y juicio ingenieril. | -

E1 criterio mencionado en el pdrrafo anterior se traduce en lo siguiente: pa-

ra definir la intensidad de disefio 1 (o el periodo de recurrencia respecti

X
D
vo, TDl) de una estructura que se construird en el sitio 1 se utiliza la expre

' s{6n
.
\ .

‘ . _ v/(r +i) :
Y0170z = Tor/Toz ® ©Bpp/32} (22)

la cual relaciona Y, con la intensidad de diseﬁo'YD2 (0 el périodo de recu-

D1
rrencia respectivo TDZ) que se juzgue satisfactoria para construir una estruc

tura andloga en el sitio 2,-

En Ta ec 22 A ¥ 2, son las aceleraciones miximas del terreno en los sitios
1y 2, zsociadas a la misma tasa da excedencia {0 periodo de recurrencia) y r
es uno de los pardmetros de la-ec 1.

El criterio de optimizacidn descrito en el pdrrafo anterior se aplicd con ob-
jeto de definir la intensidad de disefio utilizando los datos del sitio de in-
terés, denominado sitio 1. Como sitio 2 se eligid ol Distrito Federal para el

cual- se tiene teda la informacidn que roquiere 1a ec 22.

La tasa de excedencia seleccionada fue de 0.01 (o sea un periodo de recurren-



cia da 100 afios); el valor do v paru ambos sitios fue de 2.7, ol cual es con-
gfucﬁte en los resu]tados.de estu invustiﬂacidn y laref 1. Los valores
Ay T 410 (em/seg?) v a = 100 (cm/sey?) se ubtuvieron de Ta Labla incluida
al final del cap 4, y de la ref 1 vespectivamente, '

Sustituyendo 1os valores de d.s 3o ¥y roen 1a ec 22 se-obtienc YDI = 2.79 YDZ'
son 1as ordenadas miximas del espectro
02 obgen1d0 de la ref 8

~ es 210 cn/seg? y por tanto Y = 587 cwm/seg?. Esta Gltima intensidad corraspon

Si las intensidades de dlsenolYDl y YD2

de aceleraciones para’Q = 1 y £ = 0.05, el valor do Y

de aproximadamente a la orde:ada maxima de] especlro de d150uo para un pericdo
de recurrencia de 17 anos.

Dicho periodo de recurrencia es excesivamente corto de acuerdo con la préictica
ordinaria teniendo en cuenta los factores de SPng]dad y métodos de andlisis j
‘diseiio usuales (ref 28}, por lo qua se propone adoptar los espectros de disefo
de ta fig 6 que corresponden a un periodo de recurrencia de 30 arfos. Estos s
pectros deberdn aplicarse en combinacidn con los factores de seguricad y crite

rios de andlisis y disefio de Ta ref 28, que se acaba de mencionar,

5.2 Espectros de diseio para terrenos intewmedio y blando

La determinacidn de los espectros de disefio para terrernos ds baja rigidez se
puede efectuar a partir de 1os espectros para terreno firme. ET1 criteric que
s¢ seguird para este propGsito se basa en las réf 26y 25 . Dicho criterio
consiste en multiplicar las ordenadas del espectro de disefio para terreno fir
ma por factores de 1mp]if1Lac16n Los valores de @stos fagctores dependen de
los periodos, T, de 1os sistemas estructurates cons1derado;, como se verd inas
adelante. '

E1 criterio mencionado se apoya en estudios analiticos sobre amplificacidn di
nimica del movimiento del terreno debida a 1a presencia de mantos blandos, asf¥
cemo en 10$ espactros de respuesta obtentdos a partir de acelerogramas regxstra
dos en Méxica, D.F., durante sismos ocurridos en los Gltimos afios. También in
cluye dicho criterio las incertidumbres assciadas con la determinacién de los
pceriodos naturales de vibraci6n de las estructuras, las cuales provienen de la
estimacidn de rigidcces tangentes iniciaics}'asi como de la influencia del com
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partaniento no lineal y de la dinterceciGn suzlo-estructura (vef 28 ).

E1 criterio de LOFS'FJFC.UH do copcctros de disefio parva terrenos de baju rigi
dez en u: sitio determinado a partir do los espectros para terreno firme se

traduce en 1o siguicnte:

Ln terrenos de tipo intermedio Jas ordenadas del espectro correspondiente,'Ai,
se ¢htienen partiendo de las ordenadas Af del espectiro para terreno firme como

sigue:

. Para T = 0, Ai(T) =1.6 Af(T)

' < . - -
. Para 0 < T - 1.6, se tienen dos casos:

- a) si a*. /Q es mayor que A. (0 , en donde a* =1.25 A (0 12}, A ; varia lineal=

Pente con T desde T = 0 hasta T = 0. 20, en QUL adquacre el VaIO: miximo
a*/Q, gue se mantiene constants para 0.20 < TS1, 6.

b) 51 a*/Q <A, (O) A varfa 11nea1vente con T desde T = 0 hasta T = 1.6, en
que adqu1ere el va 1or a*/Q '

Cpara T> 1.6, A, = (a%/Q) (1.6/1)43

tn terrenos compresibles, las ordenadas de su espectro, ch se evallian como
sigue:

. Para T = O,VAC(T) = 2 Af(T)

CPara0<TS 2.9, se tienen dos casos:

a) si a*/Q es mayor que A (0), en donde ax = 1.5 A, (0.12), A ¢ varia lineal-
me te con T desde T = 0 hasta T = 0. 30 en que adqu1ere el valﬁr mdx imo

a*/Q, que se mantiene constante para 0.30 < T —-2 9,

b} si»aE/Q es menor o jgual que‘AC_(O),-'AC varfa linealmente con T desde T =0
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hasta T = 2.9, en que adquiere ¢l valor dE/Q.

. Para T > 2.9, A, = ("a-é-/q) (2.9/T)
€n la fig 9 se presentan los espectros de diseiio de aceleraciones para terre-
ros intermedias y compresible en Ta PGCP. ~Dichos espectros resultaren de apli
car el criterio descrito en los pderafos anteriores al espectro de diserio pro-
ruesto para terreno firme que es para un periodo de recurrencia de 30 ailos,

{gue también s2 incluye en la fig é ) ccn un factor de ductilidad Q = 1 y un por
ceatajs de amortiguamiento critico § = 0.05. Los espectros de Jisciio para
otros valores de Q y & se pueden calcular siguiendo los pasos sciialados en los
pdrrdfos anteriores. | ' '

Los espectros de la fig 9 deberdn aplicarse en combinacién con los. factores de
sequridad y criterios. de andlisis y disefo de Ta ref 28.,
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PERIODO DE | - - o | | R
RECURRENCIA ~ MOVIMIENTO DEL TERRENO AMORTIGUAMIENTO FACTORES-DE AMPLIFICACION  ENVOLVENTES DE LOS ESPECTROS -

Tr" | 2, ' Vo £ ' fa , fV _ ax vk
(afios)  {em/seg?)  {cm/seg) : o o (cm/seg?) {em/seg)
0 270 29 0.02 4.3 2.8 1161 81
50 =S 38 002 43 2.8 s 106
100 410 53 0.02 4.3 2.8 1763 | 148 -
w270 0 0.05 26 1.9 702 - |55
50 3 3 0.05 2.6 19 860 72

100 | 40 53 10.05 2.6 1 ioss 101

TABLA 1 VALORES MAXIMOS DE ACELERACIONES Y VELGCIGADES DEL TERRENO Y SU RELACION CON LAS ENVGLYENTES
' | DE LOS ESPECTROS DE-DISERO - ‘ o

Te
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Curva de ajuste de las parejas de valores de ig tasa media de
excedencia v y accleraciones mdxirnas. del terreno a, obtenidas
con datos de diversos catdlogos, para Cerro Prieto B.C.
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Tasa media de excedencia v {y periodo de recurrencia Tr) vs

aceleracion mdxima del terreno oy para Cerro Prieto B. C.
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Ty, en afos

Tasa media de excedencia v (y periodo de recurrencia Ty) vs
- velocidad mdxima de! terreno vy para Cerre Prieto B.

C.
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Fig 9. Espectro de disefio para terreno firme, de transicidn y compresible,

“periodo de recurrercia de 30 aiios, en Plania Geotdrmica de
Cerro Pricto, Baja California
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TABLA 10.3 |
VALORES DE oq, Ty, Ty yr.

0.45

2.7

ZONA DE Ln  1IFO DE )
. REPUBLICA SUELO oy G T To r
A I 0.03 068 030 0.8 12
I 0.045 o2 0.55 2.0 /3
o 1 0.06 o016 0.75 3.3 1
B ! 0.03 06 030 0.8 VY2
I 0.045 620 0.5 2.0 3
1l 0,06 024 020 33 1
C N 0.05 0.24 0,25  0.67 /2
1 0.086 . 030 0.45 1.6 /3.
i 0.10 036 0.60 2.9 |
D N 0.09 048 0.15 -0.55 /2
- 0.14 0.56 0.30 © 1.4 /3
il 0.18 0.64 |

Ty ¥ Ty estan en scgundos-.
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. PROPAGACiON,DE ONDAS ELASTICAS EN UN MEDIO SEMINFINITO

pon

F?qpcisco J Sdnchez-Sesma

Instituto de Ingenienia, Univernsidad Nacional Autbnoma de México

v

‘1. INTRODUCCION

Las ondas sismicas se propagan desde la fuente de acuerdc
con la§ propiedades ﬁecanicas del medio en gue viajan v,
por supuesto, dependen también de las caracteristicas de
la fuente. La descripciébn del fenbmeno ha podido hacerse
de forma satisfactoria al recurrir a simplificaciones e
hip6tesis que llevan a la formulacifn de modelos que repre
sentan los éspectos més importantes de la propagacidn de
ondas en la tiefra.- Es usual aceptar que la tierra es un
medio elfstico lineal, homogéneo e isotrfpico. En un me-
dio de esta naturaleza con extensién ilimitada se pueden
propagar dos tipos de ondas elésticas; las ondas P ¢ de
compresifn y las ondas S o de cortante.. Las primeras se
propagan con mayor velocidad y por eso se les suelé llamar
primarias mientras que las segundas reciben el nombre de

secundarias. Existen diversas soluciones para las ecua-
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ciones que gyobierna- el fenbmeno de propagacifn. Asf, para
una fuente puntuai sz podrfa hablar de ondas esféricas,

. ot .
que a grandes distancias de la fuente se pueden represen
tar como ondas'planas. En algunos-casos se modela el pro
Ibiema de propagacibén como bidiménsionalyy las soluciones
pafa una fuente se dan en términos de ondas cilfindricas,
gque también'a.grandes-distancias son aproximadamente planas.
Un buen ntmero de soluciones de las ecuaciones funéamentaw
les puede‘encontrarse en-ei excelente texto de Ewing,

Jafdetzky_y Press (1957).

¥
r

ﬂa existencia de una supé;ficie libre introduce reflexiones
de las ondas al llegar a esta. Para estudiar la naturaieza
de las reflexiones dicha superficie debe considerarse libre
dé;esfuerzosf Dado QUe a grandes distancias de la fuente
las ondas pueden.supoﬁerse planas y gue para las longitudes
de onda de interés la curvatﬁra de la tierra es, comparati-
vamente, pequefia se estudiard el problema de reflexién de
ondas planas porula superficie de un medio elé&stico semin-

finito. Dicha superficie se supondrd plana.

- A éontinuaéién Selpresentén algunos aspectos de la pro-
pagacibén de ondas en un medio eldstico de extensidn ilimi
tada y se expresan las ecuaciones que gobjernan el fenbme
no en términos de potenciales de desplaéamiento. Poste-

riormente sc¢ discute la reflexibén de ondas planas por la

R
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frontera. Yipsre dé un semiespacio eldstico, homogeneo e
isptrépibo. La incidencia de ondas P y SV arménicas se
estudia con ue.1lle. Pinalmente se presentan las ondas
superficiales de Rayleiqh v de Love, las primeras como

caso limite en que la velocidad aparente es menor gue las

_ velocidades de propagaciftn de las ondas dé cuerpo y las

segundas como ejemplo de propagacibén en el caso mis sim-

ple de un medio estratificado.

2, PROPAGACION DE ONDAS EN UN MEDIO ELASTICO

3
Puede demostrarse gue en un s8lido eldstico, homogéneo. e

isotrbpico las ecuaciones de movimiento estdn dadas por

| 3%u 3%u a%wy 3%

L =R e - O (axay 57 =P i

a2 y 2%v 2w, __ 3v
(A+21J) +U (axz azz)+()\+ )(axay ayaz) =0 "a—"f? (])

. 32w 3%w 32 Wy 3%v, _  9%w

(A+2U)§;3'+11(§;§+-— ( )( Byaz)_ FY¥2

donde u, v, w = desplazamientos en las direcciones x, y,

respectivamente; A, p = constantes de Lamé, p = densidad

1

del medio y t = tiempo. Estas ecuaciones pueden escribir

de una manera compacta en notacibn vectorial, esto es

uv? o+ O+ u) 99 - u =pu . {2)

2y

50



donde u = {u, v, w) = vector désplazamiento, 2 = opera-

dor Laplaciano y V = operador gradiente.

Antes de considerar soluciones generales de las ecuaciones
de movimiento dos ejemplos simples permitirdn  ilustrar
las principales caracterfsticas de las ondas planas en un

sb6lido elédstico de extensién ilimitada.

Supongase gque u ¥ 0, v =w = 0 y que u es solo funcién de

x y del tiempb. Las ecs 1 se reducen a la expresién

3 u :

una solucibn de esta ecuacidn es

u=Ff(t-x/a)+g(t v xla) ' (4)

donde a® = (A+2u)/p y £,g son funciones de una so0fa vardia
bfe gue pueden describir una forma de onda arbitraria. Un

simple anilisis de los argumentos de f y g permite estable-
cer que f(t-x/a) répresenta una onda que viaja en la direc-
cibn podsitiva.de x con velocidad o vy g(t%x/a) describe una
onda.que viaja en léldirecéién negativa. Debe notarse que
f{t-x/a) puede representar una onda arménica estacionaria,
eké{iw(t—x/a)ll donde . i ='/trf Yy w = frecuen&ia_circular
del movimiento. Puede demostrarse gque la ec 4.represcnta

ondas de compresitn o P.



Un segundo ejemplo simple se dbtiene Si se supone gue

u=w=0 vgue v=1r(xt). De las ecs 1 se 6btiene_que
v 3%y -
B =5xz~ ° P Ttz (5)

Yy la sélucién tiene la misma formé que la ec 4 pefo repre
senta ondas que viajan con una velocidad B, donde RZ=u/p.
Debe notarse gue el movimienﬁo es perpendicular a la di-
reccién de avance. Puede demostrarse gue las soluciones
de la ec 5 representan ondas ﬁe cortante, sin cambio de

volumen.

Las ecuaciones de movimiento pueden resolverse de una m2

nera mis general por medio de potenciales de desplazamiento.
Si el vector desplazamiento se expresa como

u-= V¢ + Ux¥, con V-¥ = 0 (6)

donae ¢ es un potencial escalar y V es ﬁn potencial véctg
rial, puede demostrarse que la‘ec 6 feéresenta una solu-
.cién de la ec:Z‘(o de la ec i en coordenadaé rectangula-
res) si ¢y ¥ satisfacen, respectivamente, las e;uacionés

de onda:

(7)




1 3
2

-
LA ¥ 3t

(8)

oo ] ‘ .
As{, por ejemplo, una solucifn de la ec 7 que representa una -
" onda plana de compresifn que viaja en una direccidn arbitra

ria, estd dada por

: ' 2+ ym+ ' S
$ = f (p- X2EYRTED, (9)
" donde £, m, n = cosenos de los angulos formados por la direc
cibn de viaje y los tres ejes coordenados, respectivamente.
Sir=(x, Y, 2) yn= (& m, n) donde r = vector de posi-
"eibn y n = vector unitario que da la direccién de propaga-

cibn, la ec 9 puede escribirse como

¢ = flt-r-nla)’ , . (10)
Es evidente gque soluciones similares pueden encontrarse pa
ra los tres componentes del potencial vectorial y represen

tarfan ondas de cortante viajando con una velocidad B.

En coordenadas rectangulares la ec 6 se desarrolla como

u=§_<2+_3f5_-3.'{'.1
X 3y az
., 3y
= %% _ 'z x
YT 3y 3x | 3z (11)
oy oY
w = 29- + .—-:_.i - -———-5-
dz dx dy

donde W = (¢_, Y_, ¢z)-



Los potenZiales de desplazamiento ¢ y $.permiten espgcifi-
car ondas pizn2s {e «ompresibén y cortante, respectivamente,
| que.biajen en cealfgprler direccibn y con cualquier forma.
Ademés, dado el caraz®=r lineal de las ecuaciones involu-
cradas, cualquier combinacibn de soluciones sigue satisfa
ciendo las ecuaciones de movimiento de-un s6lido eléstido,
homogéneo e isotr8pico de extensibn ilimitada. La utilidad
de este hecho se hace eviaente cuando se hace necesario.
seleccionar una combinacibn particular derondas planas gue
-satisfaga una cierta condicién de frontera o gue describa
una fuente. Tal es el-caso eﬁ el problema gue se ahorda a

o .
continuacién.

3, REFLEXION DE ONDAS PLANAS FOR LA FRONTERA LIBRE DE UN
SEMIESPACIO ELASTICO

Considérese qué la frontera libre es el plano yz como se
muestra en la fig 1. Adem&s, sin perder generalidad, su
pbngase gue las direcciones de avance de las ondas cstén

alojadas en ¢l plano xz.

Para describir el movimiento debido a ondas de cortante
se introduce el concepto de planos de polarizacién. Asi,
se descompone el movimiento en la direccibn de la coorde

nada y (ondas polarizadas horizontalmente o SH} y en la



direccifbn perpendicular a la direccibdn de avance en el
plano vertical xz (ondas polarizadas verticalmente o SV).
En la propagaciﬁh de. ondas P el movimiento es en la direc

cibn de avance de la onda. Esto se ilustra en la fig 2.

Fig 1. Sdistema de coordenadas en el semiespacio eldstico

La propagacibtn de ondas SH estd gobernada por la ecuacibn

o
M
<
+
(=B )
~
<

(12)

-

82

[+ )
Ny
N

a
x
)
[ 3]
N

»)
a»
~r

Que es precisamente la ecuacitn de onda en dos dimensiones,
en este ¢aso no es necesario recurrir a la formulacién del

problema en‘términos de los potenciales de desplazamiento.

Puede demostrarse que, en la reflexi6n de una onda SH plana
por una frontera libre, el &ngulo de incidencia es igual

al &ngulo de reflexibn y la qnda reflejada manticne la for

ma de la onda incidente. Si la onda incidente estd deda



por

gey _ Fls XCOSY - z sen \(-) .

Onda plana

aono horizontal
X

Fig 7. Nomenclatura para ondas planas

ZPANTANL LN SO TR, ‘Z

v(i) i)

Féig 3. Ondas- SH incidente y nedlejada

(13)
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la onda reflejada estd dada simplemente por

+

). £(t - xc05'yB+ zsen Y. | W)

aquf y = adngulo de incidencia. Puede verificarse que

v = v(i? + v

satisface la ec 12 y la condicibn de que
el plano x = 0 esté libre de esfuerzo pues los {inicos es-

fuerzos relevantes esté&n dados por

av v . (15)

y.combinando_lés ecs 13, 14 y 15 resulta. gue TXYE=0 en

x = 0. Debe observarse que en estas condiciones el movi-

miento en x = 0,‘1a superficie 1libre, se puede escribir
COmo
= 2 . 2 sen Yy
Voo = 2 flr - 220X, (16)

por lo que el factor de amplificacién es dos.

En la propagacifn de ondas P y SV el movimiento estd en el
plano xz, es decir u = ulx,z,t), w = w(x,z,t) y v = 0. En
este caso las ecuaciones de onda que deben satisfacer log

potenciales, si y¢ = wy’ son

i
OJ]QJ

o

ul-{}

(17)
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2%y . 3ty 1 a’w'. ‘ .
axr 327 * RT3 (18)

Los desplazamiei'tcs guedan como

_ .8 _ 3 : i

. . 8x dz : (19)
. 36 1) - '

W 2z T 5x - (20)

' -Los esfuerzos que al valuarse en la superficie deben anular

" 5€e "sSon

PN L L 3%¢ _ 3%y |

°x Maxz * 57T +2 “(axz %57 (21)
- 3%¢ . 3%y _ 3y,

?xz—P(z axdz + x2 322) - {22)

ya gque Txy = 0.

considérense los casos mostrados en las figs 4 y 5, la in-

cidencia de ondas P y de ondas SV, respectivamente.

i e

PN TN 7

//mm\e,_m\\

' . Fig 4. Tneddencia de ondas P )
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FIRTTITEN RS RT _'*;”

Sy

. Fig'S.' Theidencia de cndas SV

Mediante la técnica de separacibn de variables se puede

demostrar que 1las solucicnes de las ecs 17 y 18 son de

la forma
4 = Ao M x eLz th (23)
v = Bo er_eLz th ‘ (24)
donde
. e 2.
R A SR AI (25)

"Hasta ahora K, L, M y @ con valores complejos son posibles

soluciodnes, pero pérq los actuales propbsitos basta haccer

Q=iw y L=-ig ' {76)

pues al trner a Q come nmero imaginario DI S ghrantiva

‘\”’“_



4

13

que lcs Qotenciales sean finitos. Al definir L como imagi-

nario negativo con 2 = w/c se observa que el producto

e*iﬂz elwt nelw(t-z/c) (27)

representa una-‘onda armbénica que-viaja en la direccifn po-
"sitiva de 2z con una velocidad de fase ¢, s5i c es negativa
la direccifn de viaje es en la direccidn negativa de z.

En términos de los dngulos de las figs 4 y 5 se tiene que
c = ;;ﬁl;— = -?EEL;_h | (28)
: . 'P 5. .

!

Con éstas_definiciones M y K deben ser o reales o imagina-
rios pues, de las.ecs 25 y 26, se tiene que
M? =22 -w?/a? =w?(1/c? - 1/a?) (29) .
K =22 -w2/B? s w?(1/c® - 1/82) {30)
asf, para B < a< |cl, My K son imaginarios; para
B< |c| < a M es real y K imagirario; para |c| < 8 < a,
M y K son reales. |
Para el primer caso, B < a <_Ic|, se tienen’lcslpotenciales

Imx_+A

¢=_(A1e ze-Imx)e—!ﬂ.z eiwt ‘ (31)
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SO

lkx+B e

-Tkxy -12z luwt
2 e e

B ¢“(B]e (32)

donde & = w/c, m = w(l/a? -1/c"’)l‘/2 Y k = w({1/8? -l/cz)‘/z_.
81 B, =0 se tiene el caso mostrado en la fig 4 de inciden-
cia de ondas P. En cambio si Al = 0 se tendri incidencia
de ondas SV. Sustituyendo las ecs 31 y 32 en las ecs 21

=0 en x=0 y resolviendo el sis

Y 22, hac1en§o que o0 =1,

tema de ecuacilones resultante se obtiene gue

‘a) Para B, =0

1
3 _ 2., _1y?

Ay i “hcot Y, cotyg {cot Ys 1) (33)

A hcotyp coty, + {cot? ysﬂ)z '

. : - 2 -

B, g 4 cot YP(cot Y 1). (1)

A, LcotYP cotye + (COCZ]‘.'S'])Z .
'd.onde_yp = &ngulo de incidencia y de reflexibén de la onda

PYvyg = &ngulo de reflexibn de la onda SV. Debe recordar
se que la velocidad aparente estd dada por
8

o s a . .
¢ sen Y, ~ sen Y ' o (35)

ib),ParaAlfO_ ‘
. 2 . - .
A, L L cot Ys(cot Yo 1) (36)
5 z VY
B, | L cot Yp €Ot Y * (cotz vy, -1)
a . - 2 - 2
B, 4 cot y, cot v {cot Yo 1)
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‘La ineidencia de una onda P puede variar dé vertical (¢
infir{ta) a hosizontal (é==a} y las ecs 33 y 34 permiten'
‘calcular las arpiitudes de los potenciales de las ondas
reflejadas. Para la incidencia de una onda SV se tiene

que 0 < yg < seh-l(B/u).

Si se toma la energia _Cinéticé por unidad de volumen como

1 plu? +w?), puede calcularse el flujo de energfa median

2

te el producto de la energfa cinética por la velocidad de
propagacifn y el irea del frente de onda considerado. Para
ﬁncidencia de una onda P puede demostrarse que las frac-

ciones de energfa reflejada como ondas P y SV estdn dadas,

respectivamente, por

2
B2 tan Yp

Y TA7 tan Yg

-—

y, similarmente, para incidencia de una onda SV se tiene

_que

«oqn

2 2
Az tan Y 82

2 3
BI tan YP B‘

. En las figs 6 y 7 se presentan valores de JE?Einc para
incidencia de ondas P y 8V, respectivamente, en funcibn

-del éngdlo de incidencia y con diferentes relaciones a/B.
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c 4 \? 1
1) / 3 ‘3. f
~ { 3 <
! bg h .- /
[»] ) OO' |

) P _ \ e A .
/ S\

LY, _l :

NS
-

IJ' \ "
. AN
0 . - 20* - 40* €5

Fig 6. Ralz cuadnada de fLa relacibn de energia neflejada a
e energia incddente patra una onda P incdidente en una

supernficie Libre

Para el segundo caso, B < |c| < o, se tienen los potenciales

q) = (Alem).i_‘,Aze“lTIX) e-iﬂ.z eiwt (38)

\

v = (Ble'kx +Bzeh'k§e'£z it : (39}

dqﬂde 9,?..= w/ec, m = Iq, (1/c? -~ 1/Q2)1./2 v k = w(1/B%~1/ct) 1/2.
Para evitar gue ¢ crezca indéfinidamente al aumentar x se
héce»que Al = 0 por lo gue no itay onda P-inéidgnte en este
caso. Mediante un proceco anilogo al del caso anterioﬁ 56

“obtiene que

P4 .
5\\\ //y/ /B v YN
h £ — 1788 0273 \] .

il
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/
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Fig 7. Raiz cuadrada de £a nefacifn de energla neflejada
a energla <incidente para una onda SV LPCLGQPIE er
una supergdlceie Libre

A b coty (cotiy_-1)
2 e > A (40)
B, (cotzys—1)2 -hi(l-czla2}VicotY5 sgn
8 (cot Y -1) +hi{1~c?/a? ) 2ot Y. sgnw ‘
2 s s (41)
1 (cot YS‘1)2 ~hi{1-c? /a y! cotys sgn w .

donde sgn w =(~1 si Q<0 o1l si w>»l). En este caso, la in-
cidencia de ondas SV con dngulos de incidencia Yg mayores
%

que‘sen";(B/a) genera ondas P no homogfneas que se atenuvan -

 con la profundidad.

A ‘ : . : '



-.‘

.18

3
4. "ONDAS DE RAYLEIGH
oA Pafa'ei tercer caso, |¢] < 8 < a, se tiene que
¢"A2 e'l.'flx e',lz elwt N I (‘IZ)
e, e kx 1%z o lut | o (43)
: | n 2 2§$ | 2 A i 54
‘donde m = |w|(1/c* - 1/a®)?y k = {w|(1/c?® - 1/8%*) 2. se
han eliminado Al.y'Bl pues no representan ondas incidentes
con potenciales finitos. Las ecuaciones de esfuerzos nu-
los en x = 0 conducen a
T
Z2 o LZI(I"CZ/Bz) 2 sgn W ) (h&)
Bz T 2 -cZ/BZ .
Ay 9 .c2/p2 ' |
B = - T/ : (’45)
2 2i(1-c*/a?) * sgnuw

como las ecs 44 y 45 deben ser iguales se obtiene que la

veiocidad de fase, ¢, debe satisfacer la siguiente ecua-

A '

'

cién:

2 2 1 2 :
(2- £7 - w0- S (1- £ Ba o (46)

La raiz real de esta ecuacidn, Cge encontrada por Vez'pri-
'+ mera por Rayleigh, Ga la velocidad de las llamadas ondas

de Rayleigh. Fn la fig 8§ s& presentan valcres de Cp para

4
i
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. "distintos vealorsiidel mbdulo de Poisson v. Las ondas de
. N ! . -

Rayleigh son ondas supengiciafes y debido a ello sufren

0.8 _ - i - /

S MY

AN -0.92

\
ol

ENS
~

L)

\ 050/
0.2 — ‘ ///
. ] 7 |
_ ) S - L

0 0.2 04 . 0 0.2 0.4

- Fig 8. Relaciones B/a, cR/u y cR/B como funciones del médu
Lo de Podlsson v : ' .

menor atenﬁacién géométr;ca.- Puede demostrarse que &l mo-
| vimigﬁto gehérado éor ondas de hayleigh hace que las par—
. . . .
‘tiéulas‘describan'trayéctorias elipticas con ciclos retr6-
”gradbs, a diferencia dé los ciclos progresivos que se pre-
sentan eﬁ'lAs ondas 5qperficiales en liguidos. La fig 9
.lmueétra un dibujd esquemdticc de las ondas superficiales

de Rayleigh.



Direccidn de propagacion
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Fig 9. Ondas de Rayledigh

W,

5. ONDAS DE LOVE

Puede demostrarse que la p£opagaci6nrde ondas superficiales
(que se atenten cdn.la profﬁndidadi del tipo SH es imposible
en un semiéspacio'homogéneo. No obstéﬁte, las ondas SH
superficiales se observan én'la superficie de la tierra.
Love demostrd que una teorfa suficiente para explicar las
ondas SH superficialés puede desarrollarse si se tiene un es
tréto homogéneplde espesor uniforme H con propiedades My f
El sébre un semiespacio de propieda_dés-'u2 Y 52 como Se nues
tra en la fig 10. Supbngase que los éesplazamiéntos son in
dependientes dé la coordenada y; Y éde&és gue la varlacién
con el tiempo ests dada‘por eiwt., El plane x = ~ H repra-
senta la superficie libre. - Las ecuaciones de wovimlento

{ecs 1) se raducen a
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%% -H
L S LT : A
e R ‘ o
4
g2 Bz, vz

Fig 10. Notacibn para un esitrato sobre un semdiespacdo
eldstico

para el estrato y

32v2' Bzvz" )
577t 3 kéz vp =0 - (43)
‘donde kB- = w/Bi, 1= 1,5 para el semiespacio.

1

Haciendo uso de soluciones del tipo de las ecs 23 y 24 se

- puede escribir que

V)= C e_kyzf c‘k(z-Ct) (50)
) 1 '
donde vy, = (1~c2/B;) / Y ¥, = (l-cz/B;) A.' Se observa que

si ¢ < B., v, * 0 cuando x + e.
e
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1

VLas condiciones de frontera son que vy TV, Y (Txy)1=(Txy)2

en x=0 y que. T, = 0 en x =-H. Estas condiciones conducen

"a un sistema de ecuaciones homogéneo en A, B y C. Para
que se tenga solucién diferente de cero el determinante

‘del sistema debe anularse. Asi, se tiene que
' o 2 02y o

" tan ky,H=1 =
) 1 HyYy u1(c2/8§-1)lé

(5.1)
es la ecuacidn para obtener la velocidad de las ondas de

Love,

Si 51 < 82 lz ec 51 da valores reales de ¢, en el intervalo
B. < ¢< B,, ue dependen de k y H. Pueden obtenerge ondas
i 2r 49 P .

de Love de forma éeneral superponiendo ondas de Love del

tipo de la ec 49 con diferentes k.

La dependencia de la velocidad de propagacién de la frecuen-
cia ocasicna el fenfmeno de dispensidn y, en general, este

es el caso en medios estratificados.
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B4 WaVE PROFAGATION IN ELASTIC MECMA ' CHAP, 3

Now we add these (wo cquations lo get

(4 + 260 — AN? ITAY
= - 7
JiGNs 24 A G-70
and cross-multiply in Eq. (3-71) to obtain
. 44GIN = (5% + N [(2 + 2G)g? — 2T (3-72)

Squaring both sides of Eq. (3-72) and introducing ¢ from Eq. (3-59) and s
{from Eq. (3-60), we get

1 1
IGG‘N'(N‘ -~ ‘i,) (N' - 5’;)
ve Ly

= [(J. + ZG)(N' - ;:-) - A.}:’]![N' + (.\" - 5;’:)}' (3-73)

¥ 5

Now, dividing through by GIA'®, we obtain

16_(1 - "5:;') (1 - ;':j:-’-') = [2 - (2 ;30) (r;:)]‘(z - ;::\)!

(3:70)

Then, using the following rclationships derived in the footnote® gives

o' 1‘3'! A T )
=== 3'K -7
I.':-:l\"‘ l‘;: * . {3 5)
w' vh N ’
==K 3-76
ogNT W (2-76)

A+26_1_2-2
G & 1-2

(3-77)

* By definition,

of

{Let L, ind o, be the wave length and welocity, respectively, of the surface wave.)

sic. 3.3 _ . WAVES IN AN FLASTIC KALF-SPACT 85
Eq. (3-74) can be written '
. S T ’ .
1601 — 2K~ KY) = (2 ~ —l;a’K’)(Z - K (3-78)
a ~ .
Alter expansion and rearrangement, Eq. (3-78) becomes
Ké — BK? -+ (26 — 162K + 16(x — 1) = 0 (3-79)

Equation (3-79) can' be considered a cubic equation in K? and real valued
solutions can be found for given values of v. The quantity K represents a ratio

between the velocity of the surface wave and the velocity of the shear wave. *

' Alsa,
oy 2Inog
La 7 ”
and, [rom above,
L 2n  palm
Y
therefore,
Now—
Ca
and
wl
Nw 3
L -
Let & and & be defined such that
] LA
2t kr and U—: - atk*
'3 Cr
Tren - t;a" £ e .
il T U
Nt up * i
and
w' .Y

e A m K
a;.\" L‘:

Substitution of v, and v, from Egs. (3-46) and (3-48) gives

A+2G
L # LA
R ¢ .G
. ;
and using ; .
"TmTe . -
we gcl

A4+2G 2=2r ]

¢ "T-n ®
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s ;| ¥ T U 7

v
o

>
0oy
bl,"
.
g2
3
s
. S - Waoves
A-w Figure 3.13. Relation Dbetween
- Woves Poisson’s ratio. v, and velocities of
. i propagation of cempression (7],
- 1 I .
o 51 T3 ) 01.4 9.5 fhcar (S): fnd lRayIc-;h. {R) waves
in a temi-infinite elastic medium

Poiszan's Ratio, v {from Richart, 15612},

From this solution it is clear that K® is indcpendent of the frequency of the
" wave: conscquently, the velacity of the surface wave is independent of {re-
Guency and is nondispersive. '

Ratios of /v and v /e can be oblained from-Eq. (3-79) for values of -

Poisson’s ratio » foom O to 0.5. Curves of these ratios as a function of » are
shown in Fig. 3-13.

Raleigh-4iave Dr‘splarcin ent

So far, a relatiunship for the tasio of the Rayleich-wave velovity 1o the
sheat-wave velovity has been abtained, but additional information about the
Raylcigh wave can be determined by obtaining the expressions for u and w
in terms of known quantities. Upon substituting the expressions for & and

Y from Eqs. (3-65) and (3-66) into the expressions for u and w, we get

L
ox  dz :
= — AN exp{—q2 4 (ot — Nx)] — Ays exp [=55 — i{wt = NX)]
L . (3-50)
and
I
H dx

e — AN exp [—qz =+ i{wr — Nx)] + AN exp [—32 o ol — Nx))
(3-51)

sic. 1) WAVES IN AN ELASTIC HALFAPACE 87

" From Eq. (3-70) we can get

3ai T
A:=m:.f!ﬂi.’1_' DR
sS4 N ST

and substitution-of A, into Egs. (3-80) and (J-Sl)‘gi\-cs

. . 2gsN A R
v = A,[—-n’v exp(—gqz) + 3'?5 S E5p (—s:)J cxp ilwt — Nx) (3-82)
TN -
and
2gN? S
w o= A‘[s’ v exp (—s:) — gexp (——qz)} exp i{est — Nx) {3-83)

Equaliqns (3-82) and (3-33) can be rcw-rillcn

245
u = ANis —exp |:—- -g—_(zN)] + Ny exp | — i(:a\')
. . l N s N

—+1 :

N .

x expi{fwr — Nx) (3-84)
and
R .
R S s q T enil ‘ '
w = A N{ —T=——exp [-—- —(:N)] — Sexp [— = (2N} L
% +1 N N N J . ot

% exp i{mt — Nx) (3-85)*

Now, from Egs. (3-84) and (3-85), the variation of ¥ and w with dt.:pth can be
“xpressed as

’

293
U(z) = —exp [— %(:m:[ + S,N 2 exp [_— -i—,(:.v;] (3-86) °
;;+i B -
and ] - .
L -
(z) = i i ) exp [— ‘-3(.:.\'):] — .%;xp [-— %(:\)} (3-837)
NET B

. " Thesignificance of the presence of £ ia the expression for « (Eq. 3-84) and its absence
in the exprassion for w (Eg. 2-83) is that the u<component of displacement is 907 out of
phase with the wcamponent of displasement.



EFFECT OF LOCAL SCIL CONDITINNS

UPQIT EARTHCUAKE GROUVO MOTICHS

) by Robert V. Whitman
Y. IHTRODUCTICH

{t has long teen recocnized that loc2l soil conditicns can have
8 profound effect upon the damage caused by an exrthquake. Such an
effect was clearly evident in accounts of the great Liston earthquake
of 1755, and in the accounts of almost every suvbsequent major earth-
quake that affected a large city.' The effect of soil ~onditions upon
darage quring the 1406 San Francisco earthguake was well rzcagnized
in studies of that ezrthguake. The topic received considerable study
following the XKanto (Vokyo} earthquake of 1923. The effect of Jocal
sail conditicns upoa earthquake damage is hardly a new problem. The
seismic codas ¢f rost countries specifically reaufre different 2arth-
quake. rasistence for different soll conditions. Codes now in effe:{
in the United States contain no such requiremant, -but not because -
sofl conditfcns zre thought to be unimportant. The writers of the U.S.
cades récegnized the frportance of soil cnditicns, but falt the prob-
e was sa complex and poorly understood that adequate code provisions
cCuld not be writien, wWithaul a doubt, soii conditions wiil be incor-

porzted fnty U.S. seismic codes in the very nzar future.

Much of the ezrthquake damage to buildings built upon poor sails

results from cartial or complete failure of the soil. Such failures

Anclude slumping cf river banks, failure ofwaterfront retaiaing strug-

tures, large lancslides, foundation satilement and foundaticn failures.
Secd {197¢) has provided an excellent summary description of such fafl-’
ures. Many such failures are caused by total or'partié! liguefaction
of locse saturated cchesionless soils, . The possibility of such faiiures,
especially liquefaction failures, in anv given locale ar site requires
individual study by experts. ~Appendix B ¢catains a very brief discus;

sion of liguefactien.

This chapter considers the effect of iocal soil condizions upon
earthquake ground motions, and hence upon the shakiny of Buildings.
" - .
- * .
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when there is no failure of the soil. Ficid abservations and thne-
gretical studies of this effect hava bean surmarized in recent p2jers
by Ohsaki (1963} and Seed {1969). Fuch is now known atout the zrob
lem, although by no means is there comaiete understanding. There are
severa) ways in which this new knowledge can be put to practical use.
One way is the development of site-conditioned earthguake:mations for:
fnput to the analysis of important structures; this appreach ts now
beihg used in the design of tall buildings in San Francisco and fokya.
The second way is to guide the develorment of new building code pro-
visions. This chapter deals primarily with the latter application.
That is, the chapter will discuss how the base shear coefficient C
should vary with soil conditions. A plot of C vs. T, the fundzrental

period of the building, will be calied a seismic ¢oefficient ¢iagraa.

Figure ¥ {1lustrates several different forms of seismic coef-
ficient diagrams incorporating soil conditicns., The simplest forus
are those {n Figures la and 1b; here all ordinates are oultiplied by
a factu: that is independent of period. That is:

TUREERS) )

where § is a ggjl_faC:ér and CO(T) {5 the seismic coefficient func-
Qhsaki (1569} has tabulated
values of S regquired by the codes of 13 countries. Table 1 gives
examples of such factors, ranging from the very simple table used in

Carada to the somawhat complex table in effect in Japan.

Figures 1¢ through 1f show mere complicated proposals for intro-
ducing the effect of local soil conditions into seismic coefficient

- diagrams; now the effect of soil is varied depending upon the peried T.

1. Figure lc comes from the new Chilean code. The curve of £
ys. T varies in shape deperding uptn 2 parameter To' The‘
paraseter To is rg1ated to the characteristic frequency of
the site of tiie building being designed,

Figure 1d¢ shows a seismic coefficient diagram proposed by

ra!
.

Muts in Jepan in 1583, Both the maxizum seismic.ccevficlent.

and the pericd scale are adjusted in accordance with the
type of ground.

-
GO
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3.. According to tﬁe proposed curves shown in Tigure le, low
_stiff buiidings having a small period | wou]d be designed
for a Iarger seisnic coefficient if on hard ground tlan
" it on soft- ground, For tall flexible buildings, the re
verse would ba true, ' o

4, Figu}e 1# shows the code provisions daveloped for Mexfco'
City, so as to account for the effe.t of the unusually soft
and deep clay which uncerlies much of that city.

Thus, a great variety of rethods have been prnsosed for incor-
porating the effects of soils conditions into the seismic proviéions
of building codes. A building official faced with the selection of
a suftable provision, or an engineer faced with implemanting such
provisions, must unders.and the basic thinking lying behind the vari-
ous proposzls. To deve1op suc basic understanding, it is USeful to

. consider four categories of soll conditions:

"I, Shallow soll deposit with 3 distinct character{stic frequendy.
II. Deep deposit of firm soil,

11, Shallow soft soil overiying deep doposit of firm sof].
LIV, Deep deposit of soft soiil.

While these four cases do not encempass all possible sofl condi-
tfons, they serve to bring cut tha fundasental consideratiens.

¢

ST 2. ROLEAND STATUS OF Tiecay

In order to understand adeguately the effect of local soil condi-
tions, we must combine interpretaticns of actual accelerograph records
together with theoretical anaiysis;‘lwinhin the recent past, it has

.been necessary to ré]y very heavily upgn thecry, since the field data
from accelerographs has been very scanty indaad. Betause of the .any
- accelerographs which have been Installed within thi past few years
and will be fnstalled within the rear future, there sogn should be
'ﬁany more records invoiving a variety of scit conditions. However,
theory will continue to be of vital importance in helping to sort cut
__and understand the potentia!ly staggering quan~1tj of rather confusing
data, :

-4

The ‘theory of ground awolification- as it exists tcday i3 by

ne means perfect. Howaver, in many cases predtctlons fr01 tre .heary -
" Tare 1n accord with observatlons (Seed, 1963). There now has been

considerable experlence in the practica! use of the theory, &rna we

'understand both its Vimitations as well as how it can be used. Used |

with judgeﬁent,Athis theory is a yery_yseful tool for understanding
“the effects of local seil conditions.

3. CASE I: SHALLOW SOTL DEPOSIT WITH DISTINHCY CHAPACTERISTIC

For a &niform s50i1 deposit lFig. 2a), the fundamental period 1s

"given by:

*: -To-% : @

where H = thickness of deposit -
CS s shear wave velocity ’

Case ! is typified by T < 0.5 sec. The following tabulatfon, indi-

Cates typical corbtnaticns of CS and H satisfying this conditica.

Wt

i ) : .

E . Colmssec) T Him)
! 100 (Very soft clay or silt) < 12.5
'g 202 lloose sand, soft clay) < 25

i 300 (Dense sand, stiff clay) < 37.5
-E “460 {Compact sand, hard clay)< 50

S0il deposits with a depth greater than about 50 meters probably do
‘not belong in Case I. Tha soil descriptions in the table ar2 intlended
to give a very general idea of typical shear wave velocities in soils;
for further discussion of the evaluation of s0il proserties for speci-
fic cases, see Appancix A and Whitman (1969). Since the so0il is ncn-
“linear, the shear wave velocity and nence the funfamental period cesend
‘upon the fatensity bf the earthquake, decreasing as the intensity 1a-
creases. :

E 3 -
The nature of this theory is ouilined in Apdendix A,

LAV
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where CD s the ditatatignal, or compressive, wave vélocity.
The wave velocity for granite serves ai a reference against
which a soil is rated. The smaller this ratfc, the more
seévere the expected damage during an earthquake.

* 2. The depth to the water table. The shallowar the water table,
the greater the expacted damage.

These two factors are combined {n the ecuation

{vCy) rock w2
n = 1.67 m%[_.g_____.] + =0-04n (s)
- (yCy) s :

where n ts the inctrezent in intensity units on a scale equivalent to
the mod{fied Mercalli scale, and h is the ¢epth to the water tzble in
reters. EQ.5 typically gives an 1ncrease in ) to 2 intensity units
fequivalant to 2 2 or 4 foid increase {n 2c20leration) for soft ground
a5 corpared to firm ground. Medvedev's mathod was originally ceveloped
for use in cennectien with shallow soil deposits and bufldings having
anly a fes stories. _ )

The relationship between Medvedev's methoed and amplification
theory may be understood by means of the exerple in Figure 9. Whea the
ua;er table 1s very iow, then the ratio CD/CS is the same for both the
sofl and the rock. Thus ratios 3 and 4 are ezuivalent, and Medvedav's
method and avpitfication theory will predict the same trends. Tha sofl
{n figure $b has the same Cs as In Figure Sa, and thus gmp!ification
theary would predict the same-behavior for both cases. Raising the
water table m2ans that C0 increases considerebly in the soil, and thus
the first term in Mevedev's equaticn decreases  However, this decrease
1s compensated by an increase in the second term. Thus, Mzdvedev's
two factors :aien together give roughly the same result as ampiification
theory. Mcreaver, the Incresses In inteasity predicted by Medvedev -

are consistent with fncreases in acceleration predigted by aﬁplificaticn
' theory.

-0

@

Summary

for the comman case of shallow sofl deposits, the predictions.of .-

-;mp11f1cation theo;y are garerally in accora with actual experience

during earthquakes and moreover are in accord with the semi-empirical
methods of microzoning proposed by Kanad and Medvedev,

ngure 10 summarizes the effect of lacal so!l and rock conditions
upoﬁ response spectra {say for 5% damping) at a given distance from the
gpicanter of an earthguake. With increasing softness of the earth
mate:ial. the peak of the specira increases and shifts to a larger
periad. Thus, the response of Tow st1ff buildings is strongly affected
by seil condizians. On the other hand, 2 sha!log so1] depasit has
Tittle or nc effect upon the response ‘af the fundamental period of tall
buildings having long natural perieds (although the shallow soll will
affect the respanse of .the higher modgs of such a building).

. Based upcn current wnowledge, a seisamic coefiicient diayrem such
as type (b) wn Figure 1 should be uses to account for differences in
near surface earth materials within a srall region. That is to say,
the sofl factor S should be indepencent of period. There are s?vera1
reasons for this racemrendation.

1. Because of uncertainties in both_the fundamantal period of the
soil and :ﬁé predominant pericds in tke fnput ground motlon,
it 15 difficult to predict the predeminant pericd in @oticn
at the top of se1l  Use of censtant S for T <l0:5 sec.

covers these uncertainties.

2. Use of constant § for T » 0.5 sec. recognizes that the cen-~
tr:but%cn of ihe higher modes will be affected by sofl! con-.
ditfons, and provices extra coaservatism with regaré to the
design of %211 builidings.

With further research, it may be possible to use a reduted value of §
fcr T > 0.5 ses.

A
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Table 2 gives recommended so0f] factors, These factors are based

upon both theory and experience, and consider possible settlement prob-

Tems in addition to amplification effects, In the 2nd column of the
taqle. hard crystailine rock found at considerable depth has been taken
as the reference; the soil factor for a soft sofl is 4. However, 1t
generally is more practical to use surface exposures of rock as a
reference {3rd column), and then the soil factor for soft sofl {s 2.2.
In some localities, 1t may even be desirable to use fim soll s 2
reference (4th column), in which case the sotl factor for soft sofl

is only 1.6. )

4, £5§E 11 _DEEP DEPOSIT OF FIRM SOIL

Several areas that have experignced major earihquakes are under-
Jatn by more than 100 meters of compact alluvium,
Yenezuela, and Santiago, Chile are prime examples,

Los Angeles, Caracas,

Thearetical Considerations

Anplification spectra: Figure.ll 11fustrates,£ﬁe génera] nature of

the amplification spectrum for §h1s case, Now several peaks occur within .

the rznge of building periods of practical interest.

The fundamenta) perlod is greater than in Case I, and tends to
colncide with the period-of taller structures, 'Because the shear wave
velocity of compact alluvium {5 rather high {300 to 450 m/sec) the
radiation dambing 2150 13 greater than in Case I, and hence the ampli-
fication at the fundamental pesk generally is less than in Case I,
Nonetheless, this amplification can be qufte important.

The higher order peaks typically occur at periods less than 0.5

second; that 1s, within the same range of periods for which amplification
Radiation dasping is less important far these higher
i nodes, and hence when internal damping 1s smalls..as during smali earth-

_ quakes--the peaks corresponding te these modes may be nearly as high

as the fundamental peak.

-

Ke)
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Peak accelerationsi Figure 17 +70ws Computed acceleratfon at
ground surface, for conditions corresponding to ?igure 10 (the 1nput
15 the same as In Fig. 3, but with a peak acceleration of 0.03¢g).
Peak acceleration 1s increased: typical increases are fnctors_of 1:5
to 3, with the larger values applying to smaller earthquakes. “This

_increase 1s caused by the higher modes of the so1l; these wodes have

amplification peaks in the range of the predominant periods of the {nput

.mation. The fundamenta) mode does not cause an tnerease §n peak

. one porticn of the city the depth {s as much as 300 meters.

acceleratian, but does amplify the longer pericd components of ground
motion. : - '

Response spectra: Figure!] compares response spectra for motions at

the surface of several diffarent deptns of compact alluvius. Changlng
the desth of the alluyium has relatively 1ittle effect upon the genera)
position of the spectra for T. < 0.5 second.
depth of the 1lluvium has a very significant effect upon the spectra
ot larger periods correspending to taller buildings,

However, increasing the

Field Evidence

There is, to lhé author's knowledge, no'adequata direct confirmation

of these theoretfcal results, although Gutenberg (1957) has shown that

deep deposits amplify the Tong period companents af ground motion. Actual

gccelerograph records from nearby sites with very different depths of
atluvium must be obtained before adequate confirmation s possible.

"Observations of damage to buildings during the Caracas sarthquake

of July 1967 do pravide strong indirect confirmation -of the theory (Whit-

man, 1969; Seed et al, 1970,
alluvium whose depth generally is lass than 100 meters.

Caracas ts underlain by a cospact
However, under
Analysis of
tha patterns of damage shows:

1. For bulldings having B stories of less, the percentige of

- bufldings damaged is more-or-less constant for all barts of
' the city. ! '

oo
w
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. Summary . . ‘ ‘:)

For this situation, 1t 1s appropriate to use a seismic coeffictent
diagram of Type (f) in Fig 1. Now the Setsmic coefficient is less for
very small periods than for tntermediate periods. However, at this
time use of such a diagram is Justified only for sites where there fs
considerable actual experience which has been stutied in detafl.

7. PILE FOUNDATIONS

The evidence currently available suggests that plles usuaily do -
not 2lter the ground motions at the base of a building (Ohsaki, 1969). {
This 1s because piles generally are flextble enough to follow the i
horizontal motions of the sorl {for example, see Yamamoto and” Seki,
1870}  However, piles may {mprove the abilfty of the building to
rtslst the effects of the ground motion--by reducing both static .
settlements (that may use up some of the reserve strength of the ;
building) and dyname¢ rncking motion. Because of the need for Tess ‘5’
conservatism, the soil factor $ might be reduced somewhat for pile-
supparted buildings. '

Large diameter caissons may be stiff encugh to resist following
the mations of & soft 5ol through which they'pass {Ohsaki, 1989). ;
Then the amplifying effect of the sofl-caisson system will be more !
ke that of & firm sot) rather than a soft soil. Thus for caisson- .
supported butldings, To used in Eq. 7 could be somewhat less than the
fundzmenta) period of the soil, . i}

Unfortunately, at the present time there are no sound rules for

decldlng Just how much S and T might be modifted In accordance with
these considerations,

8. RESPONSE SPECTRA AND TIME H!STORIES

The emphasts {n this chapter has been wpon code provisions to _‘:)

reflect soil condit-ons  However, there 1s & growing trendxtqulrp

requiting dynamic ‘analyses foe tall or 1m§or}ant buildings. FORE

The principles discussed tn coanection with Cases I,°LI, and 101
can be used to suggest the posstble form for & general desige response

" specteun incorporating soil conditions:

SmS . T < To

5 = : -
ce T T ] (8)
g .13 2=
. Sa0 T [{S 1} T tly 1 21,

where Sa 1s the spectral acceleration and Sao 1s the spectral accelera-
tion for the reference seil cenditfon. This equatfon 1s piotted 1n
Figure 17. The sovl factor 5, which brings in the effect of the near-
surface so11, might be less than In Table 2, since use of dynamic
anglysis means lets nezd for conservatism. For example, the following

values might be used:

Ground condition s
. Exposed rock 1.0

Firm soil 1.3

Soft sol) . 1.8

The effect of the near-surface soil upon spectral sccelecation decraases
for T > To. This ts in contrast to Eq. 7 where there was need to
account for the contributions from higher modes: when a dynamic

anglysts is performed, the response of hnghgr modes 15 tntroduced

directly

for T » 3 seconds and Yo »-1 setond, £q. 8 becomes too conserva-
‘tive. Tetcan (1972) has recently presented & more genara: approach
to development of response spectra including sori effects,

Tice histaries whose spectra lie above the spectra given by Eq. 8

9¢
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o I . 0O - ' Table 1

would be surtable as lnput for dynamfc analysis. Great cautfon should G _ e

be followed in using‘fndffldyal time historles generated by the : g " EXAMPLES OF SOIL FACTORS

theoretical procedures described In Appendix A, since there are un- -

.certafnties bath in the validity of the procedures and the selection

of soll properties,. If such procedures are used to genarate site- ' - .

conditioned time histories, 1t {s very essent{2l that a set of time | - Canada : - JArgentina

histories be developed by varying the inpul assumptions. . P ’

b " Gensral 1.0 : Hard 0.75
' L Soft 1.5 Hediwm  1.00
9, FINAL COMMENTS : . ) ) Soft . 1.25
The four cases which}have'been discussed in this chapter cer- i ) . . Yery soft 1.59
tafnly do not cover al} possible soil conditions, and many problems ; . ’
remain to be solved by further theoretical resesrch plus analysis i S _ Japan
of accelerograph records. For example, the line of demarcstion !
between Cases [I and 1V {s not at all clear. However, the current L Ground/Structure Wood Steel Reinf. Conc.
understanding of the effect of local soil conditions 15 almost equales : ’ l .
and perhaps even equal--to the curreat uncerstanding of the nature : 1 Rock . 0.6 0.6 0.8
and amplitude of earthquake ground moticns for average soil con= & 11 Dituvium 0.8 0.8 0.9
ditfons. That {s to say, tha effect of sof] conditfons can be HI Alleviue 1.0 Lo Lo
evaluated with almost as much confidence as can the reference IV Very soft 1,5 | 71-0 1.0

sefsaic coefficient Co,

Le
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X B B
. Table Z . . | . :ic A ) = CA . A
RECOMMENDED SOIL FACTORS T0 ACCOUNT FOR o - o s
EFFECT OF NEAR SURFACE S5 - . - . Soft sqil. N =150 A
. Fierm soil S 14 Fwm -,
s : Sq
v - . o',
; = RN
Refarence qround condition : . . .
Ground condition . Hard rock  Exposed .rock Firm soﬂ‘ ‘ T: . T‘F
Hard crystalline rock . o i } R -
at depth (Cs > 1200 n/sec) 1.0 ’ 6.6 0.4 C A
{c)
Exposed rock with min- oo . *
imal weathering , 1.8 ) 1.0 C 0.7

{Cs ~ 700 m/sec}

firmm clay, compact
sandfgravel, deeply

2.5 : ’ 1.4 : 1.0
weathered rock .
{Cg = 350 a/sec) o R
Soft clay or silt '
(¢ = 120 m/sec) 4.0 2.2 . 1..5

41!
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knowledge of o response spectrum on firm ground or at bedrock.

R T il

Preface

Tﬁe purpose of these rates is to present some of the r-thods
now avatlable to include the effect of local soil conditions in
the derivation of design earthquakes or response spectra.

The dynamic characteristics .of a sofl dapesit can be expressed
by its Transfer function representing the amplification experi-
enced from bottom to top by a sinusoidal steady state motion. The
derivation of applification curves using both 2 centinuous and
a discrete solution {s presented in I[ and the relative advantage
of each method is discussed.

The general problem of considering an actual earthquake record
ang filtering it through the soii is discussed in III. Fiaally,
approximate simplified methods are prasentad to obtain dircctly
response spectra which {nclude the effect of the soll frem the,

T
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FUNDAMENTALS OF SOIL AMPLIFICATION

by
J. M, Roesset *

-
.

PR

1-=~1NTRADUCTION

1.1 Statement of the Problem,

Ouring the initial phases of development, Earthquake Erngineering

- was malnly concerned with develaping methods to estimate the response -
" of & structure to given dynamic loads.
" léms to be solved in the area of Structural Dynamics, particularly in
,é;thf ﬁonl{qéar range, it s somewhat disturbing to observe the large dis-

. .crepancy between the accuracy sought by some methods of analysis and .-
"“"the uncertainty in the nature and magnitude of the loads to which the CE
" wtructure will be subjected.

While thera are sti1l many prob-

This inconsistency has been recognized

Ssite.
“use of design response spectrs.

to {dentify possible sources of earthguakes or active faults,

n the last years and an -increasing amount of effort is now belng de-
voted to study the characteristics of earthauake motions as a function

'pf magnitude, distance to the epicenter and lecal sofl conditions. The |
purpose of this research {s to arrive at simple, but realistic methods T

to represent the characteristics of the around motion at a particular =
Among these methods one of the most powerful ‘ones 1s through the .

Determination of the appropriate earthquéke motions at any given
stte involves two fundamental steps:

1. Evaluation of the seismic risk of the regfon. For an area with

" frequent strong earthquskes this step may be relatively easy and eng!-

neers may already know.that a certain city is perfodically subject to
earthauakes of some average magnitudes with epicenters at some average
distances. For reglons with relatively scarce earthquake history, the
determinatibn'pf a desfgn earthquake becomes much more complicated and
rqqui}es in genaral gealogical and sefsmological studies, which attempt

* ¢ Hessachusetts Institute of Techaology, March 1963 L

- ment.

o o

The results of tkis siep can take different. forms, the Eimplest' |
one béing a series of values for probable magnitudes and associated )
epicentral distantes. It 1s possible from these valves, using the for-
mulas suggested by Rosenblueth, to characterize each passible desfgn
earthquake by ¥ts maximum ground acceleration, velocity and displace-
Newmark has derived a simple approximate méthod by which the
corresponding desian Spectra can be estimated, knowing these three ‘char-
acteristics. It 1s possible then to draw response spectra for each
design earthquake and to find their average or envelope, Alterpatively
gne can try to generate artifictal earthquakes that would have the same

average characteristics. It must be realized, however, that {f this

- procedure it used it will not be enough to generate Just ‘one sample
' earthquake for a given set of values of magnitude and epicentral dis-

tance. Quite the contrary, a substantial nuober of samples should be

" generated and used for each possibie esrthquake, making the proceduvre
. extreme’y long and costly,

In any case the corresponding design earthquakes ar response spec-
tra will appiy to an ‘overall region for fim ground conditions.

2. -Havtng obtained one or more earthquake records which coul” occur at
the site on firm ground, or hettersa set of design response spectra, the
next step is to study how these motions would be modified by the local
sofl conditions of the particular site where the structure 15 ga}ng to
be bullt. The effect of the soil 1s going to be one of f‘1tering the
motions, 1;2:;ﬁslno their amplitude in some ranges of frecuencies and
decreasing 1t in others. This problem is normally referred to as soil

amplification and will be the subject of the fo\lowinu discussion.

The particd]ar pfnb!em under cons{deration can thgn be stated
as: Given a sofl péufile and a design earthquaké or response spectrum
at bedrock, determina the correspnnd!ng earthquake or spectrum at the

. top of the soil

It should be noticed that in order to be able to apply these
results directly in the dynamic analysis of the structure, 1t must be

s Ly
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T problem of sofl-structure interaction.

-3-

assumed that {ts masS s neglioible in comparison to that of the under-
}ying soll. Otherwise a third step is fnvolved corresponding to the
In other words 1t will s+t be

- -these waves are basically of two types:
- waves and shear waves.

possible to. consider the structure and the sofl. as. uncoupled systems..

1.2 General Considerations. -

- tarthquake motions may be decomposed into a series of waves which
propagate from the focus in a1l directions. Given an infinite medium
dilatational or compressional
The first are normally called P waves, The

-"second can be decomposed again by projecting the motion in two orthoqunal
- directions.”
" to'horfzontsl motions., Of course when the direction of propagation ts

SV waves correspond to motions in 2 vertical plane, 54 waves
vertical, both SH and 5Y waves would correspond to horizontal motion.

When the wavei-prupagating tﬁrough 2 continuous medium find a free

surface, 2 new type of wave 1s generated, nonng11y referred to as surface -

If, in hdditioﬂ. the medium s not homogeneous, but
there 1s 2 clear discontinulty at some depth from the free surface, a
second type of surface wave, called Love wave, 1s generated, Whem there
are several surfaces of discontinuities fn the properties, other types
of waves are created. -

or Rayle{gh waves.

The averall problem of following an earthguake as it propaocates
from Its focus is of course s three-dimensional wave propacation problem,
By assuming for tnstance a line source of relatively large lenoth or by

. considering enly the effects at some distance from the epicenter, the

problem can be reasonably reduced to a two-dimensional one for SV and
P waves and a one-aimensfonal problem for the propagation of SH waves.

" The methods described‘here relate all of them to the solution of
the one-dimensional wave prnpagation equation. Their basic limitations
are thus:

. D

—

" constants (modulus; wave propagation velacity).

1.- Only shear waves are considerad, cither SH or SV 1f they are propa-
gating vertically, and only SK if they propagate at an angle. P wives
propagating vertically could be considered by replacing the spproprista

ever, neglected, . _
2. The different layers of so!l are assumed to be paralial and extend- -
{ng in the horizontal direction for & distance several times larger than
the total depth to bedrock. :

&

In spite of these 1imitations, the solutfons obtained by these

‘ methods seem to provide a useful and reasonable estimate of the filter-

ing effect of the sofl. Two-dimensional wave propagation problems can
now be solved by the use of the finite element method. These techniques
offer & promising future. Their application is, however, still limited
and there are several questions which still have to be solved befare
they can Le used with confidence,

" The filtering erfect of the se!] can be measured in two differ-
ent ways: '

1. By considering & steﬁdy state harmonic oscillation of the sofl and
the underlying rock and determining the ratio of the amplftude at the

free surface of the s0i1 to the amplitude st bedrock or at the outcrop-

ping of Fnck {(without any soil on top}, This ratio will be a function
of the frequency of the motion, and if there {s damping, & Fomplel funce
tion. It 1s normally referred to as the Transfer Function of the soll,

~Its modulus is the amplification function, amplification ratioc or ampli-

fication spectrum,

2. By considering a given eirthquake record (time history of accelers-

3_ tion} at bedrock or at the outcropping of rock, and determining the-

corresponding accelerogram at the free surface of the soil. The result

in this case s not only a camplete time history of acceleration &t the
free surface of the sol} but alse, 1f 50 desired, time histories of
shear stresses and strains at any point within the soil. It provides
iherefore & much more complete solution, but it raquires considerably

Surface waves are; how-

o
-



pb_re computer time, Furihermre. because of the reasons previously mene
tioned, the comph;e analysis would hav_e‘tn be repeated‘for each earth-

quzke sample, and it would make 1{ttle sense to do it for just one rec-.
ord, )

doth types of results can be .obtained using two dfffer:ent mathe-

matical models:

1. A continuous solution of the differential equaﬂon‘correspm‘ding to

the cne-dimensional wave propagation problem.

2. A discrete solu'tion replacing each layer of soil by a system of

Tumped masses and springs and applying standard procedures of Struc-

tural Dynamics.,

The continuous model offers in general more flexibility and has an
economfc advantage 1f the results are desired only at a few points. At
present the discrete model requires less computational time when com-
plete histories of acceierations, velocities, stralas and stresses are
Both models yield ixacﬂy the same resu!,ti__
(except for small discrepancles due to different round-off and trunca-

necessary st many points,

tion errors} when:

a) Damping 1s assumed constant in all modes and viscosity for

" p)

In the following pages the basis of both formulations will be pre-

each layer directly proportional to 1ts modulus and 1nveﬁe\y
praportional to Trequency.

The underlying rock fs assumed to be rigid or in other words
the input motion 15 considered at bedrock with the soil on
top, rather than at the outcropping of rock, For elastic
rock, results can sti1) be made to agree {f an additional
damping is inserted in the discrete model to similate the
loss of energy through radiation fn the rock.

sented, considering first the case of steady state periodic motions

{determination of the amplification curve}, then the case of transient
The application of these methods to obtain filtered sarth-

wotiens.

)

Qe

quake records at the free surface of the suil {s {mmediate. On.the -
other hand, their appltcation to desian response spectra,, mﬁdt?ying
them to include the effect of the soll, is not 0 stratg\tfonnrd. Thts
point and approximate solutions are d{scussed at the end., o

© 11 - STEADY STATE PERIODIC MOTIOQNS

The Amplification Functicn

11.1 Continucus Solution,

"A. Uniform layer. Rigid rock, -

Let us consider first a uniform laysr of soi! resting on rock.

i The equation of mo_t1on corresponding to the one-dimensional wave propa-

gation »moblem fs

2 2 k]
u 3y 3y
[ 'Lz" 6=yt n=—y
it x it
where p = density or mass per.unit.volume = %

unit weight

-«
G

g = acceleration of gravity

G = shear moduius

n = viscos’ity constant
u(x,t) e displacement of 2 point in the sofl layer
If the rock is rigld but a displacement uG(t) 1s imposed at the
base of the soil, the boundary conditions are:

“-Oatxlo

use uG(t) at x = H

8¢



and the {nitial conditions:

el Sl

urO0attso '

au - . ' !
T Oatt=20 . L

8y callingy=s u - g the relative d!splacement, the equation ——-— -
can be rewritten as: :

i34 ;IG“‘.) = 0, the free vibrations can bé'investigaud. Writing
then ) |
. 3‘

gt

X aix“at

UN‘
o
L]

‘ 2
2 2 : 3 iu R
2 2 ? 5 }
[ L +n —r"- P = 3N o
at [} wat Gt v —_— K @&
with Inftial Conditions - I . l
: » . -
y=0,8e0 a0 l
and Boundary Con;!l tions ‘ '
y=o0 stxeH H - oy
| - -
% =0 at x = 0 —— : N
’ . N el T A S e e s e
i
i

Y .6

-
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-
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"and trying 2 sclution of the form . ; .
y = Ulx) * ¥t} ' g

where - U 1s a function or{ly of x

Yisa periodic function of t alone

-
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The natural frequencies of the layer of so0il are then given by

Ll 5 (2n-1)c5
fn 4H /;' .:-.{__

%_'l).“ﬁ (Zn-l}—

and the natural periods

T, - rrffw—m;

where Cs -/-E— {5 the shear wave velocity of the soil.

The corresponding modal shapes are

U -sin S%‘_U."

- .
If the soil has viscosity n ¥ 0 in ﬁe? to have harmgnic motion

we oust have

.
n < 4H o -

n=T}x

. 7_'\-.
A critical value of viscosity can be established for each mode.
In particular in order to have at least 1 mode

Ly

I PP T

It §s {mportant to realize thaf if there is any viscosity the
nurber of mades will be finfte, {Higher modes will have damping h1gher

than crltical)

Considering now the forced vibration problem, it is convenient
for 3 steady state periodic motion to represent the base displacement

by
uglt) = € elot

-
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. s
and the solutfon by ‘ | “thi :
. i . .o : . . It should be noticed that if there s viscosity, p is & complex
C yixt) - U(x)emt ' o ’ . . : ]i variable and therefore cos pH has to be interpreted as
then ) - . e e o i | 12 (eipH + e-ipH)

U=Ecos px +Fsinpx-C

2 ) . . . . : . B 2- ) . l. -

1Y)

- 2 o9 U e e e e . or : . TF(u) = — H s EH
with p m P - -- ) g Py oot
. - o'z . ' :
lzposing the boundary conditions ' . ’ . The fact that the transfar function is coarplex indicates that
TtToE TIoIiv ot i . ' : ; there 15 both a change in amplitude and in phase. If only the change
— ——————— F=0 ! in amplitude is considered the Amplificatfon Function fs defined as
- -~ - =L { the modulus of the transfer function.
E cos pit w C . :
i : -
1
* =g ¢ (S95_PX L AR} - ‘—"g—‘q-z
& ¢ (cos p j {a} letp + 9°Tpl
.- - iﬂt . : i . - . N '
and. y--nc(ﬁpﬁ--ne : ' :
cos p . _ : C - : ) A+ (ma/6F -1
- o : CGliing o~twm /&
T 2. cos ox int - ‘o B - 1+ (na/6)?
Umytlpr-nC=—e" i

€03 pd

and at the free surface of the soil the absolute acceleration becomes

A+ [r/G)° + 1 7

i -/ s.--l Ha /2
7/

us-nic 1 Glat 1+ (ms6)?
cos pH, ) . B .
T T T , ]
Stnce the base motfon was ug = - 0°C ot _ S A{a} =
-y . i /cos.hza coszs_+ sin hzo sinfs
U® tos pi Vo : f ' : :

, ) Q-
. : . For small values of g
The transfer function of the sail for absolute acceleration at '

the free surface 15 then defined as: i ﬁ : i u A L
: . i prT™MIE T T o Xl ’
- I : , + NG
TFs} = cos pH ° .i
{

TV
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I

stresses in the soil during an,earthquaké to determine the factor of
safety agafnst 1fquefaction and to guide in the selection of suitable
values for rodulus and damping ratios.

In order.to obtain these results several methads are still -
availlable using either the continucus or the discrete model.

ITL.V - Continuous Solution -~

Given a certain time.history of acceleration representing an
earthquake record at the outcropping of rock, or at the interface
between soil and rock, the corresponding accelerogram at the free .
surface of the sail can be obtained by: '

a) Obtaining the Fourier trznsform of the input earthguake.

b} Multiplying It by the Transfer function of the soil.

¢} Obtaining the inverse Fuur1er transform of the resulting
function.

The Fourier transform of 3 function of .time f{t) can be visu-
alized as a Vimfting case of a Fourier series expansion. It is
given by the formila

- +w

Hdejﬂnfht fﬂn(“%:ufﬂn-ofw:;m

[}

f(t) 15 then said to be the inverse Fourier transforn of F{u)

*w
nu-gfruw“m
It shouid be noticed that th)_is a camplex fuhctidn.writing
it as ‘ ‘ .
Fluw) = €{u) ~ 15(w)
cls) = Jf(t) cos ot dt[is the cosine transform)
3

s{w) = I‘f(t) sin ot dt@s the sine transform)-
[-] .

L _ A -38-

If on the other hand it fs written as

__E(“) ? E(w) e“%(u)t

Elw) = / CLu)™ + S(u)
-1 s,
clu)

$lu) = tan

E{w) represents the amplitude Fourier spectrum, and o{(u) the
phase spectrum, The amptitude spectrum has an irportant phjﬁical nean«
ing. Given two values of freguency, wyrosn the area under the curve
E{.) from y to wy gives the amplitude of the motion in this rance of
frequencies. A simple 1cnk at the Fourier amplitucde spectrum (often

referred to for short as Fourier spectrum) gives imrediately an idea |
of the range of frequancies where most of the amplitude of the eotion
is contained. In fact Hudson has shown that this spectrum s a fc~er
- bound to the undamped velocity response spectrum ard in general a very
good approximation to it {they would coincide if the maximum response
- occurred after the end of the excitation}. Arias has alsg shown that
1f £{w} 1s computed for different duraticns of the sarthquake, the en-
- velope of these spectra is an Qger bound to the undamped velocity
: response spectrum,

: The amplituda Fourier spectrum is of course closely related to
. the spectral densfty function S{.) i

. . C Rt
| st el
' . - 2
and S+(u) -}ﬂi’)—

where T is the duratien of the excitaticn f{t}
The area under the spectral gensity function between two fre-

- quencies w» 3nd ua gives a measure of the energy of the excitation in
that range. ’

o
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The Fourier transform has not been used agrmally in Structural
Dynamtcs. Its determination s, however, extremely fast and simple ’
with a digital computer. E£ven :f this method of énal;s!s 15 not going

to be used, the Fourier transform will provide significant information

on the nature of the excitation and will help to answer such questions
as how many modes should be included in a modal analysis.

The transfer function ot the soil as de-ermined in I i3 again'
a complex function. The product of these two complex functlions can be
accomplished by '

Multtpiying the Fourier amplitude spectrum of the input by the .
amplification function of the sorvl, The result 1s the Fourier
amplitude spectrum of- the earthgquake at tne tree surface of the
soil. ’ : '

Adding to the Fourier phase spectrum the change in phase curve
of the soil.
. output. \

The result 15 the Fourier phase spectrum of the

The tr-erse Fourier transform of this product will be again a
real function representing the time history of accelgra:!on on top
of the so1i. Notice that If the input represents the accelerogram
at the interface between rock and 5011 the transfer functton cor-
respanding to rigid rock should be used. If on the other hard the
tnput represents the accelerogram which would be recorded on the rock
without any so1] on tap, the transfer functicn for elastic rock has to-
be used 0 However, at the
present time, there 15 ng clear way to determine what the earthquake
records should be at bedrock with s@il on top or at the outcropping
of ~ock, since most accelerograms Of real earthquakes have been ob-
tained on ground {even 1f tipm ground).

The second approach seems more logical

Ftgures 13 through 17 summarize the procedure as outlined, (The
phase spectra are not plotted). Figure 13 shows a record of the Taft
earthquake and Figure 14 its acplituce Fourter spectrum. Figure 15
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shows the amplification curve for a given 5011 profile (the uniform
_layer previously considersd with rigid rock) The product of the

“Fourier spectrum of- the 1nput by the amphfiutlon fl.mct{on ] shm i
in Flgure 17..

Once the earthquake record at the surfau of the sot) has been
obtained design response spectra can be obtatned 1n two different ‘ .
' ways: . ) Lo . '

- N L i R
e e e o ——————
i

... a) From.the .Eourier transfom of the output (before Anverting it), '
by sultiplying 1t by the Transfor . function of & one-degree-of-fres- i
- do Tinear osciiiator, then inverttng the result and finding the max- |

. fmum, The Transfer function of the one degree-of freednn system ulth
. fr!quency " and dcnmng 8, is

- ’
.,---"} v
.- .

-rosr f'a

[

Zis o

e -‘:'; e b -

; Hu"nl "Z\Bma-' "

b) By 1ntegrat1ng t.hrough a step by step pmccdure the equation
of mtlon of ‘& one-degnee-of-freedw system

y+23u.nyf..n;--u

. N . = - @S 4
c raf.iasd: SINOWSPY  AOLLVYIPRIN ~OINIId "8/ DI
20 N - . . )

where us‘ 1s the acceleration time h‘f'storyfo'ﬁ top of sotl,

. sl
Lt

b2

e/

The first procedure 15 normally referred to as integration
tn the frequency domain whereas in the second case the solution is
sald to. be carried out in the time domain

\
’

"5

o,

(onnesriets OIS T

While the first method :
would represent a consistent continualion’ of the procedure followed :

up to that moment at the present time 'ti¥ second seems more econom- |
1cal as far ss computer time fs concerned.

PO SO AL WO TNE

A

" for the Taft earthquake filtered through the uniform soil deposit,
- The response spectnm of the input {s- ‘also shown tn the same figure.

‘ |

- Figure 1B shows the pseudu-accelerauon response spectrum : )

_-_Figura 19 shows the ratio of both respcme spectrs for 2 “nd 5: .
. ]
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hysteretic dissipation of energy. Correspondingly both shear modulus

"and damping are functiens of strain. If a non-linesr analysis s to

be performed only the discrete model with physical fntegration of the
equations of motion would be appiicable. Often, however, the system
is considered Yinesr, assuming values of shear modulus and damping,
determining bistories of strains, computing new values of modulus and
damping and cycling until convergence of the process fs obtalned. For
these preiiminary runs the discrete model with podal anaiydts™is con-
venient and ft provides & faster, more economical solution. Once
appropriste values of modulus and damping have been obtained, the con-
tinvous model can be used for & final series of hna]yses with different
values of damping in each Tayer. (In the modal solutions the values

of damping are aversged snd expressed as modal damping, constant in all
modes ).

I¥. DERIVATION OF RESPONSE SPECTRA

The methods previously outlined are mainly fncended to consider - - — .

an earthquake at the base of the soil, filter 1t and obtain the result-
ing time history of acceleration at the free surface. While it is pos-
sible to obtain then design response spectra on top ot the soil, the

procedure has for this purpose several difficulties: :

&) It requires 2s an {nput an actual acceiercgram, be 1t that of a real

-earthquake, scaled ar not,.or an artificlal earthquake cbtatned by a

simylation process., While the area of Earthquake Simulation has seen

a considerable progress in the last years, ft s stii} harder to derive
the time history of an earthquake corresponding ta a certain magnitude
and epicentral distance than 1t is to derive a response spectrum,

b) [n-order to obtain relfable results the analysis cannot be done for
Just one Input earthquake, but should be repeated for several inputs
representing samples of earthquakes with the same oéarage characteris-
tics. The resulting response spectrs should finally ba smoothed by
drawing an |virage or gavelope. The process becomes then too long and

expensive.

B —

52 -

It would be therefore desirable to have simple Sﬁd approximate
ways by which smooth responsa spectra on top of the 5011 would be de-

- .rived from response spectra at bedrock or on firm ground. Figure 19

showed the amplification curve for a g{ven'soi1 profile and the ratio

of response spectra for 2 and 5% of structural damping.. The simtiar-..

ity of these curves {35 apparent, In fact, 1f the Fourier spectrum
were exactly the undamped velocity response spectrum, the 2mplifica-
tiocn curve should cotncide with the ratfo of response spectra for no

damping.

There are, howevar, several important differences between these

| twd curves:

1. Tﬁe amplification curve tends to zero as the frequency increases

. or as the period becomes very small, The ratio of response spectra

on the other hand tends to a finite value which 1s the ratio of the

_ maximurs acceleration on top of the soil to the maxfmum acceleration

of the input. (This ratio can be estimated from the design response
spectra at bedrock if the modes of the soii are known). The ratis of
response spectra 1s therefore highly dependent on the {nput eirthguake
in the high frequency range {or for very short periods, say T smaller
than. 0.1 seconds).

. 2. *The ampiification curve is & function of the sotl propertles only.

The ratio of response spectra on the other hand will depend on the
sof1 properties (pertods and damping). the amount of structural damp-
ing and the selected earthquake fnput.

3. The ratto of response spectra i3 1n'general smogther ihan the

amplification curve with lower pedks and higher valieys and it becomes

smoother as the structural damping fncreases. For damping values of
20 or 25% the ratic of response spectra is practically constant over

3 long range of pariods., On the other hand for vary small values of -
structural damping or for undamped spectra, the ratio of the responss
spectra should be close to the ampl{Ffication curve e:cepi in the range
of very small perfods. '

§, 1t should 8150 ba expected that the agreement betwesn the asplifi-
cation curve and the ratlo of response spectra would be better for

09
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high values of damping in the sotl since this would tend to elimfnate
the transients and furnish ; motion closer to a pericdic one.

in order to determine the applicability of the amplification
curve to reproduce the ratio of response synctra, the ratio between
both curves b has been obtained at severa) pn.nts for uniform sofls’
with varying fundamental pericds and damping, supject to different

earthquake fnputs. The earthquake records considered are E1 Centro, -

Taft and five artificta] earthquakes with a Tajimi type spectral den-
sity function.

Figure 20 shows for one of the cases studied the amplification
curve and the ratio of response spectra for El Ceatpo and Taft earth-.
quakes. Figure 21 shows the sverage ratio of response spectra for
the five artificial earthquakes, together nith the 951 confidence
levels (mean + 2c). Most of the points of the curves for El Centro

"and Taft fall within this band. It must be therefore realized that
even within saoples of =arthquakes with t' same properties (magnitude
and epicentral distance) a substantifal variation i3 co be expected in
the ratio of response spectra.

‘Figure 22 shows the effect of the natural perfo. of the sofl
and the amount of damping {n the soil in the value of b at different
points. For T -'ZT‘ {ist natural period) the ratio 1s practically
constant, independent of T‘. For T = T1 it has agatn 1ittle varia-
tion for perlods larger than 0.2 seconds, For T = 0.§ T‘ the varia-
tion 1s large for periods smaller than 0.5 seconds and for 7 = } T
for periods smaller than 0.8 or 0.9 seconds. It should be noticed
that {n all cases the variation is small for values of T larger than
0.2 or 0.3 seconds. [f it i accepted that in this range {say 0 to
0.2 or 0.3 seconds) the maxisum acceleration at top of the so!l con-
trois the response spectrum, the values of b can be considered only
slightiy depending on the natural perfod of the soil over the range

"of application.
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While all the cases considered to derive the ‘curves for the

© yalues b have corresponded to a uniform soil profile and further test-

ing is necessary for multilayer systems, 1t is balieved that such a
procedure could also be applied for the latter taking the -TI a5 the
period at which the maximum amplification occurs rathar than the first

fundamental period.

Figure 24 shows an example of application of the method. Curves

. of the standard deviation o have also been cbtained. From thesa curves

it is then possible to drew not only tha average i'afla of responsa
spectra but also confidence levels,

¥9
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.., ‘INFLUZNCIA DE LAS CONDICIONLS LOCALES EN LAS CARACTERISTICAS

it

g . DEL MOVIMIENTO SISMICO .

A . i
Francisco J. Sanchez-Sesma

Tnstituto de Ingenieria, UNAM

 INTRODUCCION

Las amplitudes y formas de las ondas sismicas generadas -
eh un temblor dependen del mecanismo focal y de la cantidad de
energia liberada en la zona de ruptura. El mecanismo focal
controla la manera en que las ondas son irridiadas en el espa-
cio y en el tiempo. No obstante, las ondas sismicas una vez .

emitidas por la fuente sufren modificaciones en su trayecto

'queqdependen de las propiedades mecdnicas de los medios en gue

se propagan y de las dimensiones de las inhomogeneidades o irre
gulariaades con que se encugﬁtren. Si los cambfos de las pro-
piedades en .una interfase son grandes o si el tamafic de las
ifteguiafidades es comparable o maYor gue la longitud de onda
predominante de las ondas incidentes, se generaran cambios sig
nificativos en el movimiento debidos.a reflexidn, refraccién

y'difrabéién de las ondas.

Interesa entender la naturaleza de esos cambios porgue

pueden ocasionar grandes amplificaciones locales y variaciones .

" significativas del movimiento del terreno en distancias relati

vamente pequeﬁas. Este efecto es de particular importancia en
la respuesta sismica de estructuras grandes como presas, puen-
tes o liﬁeas de trasmisidn. Se trata de estructuras en las que
los movimientos diferentes en loé apoyos pueden ser muy peligro
sos. Existe evidencia del papel gue juegan los efectos de las .
condiciones locales en estudios de la distribucién espaciai—del

dafio en temblores. Si.bien.el_daﬁo_depende'de la. calidad de las
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cqﬁsﬁrhccionés, en muchos casos los dafios severos estén asocia
dos a fendmenos de amplificacidén. En muchos casos se han utili
-zado'en‘éxito modelos de propagacidn unidimensional de ondas de
'cﬁftanté cuando la cdnfiguracién del sitio en estudio esta for-
mada por gstiatos aproxiﬁadamente horizontales., Debe notarse}
sin embargo, gque el uso indiscriminado de modelos unidimensio-
nales puede dar lugar a errores de importancia cuando las irre
guiaridades locales son significativas pues no se toma en cuéﬂ

ta-la naturaleza fisica del problema.

Los temblores‘fuertes, de interé&s en ingenierila sismica,
tienen componentes importantes en la banda de frecuencias de
d.f Hz a 15 6 ZOIHz. "Por otra parte, las velocidades de prépi
gacién cerca de la superficie de la tierra varian de unosl206
‘m/s a casi 2 km/s; de manera queilaé correspondientes longitun
des de onda caen en el rango de las decenas de metros a las
decenas de kildmetros. ‘,

Las irregularidades geolbgicas y topogrificas con dimen
siones comparables con las longitudes de onda predominantés ten
dréh, entonces, considerable influencia en el movimiento,. La
extensidén y detalle con que deben estudiarse las condiciones io
cales podrd estimarse en términos de las longitudes de onda aso
ciadas. con los periodos de oscilacidn que son mis significati-
vos para un analisis particular, Para un edificio alto, una
presa o un pﬁente, por'ejemplo,'las dihenéiones locales pueden
ser de varios kildmetros. Para una estructura pequefa y rigi-
da, en cambio esas dimensibnes-pueden.ir de las decenas a los

~

cientos de metros.

El problema de calcular el movimiento en la vecindad de
uina irregularidad topogr&fica o estratigridfica ante incidencia

de ondas sismicas ha sido tratado como un problema de difrac-.

o — e
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dién de ‘ondas’ eldsticas de un cierto tipo. 'No se han.desarro

llado aun criterios pricticos para determinar la contribucién

de los distintos tipos de ondas en un cierto temblor {es usual

suponer -gque sSe trata de ondas SV propagédndose verticalmente) ..
En parte, esto es debido a que las técnicas para tratar la di_
fraccidén de diversos tipos de ondas eld@sticas son relativamen

te recientes. El hecho de gque sean pocos los estudios gque con

sideren materiales no lineales es también ilustrativo de las

dificultades gue en este caso Se presentan. La mayoria de los

estudios de difraccién de ondas eldsticas consideran configura

‘ciones bidimensionales y sd8lo algunos cases de incidencia ‘de

ondas SH admiten soluciones analiticas (en el dominio de 1la

frecuencia). Si bien las soluciones bidimensionales son una

aproximacién, proporcionan informacién dtil sobre la respuesta
sismica de irregularidades; de hecho, algunos resultados preli
minares de difraccidén tridimensional son similares a los obte-

rnidos ‘para dos dimeasiones,

Los métodos que se han émpleado para estudiar el pfoblg
ma son de varios tipos (de acuerdo con cada caso particular) y.
en aléunos casos son de reciente desarrollo. Se ha empleado
el método de los elementos finitos, que permite una gran‘flexi
bilidad en el -modelado de dominios irregulares y aun de mate-
riales no lineales. Suele ser, sin embargo, costoso y reguie
re precauciones especiales para tratar las fronteras del domi
nio y definir apropiadamente la excitacidn. . Los elementos £i
nitos pueden combinarse con esquemas de diferencias fin;tas
en el tiempo o con soluci&n .en el dominio de la:frecuencia.

Se han aplicado con &xito esquemas de diferencias fini
tas en el espadio y en el tiempo, sin embargo, algunas de las
restricciones mencionadas para los elementos finitos limitan

el uso generalizado de esta técnica.
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. . Los métodos de'ﬁronéera, basados en representaciones in
 £69¢51e§ y/0 en expansiones en términos de familias completas

déLsolpcioneé, estin en desarrollo y es de esperarse gue no sy
fran las desventajas de otras‘técnicas; en particular, al tra-
t@f‘SSIO las fronteras se reduce la dimensionalidad del proble

ma

Por algln tiempo seguicdn faltando criterios para formu
lar excitaciones en términos de tipos de ondas incidentes,'énf
gulos de incidencia, contenidos de frecuencias, etc. No obs-
tante, ‘en tanto estos criterios se formulan, se continda el de

sarrollo de las técnicas de andlisis de la difraccidn.

. Podria parecer que es aun‘leﬁana la aplicacidn de cri-
terios. practicos en la evaluacién de los efectos de una cierta
irregularidad en la intensidad sismica. [Es probable que el en
pleo sistemitico de medidas integrales de la intensidad sismi-
ca permita construir tales criterios. Una medida integral con
interesantes propiedades es la intensidad de Arias. Los valo-
res relativos de la intensidad de Arias respécto a una intensi
dad de referencia permitirfan definir un indice de efectos to-
poéréficos que serviria para estimar la variacidn espacial de
las aceieraciones,méximas. Sin embargoc, al presente, se care
ce de suficientes registros para estudiar con finura la varia

cidén espacial de la intensidad.

El propdsito de estas not&s es dar una introduccidn muy
.éeneral del problema de estimar los efectos de las condiéiones
locales en las caracterfsticas de los temblores. Preceden tam
bién a‘algunos-teXtos mis ‘especializados gue el autor ha reuni

do aqui.
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Summary. The Aki-Larner techhiqu_e is used to perform, in both the time and
frequency domains, an analysis of the effects of two-dimensional elevated
topography on ground motion. Incident plane SH-, SV- and P-waves are
considered and the respective influences of surface geometry, elastic para- -
meters and the incident wave characteristics, as long as they temain within
the limits of applicability of the A-L techmque are mveqtlgated in some
detail, -
" Besides the well-known amphﬁcanon/deamphﬁcauon effect related to the
surface curvature, wave scattering phencmena on the convex parts of the
surface are shown to contribute significantly to. the disturbances in the.
displacement field around the topographic structure. These scattered waves
are SH in the case of incident S#H-waves, and mainly Rayleigh waves in the
P case, while both Rayleigh and horizontal P-waves, somstimes of large
amplitude, develop in the S¥ casc, The frequency dependence of this scatter-
ing, though complex, seems to be mainly controlied by the horizontal scale of
“the topographic structure. The parameter study points out the regular and
intuitive behaviour of this wave scattering in both SH and P cases, while it
exhibits a puzzling complexity for incident S¥V-waves, which is interpreted as
resulting from the importance of the S—P reflections on mountain slopea in
that case. ‘
As to the ground niotion, some genera! features may be pointed out. Thc
“amplification on mountain tops, which is systematically greater for incident
S-waves than for P-waves, generally decreases as the average slopz decreases or
as the angle of incidence increases. Mountain siopes undergo either amplifi-
cation or deamplification depending on site location, frequency and incidence .
angle, but they aiways undergo strong ditferential motion due to the latera
propagation of the scattered waves and their interference with the primary
wave, Finally, alt these effects may be greatly enbanced in the case of com- .
plex._topographies, which moreover give rise to a significant prolonsation of
ground motion beczuse of the large number of scattered waves. e
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For many years, a great number of authors have pointed out the importance of site effects i
many seismological problems, ranging from source parameter computstion to seigmic risk
assessment. These site effects were at first related to the local sediment cover (resonance of
surface layers, sand liquefaction, attenuation of high frequencies, etc.). More recently, how-
ever, observations have been made (e.g. Key 1967; Nason 1971; Trifunac & Hudson 1971)
showing the influence of topography on surfzce ground motion,

Besides field studies (Davis & West 1973; Griffiths & Bollinger 1979), or model studies
(Régers, Katz & Bennett 1974; llan, Bond & Spivack 1979), the theoretical investigations
have focused more on numerical sotution rather than on 2 detailed study of the effects of
topography on surface motion. A lot of numerical methods have been developed to investi-
gate the scattered far-field”(small perturbations: Gilbert & Knopoff 1960; Hudson &
Knopoff 1967; Hudson 1967; Maclvor 1969; small perturbations and finite difference:
Aboudi 1971; Alterman & Aboudi 1971), or the displacement field over the topography
itself (analytical models: Trifunac 1973; Wong & Trifunac 1974; Singh & Sabinz 1977, finite
differences: Boore 1972; Alterman & Nathanicl 1975: Itan 1977; Nan er al. 1979; fiiite
elements: Smith 1975; discreté wavenumber representation: Lamer 1970; Bouchon 1973+
matched asymptotic expansion: Sabina & Willis 1975, 1977, integral equations: Wong &

~Jennings 1975; Sills 1978; Sanchez-Sesma & Rosenblueth 1979; and boundary methods:
England, Sabina & Herrera 1980). All these theoretical models, involving a two-dimensional
homogeneous elastic half-space with a simple topographic section {except Singh & Sabins
1977, who consider a three-dimensional hemispheric valley), provide results wliich
quantitatively agree with one another, and qualitatively confirm the experimental obsers
vations: amplification usually oceurs on convex parts of the ground surface (mouritain tops
or valley edges), and deamplification on concave parts and shadow zones, Qur purpose here
is therefore not to present yet another numerical method, but to try to gain a better under:
standing of these topographic effects, through their dependence on parameters such &

* incident wave type, frequency, incidence angle and anomaly height.

In other respects, all available theoretical results seem to underestimate the observed
effects of topography on surface motion, as teported by Davis & West (1973), and Griffiths
& Boltinger (1979). Since the model study values corroborate those obtained by riumerical
methods (Rogers er al. 1974; llan er al. 1979), it is believed thal yuantitative disagreement
between theory and observation is due, at least partly, to the complexity of both incidenit
signal and topography. It is therefore another aim of the present paper to show how a some-
what complicated topography can produce greater effects than isplated ridges or valleys, and
that the surface ‘motion af a particular site depends a lot on the topographlc features of @
w:de area around.

" We believe that the Aki-Larner method is the best suited (o this kind of study, since it is
a very tractable and computaticnally cheap method, and because the discrete wavenumber
represcntation provides useful information on the nature of the scattered elastic field. This

R HT,;//F\W
'

Figure . Geometrical shape of the mountain model introduced by Sills (1978), and corresponding to the

cases investigated in Figs 2—17. The open circles indicate the sites where the synthetic seismograms of
Figs 2, 3 and 14 are computed.
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technique has already been presented with many details by Lamer (1970), Aki & Larner
(1979) and Bouchon (1973), and lts rcliability careiully discussed. The limitation of our
Investigations to topographic features having ‘slopes lower than 40°, and to incident body

-waves only, with rather small incidence angles so as to avoid shadow zones, together with
the experimental observations of Rogers ef al. (1974) and Ilan ez al. (1979) showing that the
radiation lobesg of the diffracted waves are directed essentiaily downwards, allow us to think .
that the Rayleigh ansatz error does not alter the accuracy of our results too much.

._ 2 Effects of simple topography on incident plane waves — a parameter study -
2.1 GENERALITIES

Our purpose is to evaluate the surface displacement and the scattered elastic field produced
by a plane body wave impinging upon a two-dimensional topographic feature lying over an
otherwise isotropic homogeneous elastic half-space, for various topography, half-space and
incident wave characteristics.

Our computations rely on the same theoretical formulatlon as those - presented by
Bouchon (1973), except that we do not correct the displacement field for the residual
stresses; since we remain well within the validity limits of the A-L technique. Furthermore,
- 'in"order to investigate the ground motion in the timeidomain, we follow the approach
described by Bard & Bouchon {1980a), maoking the computation at equally spaced
frequencies having an imaginary part equal to half the frequency step, The disturbances
"induced by the structure periodicity L {required by the A-L method) are avoided by a suit-
able choice of both the frequency range and the time window,

Topographic effects then depend on three kinds of parameters:

211 Topographic shape

This is the most difficult to quantify. For a better understanding of the diffraction and
amplification/deamplification mechanisms, only simple topographic profiles are -considered
at first. The ‘pseudo-realistic’ mountain model of Sills (1978) is chosen, defined through the
equation: '

$(x)=h(l~a)-exp(-34)  with a=(.v:/;’)'I

this topography is completely defined by its half-width ! and its height }.z._lts shape is
illustrated in Fig. 1.

2.1.2 Half-space elastic parameters

These reduce to the shear and ..ompre:,slonal velocities, respectively denoted as 8 and a, smce
the material density has no infleence. :

2. i .3 Incident wavefield characteristics

These are wave type, incidence angle, azimuth and frequency spectrum. Only incident plane
waves are considered here, for simplicity and because nearfield studies introduce a lot of new
parameters related to the source mechanism. Moreover, only incident body waves are taken
into account. The effect of incident wave azimuth is not considered: only in plane and out
of plane motions are investigated.

The remaining independent dimensionless parameters considered in this paper are there-
fore: the topography shape ratio A/!, the Poisson ratio », the dimensionless frequency’
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= 2!/?\ (which is scaled to the §° wavcleng.h 7\ ﬁ/f), and the in¢idence angle 8, measured
from the vertical axis.

For time domain studies, we generally choose an input s:gnal in form of a R:..ker wavelet,
having a time dependence:.

J()=(@—05)exp(—a)  with  a=|n(t—t)t, 1

where f, is the time of maximum amplitude, and f; the characteristic period. We also some-
times use a combination of several Ricker wavelets.

2.2 GENERAL CHARACTERISTICS OF TOPOGRAPHIC EFFECTS IN THE VERTICAL
: lNClDENCL CASE"

_-In this section thg cage of P, SV.and SH plane waves vertically incident on two topographlc
features is investigated, a mountain having a shape ratio i1/f equal t0 0.375, and a symmetric
depression. Materials with Poisson’s ratio # = 0,25 are considered until Section 2.5,

.2.2.1 Time domain study

* Fig. 2 illustrates the time history of ground motion at several sites located over the topo-
graphic elevation and some distance apart, for an incident Kicker signal having a charac-
teristic dimensionless frequency of n, = 1.83, in each of the three 54, SV and F incident
cases. The well-known amplification pattern on mountain tops appears on each of the
three components, but it is more important in the case of incident S-waves (43 per cent for
SH znd 30 per cent for S$¥) than in the case of incident P-waves (only 10 per cent). More-
over the computed motions do not exhibit much change in signal waveform or duration. On
the contrary, on mountain slopes, significant alterations appear; while the ground displace-
ment amplitude is reduced, its duration is increased. The amplitude reduction is more
important for horizontal components {the maximum attenuation is about 25 per cent for
SH, 40 per cent for ST and only 10 per cent for incident P-waves). In the SH case, seismo-
grams away from the topography show an cutward propagating signal having roughly the
same shape as the incident signal and an amplitude of about 20 per cent at a distance 2!
from the mountain top, The phase velocity of this diffracted wave, together with the space
dependence of its amplitude, which fits an x™V* decay, are consistent with a horizontal
SH-wave gencrated near the mountain top. In the P and SV cases, seismograms exhibit a
somewhat greater complication, because of the outward propagation of two such diffracted
waves. Their phase velocities, vertical/horizontal component ratio, and spatial decay {x~¥/?
for the fastest wave, and nearly constant for the slowest), allow their identification as a
horizontal P-wave and Rayleigh ‘wave, respectively. The relative importance of these two
waves undergoes great changes with the incident wave type. In the SV case, the horizontal

* P-wave is the main disturbance and is associated with a horizontal displacement around 20°

per cent of the direct one (measured at.the same reference site x = 2 {), whereas in.the P case,

" Figure 2. Response of the mountain illustrated in Flg 1hfl= 0 375) to vemcalh mudenl respectively,
SH SV and P Ricker wavelets of characteristic-dimensionless frequancy np=1. B3. The traces represent
" the time history of the displacement at surface receivers, spaced from 0 to 2.5/ from the mountain top
{numbers on the left represent the site location in dimensionless values x/). In the SH casc, only the
transverse horizontal component, v, is represented, while in the P and SV cases, hoth horizontal motion
along the x-axis (o, fower trace) and vertical motion (s, upper trace), are depicted, The botlam traces
represent the ground motion for a plane free surface, Thc dxmcnsuonless length of the time window is
3.33. Herev-OZS
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" "emphasized in the SV case. The deamplitication patiern on the near side is combined with
" the great sensitivity of the surface horizontal displacement on the incidence angle (that is
-with the jocal surface slope). and, at low frequencies, with the interference between the back

scattered Rayleigh and P.waves and the primary wave. The mountain top here exhibits 2 low -

. frequency strong deamplification pattern, and the point of maximum amplification is
" located very near the middle of the stope. The vertical displacement is maximum near moun-
tain top, and slightly greater on the far side than on the near one. '
Synthetic seismograms in Fig. 14 provide 2 good illustration of all these features. The
- directivity-effect appears very clearly for both # and SV cases. For instance, the forward
- scatrered Rayleigh wave is five times larger than the back scattered one in the S V case. For
incident P.waves, this ratio is greater since the back scattered Rayleigh is very weak. On the
" contrary, Fig. 15 shows a very clear back scattered P-wave, in this case, while there is no
forward scattered such wave. The maximum displacement values undergo important changes
over the topography, for both vertical and horizontal components in the SV case, and
.mainly for the horizontal component in the 2 case. As an example, the deamplification on
thé neir side reaches 80 per cent in the SV case for the horizontal motion, An interesting
feature is the motion at the mountain top in the SV case where horizontal or vertical compo-
nents appear to be completely decoupled: the horizontal motion is of rather low frequency

while the vertical motion attains much higher frequencies, and the apparent arrival time of

the SV-wave is different on the two components (about 0.4 dimensionless time later on the
vertical one), ' :
2.5 ASPECTS OF THE INFLUENCE OF THE POISSON RATIO

The vast majority of Earth components have a Poisson ratio very near 0.25. Nevertheless,
this value may be-significantly greater for some surface materials, such as poorly consoli-

incident SV waves

h/l: 375 ; v: 40 ,
Figure 16, The same as Fig. 5, for 2 mountain of same shape but having a larger Poisson ratio, i.c. v = §.40;

.
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" dated sediments or artificial fills. In order to get an idea of the upper limit of the changesin

the diffraction and amplification/deamplification phenomena due to the Poisson ratio, we
have ‘investgated the case of a medium size mountain (#// = 0.375) having a Poisson ratio of

) ,040 (that is a shear t0 compressional velocity ratio of 0.41) impinged by vertical P- and .
. SV-waves, fora dimensionless frequency up to 4.5.

As shown in Figs 16 .and 17, these variations of the Poisson ratio induce significant -
variations on. the scattered Rayleigh wave. For incident P-waves, its amplitude is much

. smatler for »=0.40, especially at high frequencies: around one-half for 7 < 2.5, and one- -

.+ third for n>3. In the SV incident case, we observe a slight reduction too in the low
_frequency domain (n <1.5), then the Rayleigh wave disappears, as in the » = 0.25 case, for
- dimensionless frequencies between 1.5 and 2.4, and, for higher frcquenc1es, its amplitude is
 similar in both cases, and even a little greater for v = 0.40.

The horizontally diffracted P-wave is stilt very weak for incident P-waves, though slightly
greater in the high Poisson ratio case, For incident § V-waves; its amplitude is comparable in.

" both cases at dunens:onless frequencies below 2.5, and it is then significantly lower (_around
- one-half) in the high Poisson ratio case.

"Also noticeable are a slight decrease in the amphtude of the homogcneous waves for low-
frequency incident P-waves, and lhexr opposnte small mcrease for low-frequency mctdent

* SV-waves, -

These variations in the diffracted ficld are obviously, reverberatmg on "the surface motion.

At some distance from the topographic feature, the weakening of the main scattered waves

(the” P-wave for incident SV.waves, and the Rayleigh one in the P incident case), together
with the slight increase in the amplitude of the other diffracted wave (respectively Rayleigh
and P), somewhat. lessen and’ disturb the oscillating pattern of the horlzontal and vertical

dxsplacement spectra (Flg 17)

incident P waves ncident SV waves

h7)s 375 ; v, 40

_ Figure 17, Displucement amplitude as 3 fum.uun of site location and f:cquemy for the large Poisson
ratio case (¢ = 0.40), and for incident P-waves (left) and S¥-waves (right), The top diograms represent
the vertical component, and the bottom diagrams the harizoatal component.
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THE EFFECTS OF LOCAL IPREGULARITIES !
ON SEISMIC GRQUND MOTION

By
Francisco J. Sianchez-Sesma*

ABSTRACT

The effects of topograpnical and geological irregulari-
‘ties on seismic ground motion are discussed. A short de-
scription is given of some of the available tzchniques to
calculate such effects. Some comments are made on the im-
portance of local conditions in the assessment of seismic

risk.

INTRODUCTION

It has long been recognized that local topograpihy and

geology can significantly affect the ground motion at a

site (Figure 1). The contribution of topography could serve

to explain the high acceleration recorded at the Pacoima Dam

(1.25 g} during the San Fernando, California earthcuake of

‘February 9, 1871 (Trifunac and Hudson, 1971; Boore, 1972¢) .

For the aftershocks of the same earthqﬁake‘Davis andi West

(1973) in a series of observations have found significative

local amplifications due to topographical relief. In a field

* Tnstituto de Ingenicria, UNAM; Cd. Universitaria
Apdo. 70-472, Coyoacln 04510, México, D.F., MEXICO
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study in the Appalachian Mountains using distant mine blasts
as sources, average amplitude ratios between mountaintop and
valley sites were determined (Griffiths and Bollinger, 1979).
These average ratios showed that the seismic wave amplitudes
‘at the crests were amplified by factors from 1.7 to 3.4. 1In
Figure 2 three seismograms for tne same event in the Powell
Mountain area are shown. The positions of recordiﬁg sites

‘are also displayed in the figure.

" The effect of soil conditions in ground motion has been
observed in well-documented earthquakes (Sozen et al., 1968;
Jennings, 1971} and in regression analyses of stroﬁq motion
data. There is significant evidence that subsurface tobog-
raphy, {.e. lateral heterogeneities, are relatedato ldcalized
damage distribution in the Skopje, Yugoslavia earthquake of
July 26, 1963 (Poceski, 1969). It has been sugéested that
_focusing of the wave energy, by irregular interfaces, gener-
ated large motion amplification in limited zones of the city
(Jackson, 1971). Damage statistics of buried utility pipes
in the Miyagiken-oki, Japan earthquake of June 12, 1978 have
shown'sbectécular incréase in the number of occurred fail-
ures near the cut and fill boundary of a newly developed
area (Kubo and Iscyama, 1980).

Local conditions can generate large amplifications and im-
portant spatial wvariations of seismic ground motion. These
-effects are of ?articular significance in the assessment of
seismic risk, in studies of microzonation, in planniné and in
the seismic design of important facilities (Esteva, 1977;
Ruiz, 1977). 1In particular, local irregularities can be rel-
evant in calculating the seismic response of long. structures
(see Figure 3) like dams, bridges or life-line systems {e.g.

Esquivel and S&nchez-Sesma, 1980; Ruiz and Esteva, 1981}).

——— e
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As pointed out by Trifunac (1980}, the strong earthquake
shaking of interest in earthquaké engineering falls in tne
frequency range from about 0.1 Hz to about 20 Hz and since
the seismic wave velocities near the earth's surface lie in
the range from about O.l'km/s to'about 3 km/s, it can be |
seen that the corresponding wave lengths are from tens of

meters to tens of kilometers. Thus, the topographical and

geological irregularities of dimensions near to this range

will have considerable influ&nce on the corresponding waves,
It foll&ws that the extent and detail of local conditions
required to study their effects should be considered in
terms of the wave lengths associated with the periods of
motion which are more important for a pgrticular analysis.
For a tall building, a dam or a bridge,’for example, these

local site dimensions might be. of several kilometers. On

the other hand, for stiff structures or small buildings,

thése dimensions can be from tens to hundreds of meters.

Althougih recent work has emphasized the‘physical under~
standing of local effects so that quantitative predictions
can be made{ as stated in a recent review by Boore (1383),
there is still lack of criteria for dealing with the prob—'
lem taking into account Source, path and local conditions.
Active research is needed to prediét more accurately the
ldcal effects, given the source parameters. Indeed, it is
encouraging the recent progress on strong motion prediction-
using mathematical modeling technigues (Aki, 1982). Much
of the research is concentrated on the understanding of
fault mechanics and wave propagation in the Earth./ It ié
generally accepted that high frequency radiation, which
contfols accelerations, comes from very localized parts of
the fault. A‘powerful asymptotic theory of high frequenéy
radiation has been recently developed (Madariaga,'l983).
Applications of the theory are coming. However, it should

be noted that the foci of futurec earthquakes are not known;
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their location, mechanism and amount of released energy can
only be speculated in terms of regional seismicity models

(Esteva, 1976). On the other hand, the knowledge of geolo-
gical details is generally small ;o justify the use of very

refined models of wave propagation, particularly for the

high frequencies. It is then cléar, in view of the men-
tioned uncertainties, that the problem of seismic risk
assessment must be dealt with a probabilistic framework. A
promising approach seems to be the use of integral.measures
of intensity such as the Afias' (1970) using stochastic
dgscriptions of thne input anjsimplifieimodéls of the local

irregularities {Sinchez~Sesma el al., 1983}).

The aim of this work is to review the preblem of . calcu-
lating the effects of iopographical and geocliogical irrequ-
larities on ground motion given certain input, {.e¢. some
kind of seismic waves. For this purpose the current formu-
lation of tne problem, the known analytical solutions ang
the available numerical metnods are discussed in brief.
Thnis review 1is by no means complete and reflects the par-
ticular trends of the author. Nevertheless, it is hoped
that this work could serve to stimulate discussicon and in-

terest on the problem.
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FORMULATION OF THE PROBLEM

There is no doubt that the source mechanism governs the
way in which the released seismic energy is'radiated_in
space and time. However, seismic waves, once emitted by the
source, are dependent on the mechanical properties of earth
materials and the heterogeneities encountered in their path.
This is also true dealing'with irregular local conditions.
Moderate changes in mechanical impedances or irregularities
with size comparable to incident wave lengths can generate
significant amplificatioas and spatial variations.of'grbund-
motion (Boore, 1972b). |

Plane waves are reflected back and refracted forward as
they arrive at a plane interface. The amounts of reflected
and transmitted eﬁergy depend on Ehe mechanical properties
of the media involved. Reflection and refraction in-elastic
wave propagation can well be describead bf geometrical means.
Let uS call diffraction to every change in the waves' ?ath

that can not be described as reflection or refraction. For

' studying diffraction of elastic waves it is necessary to

solve a boundary value.problem for the governing equations
of linear elasticity (e.g. Achenbach, 1973; Aki and
Richards, 1980).

To fix ideas, consider an elastic, homogeneous and iso-
tropic half-space with an irregulaf surﬁace. Under inci-
dence of elastic waves the irregularity will diffract the
incident waves (diffraction is frequently called scatter-
ing}. Diffracted waves must satisfy, toghether with inci-
dent waves, the governing equations (Navier equations) and-
the boundary conditions (traction-free surface); Moreover,
the diffracted fields must satisfy the Sommerfeld (1949)
radiation conditién at iﬁfinity, which means that the dif-
fracted fields must scatter to infinity; <.e¢., no enérqy'
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may be radiated from infinity into the irregular region.

"The Sommerfeld radiation condition has been extended to

elastic wave fields by Kupradze (1965).

ANALYTICAL SOLUTIONS

The simplest problemsrin elastic wave diffraction are
the two-dimensional SH-wave problems because they can be
analyzed separately from other body waves. The governing
equation-for this case is the scalar wave equation.. Then,
analytical solutions can be obtained for geometries of the
scatterer wnich allow separation of variablés (Mow and Pao,
1971). .Using this method, exact solutions have been ob-
tained for the diffraction of Sd-waves by canyons and allu-
vial vélleys with semi-circular (Trifunac, 1971,'1973) or

semi~elliptical shapes (Wong and Trifunac, 1974a, b). Even

with these simple models of local irregularities, compli-

cated interference patterns were found and the obtained

surface displacement fields vary strongly in space (see

~ Pigqure 4). They are very sensitive to the incidence angle

and the frequency. Results for alluvial valleys show the
importance of the two-dimensional benaviour which gives much
larger amplifications than those obtained from unidimension-
al calculations. These analytical solutions have shown the
importance of the problem and they provide a check for nu-

merical procedures.

For the more difficult cases of P- or SV-incident waves
the orthogonai wave functions developed in classical physics
are not separable for the half-space surface due to the cou-

pling of boundary conditions. Lee (1978, 1982) overcome

- this difficulty for a semi-spherical canyon by expandinq'the

spihierical wave functions further into a power series which

matched all the boundary conditions successfully. However,

-

)
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this apprcocach is limited to small frequencies because the

resulting matrix equations, which are infinite, can only be.

solved approximately for this case.

Under additional simplifying assumptions, other analyti-
cal solutions have been obtained using orthogonal wave
functions. For an acoustic medium the exact expressions
for the scattered fields generated by incidence of P-waves
on canyons of semi-circular and semi-spherical shapes (Singh
and Sabiha, 1977) have been obtained. Howéver, the results
are of small utility because the acoustic assumption can
hardly be met in real cases. The problem of vertically
incident P-waves upon a semi-ellipsoidal three-dimensional
scatterer has been.exaqtly solyed for an elastic medium in
which horizontal displacements are réstricted {Sadnchez-
Sesma, 1983b). Results for vertical displacement are in
reasonable agreement with those from more reliable computa-

tions for a truly elastic medium (S&nchez-Sesma, 1983a).

Under the assumption of small-slope irregularities‘a
perturbation solution has been obtained for the elastic
scattered field by two-dimensional geometries (Gilbert and
Knopoff, 1960). The approximation is based on replacing
the irregularity by an equlvalent stress distribution. An

appllcatlon of this method by Hudson (1967) deals with small-

slope three-dimensional scatterers. With thlS approach rea-

'sonable estimates have been obtained of the scattered

Rayleigh waves as compared with observations even in cases
in which slope angles are as large as 25° or, say, 30°

{Hudson and qu;e, 1980).

"The'method of matched asymptotic expansions'has no re-
StrlCthHS on the slope of the 1rregular1ty It is based in
matchlng the flrst terms of an outer expanslon of the near

field with those of an inner expansion of the far field
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(Sabina and Willis, 1975, 1977). Although the method is
limited to very small frequencies, results are in qualita-

tive agreement with observations.

NUMERICAL METHODS

A powerful technique has been developed by Aki and
Larner (1970) to treat scattering of SH-waves by irregqular
interfaces. In the Aki-Larner metihod, incidence is assumed
of a plane single-frequency wave which causes a displace-
ment field. This field is represented by superposition of
plane waves of unknown complex amplitudes propagating in
many directions, Inhomogeneous plane waves are allowed.
The total motion is obtained from integration over horizon-
-tal wave number. Under the assumption of horizontal peri-

odicity of the irregularity, the integral ris replaced by an

infinite sum. .Truncation of this sum and application of the

interface conditions of continuity of stress and displace-
‘ment leaas to a system of linear equations for the complex
scattering coefficients. This method, which is restricted
fo:small-slope irregularities, has been applied by 3ouchon
(1973) to study the eff%cts of two-dimensional irregular
topographies on ground motion for incidence of SH, SV and

P waves. An extension of the method has been advanced by
Bouchon énd Aki (1977a, b) to represent with this discrete-
wave-number technique near seismic source fields in a lay-
ered medium with irregular interfaces. Another extension
‘of the method, now to time domain calculations, has been
déveloped to study the seismic response of alluvial valleys
(Bard and Bouchon, 1980a, b) under incidence of SH, P and
SV waves. The Aki-Larner technique has been_recentiy used
by Bard (1982) to analyze the effects of two-dimensional
elevated topography on ground mction. The comprehensive

studies by Bard and Bouchon throw light on the subject and
. 4
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on the physics of the problem. The method has been used to
model the fields generated by real faults (Bouchon, 1979;

Campillo, 1983). It can be used to model ground motion

considering together the effects of source, path and local
conditions. However, in this case the numerical computa-
tions may become very expensive -if they can be performed¥-

for many real cases,.

The finite difference method is also a powerful tool in

_elastic wave propagation studies (Alterman and ‘Karal, 1968;

Boore, 1972a). It has been applied to modelate two-dimen-

sional irregular interfaces (Boore et af., 1971) and ridges

_(Boore, 1972b) in the SH case and also for incidgnt of P and

Sv-waves upon a sedimentary basin (Harmsen and Harding,

1981)\and a step-like topography (Boore et dﬂ.}ﬁl981). In—

teresting results have been found concerning the significant

generation of Rayleigh surface waves by lateral irregulari-

"ties. For incidence of P waves upon a surface slot the com-

putations by Ilan and Bond (1981) give gobd agreement with
experiments. It was'found that the amplitude of the scat-
fered Rayleigh wave 1is, as expected, deéendent on incidence
angle, A finite difference analysis of axisymmetrid topog-
rapnical irregularities hés been presenﬁéd.to study the ef--
fects of vertiéally incident shear waves (Zhenpeng et af.,
1980). Spectrai ratios were obtained and comparison with
observations gives reasonable agreement. The finite dif-

ference method is theoretically unlimited to model details:

and nonlinear behaviour of materials, but the size of the

problem can easily exceed'the'qapacity of major computing

facilities.

The finiﬁe-eleﬁent method also allows a detailed descrip-

‘tion of site topography and layering. It is possible with

this methbd_to calculate the response of two-dimens;ohal soil

configurations with truly nonlinear stress-strain relations .
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(streeter et af., 1974; Joyner and Chen, 1975; Joyner,

1975). The major disadvantage of the method is its low-
frequency limit and high cost. Usually, real time analysis
must be shortened to avoid the reflections from the artifi-
cial boundaries. The use of different transmitfing tech~-
niques can reduce the spuriocus waves to some extent (e.g.
Smith, 1974, 1975; Ayala and Aranda, 1977; Clayton and
Engquist, 1977; Castellani e¢% af., 1981; Liao and Wong,
1981). A successful criteribn has been developed for damp-
ing out the unwanted reflections by means of non-uniform

element size (bay, 1977). Finite elements have been used to

- “treat problems of irregular layering (Lysmer and Drake,

1972; Drake, 1972; Aranda and Ayala, 1978) and two-dimen-
sional topographical irregularities (Castellani o2 al.,
1982) under idealized conditions. Nevertheless, a realistic

wave analysis is quite costly.

In recent years boundary methods have gained increasing
popularity. This fact is mainly due to the availability of
high speed computers. Boundary methods are well suited to
deal with wave propagation problems because they avoid the
introduction of fictitious boundaries and reduce by one the
dimensionality . of the problem. These facts yield numerical
advantages. Moreover, boundary methods can be used together
with the finite element method (Zienkiewics ef af., 1977).
Then, the region modelated with finite elements can be
smaller (e.g. Ayala and Gbmez, 1979; Shah et af., 1982).

There are two main approaches for the formulation of
boundary methods;'one is based on the use of boundary inte-
gral equations (Cruse and Rizzo, 1968a, b; Brebbia, 1978;
Cole et al., 1978; Alarcén et al., 1979), and the other,
on tne use of cbmplete systems of solutions (Herrera and
Sabina,‘19?8; ilerrera, 1980)7 The scattering of incident

SH-waves from two-dimensional irregular topographies has
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been formulated with integrel eouétions by Wong and Jennings
(1875) for arbitrarily shaped canyon-like profiles and by

Asills (1978) for ridges and mixed shapes: This method has -
‘been applied with success to calculate the effects of a dip-

ping layer of alluvium of an SH-wave source on the surface

(Wong et af., 1977). Results compare favorably with obser-

vations during a full-scale low-amplitude propagation test
A powerful approach which combines the boundary 1ntegral
equation method with finite differences in time has been

preseneed’(Cole et aZ., 1978) for'soiving elastodynamic

problems. The performaﬁoe of -the method was foundlﬁo.be good

in a simple numerical problem. A boundary method has been
recently developed and applled to solve two—dlmeq51onal '
scatterlng of harmonic elastic waves by canyons (Sanchez—
Sesma, 1978, 1981; Sabina et aE., 1979; Sénchez Sesma and
Rosenblueth, 1979; Wong, 1979, 1982; England eot-al., 1980;
S&nchez-Sesma et al., 1982a), alluvial déposits (Sdnchez -~
Sesma and Esquivel, 1979; Dravipski; 1982a, b, 19283) and
ridges (S&nchez-Sesma and Esquivel, 1980; Sanchez-Sesma

el al., 1982b5 for different types of waves and shapes orf
the scatterers. The method consists of constructing .the
scattered fields with linear combinations of members of a
c-complete family of wave functions (Herrera and Sabina,
1978) . These families of functions, wﬁich are solutions of
the governing equations of the problem, can be constructed
in a very general way, with single or multipolar sources
having their singularities outside the region of interest,
Coefficients of the linear forms thus constructed are ob-
tained from a least-squares matching of boundary conditions.'
As pointed out by Wong (1982), the method can be considered
ae a generalized inverse one., In doing this, Wong suggested
a procedure which 1mproves the solutlon numerlcally. A
general framework for the methed is given by a recent alge-

braic theory of boundary value problems (Herrera{ 1979,

1980 a, b).

" : s : . T - J—
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SUMMARY

A method for calculating the two-dimensional scattering of incident SH waves by canyons of arbitrary shape is
presented. The problem is formutated in terms of a Fredholm integral equation of the first kind with the integration
path outside the boundary. Poini-source discretization and a least-squares scheme are used. Numerical results

are compared with the known analytic solution for a semni-cylindrical canyon. Spatial variations of surface

amplitudes are computed for triangular and half-cycle sinusoidal canyons as well,

INTRODUCTION

Influence of local conditions on ground motion due to earthquakes has been recognized as a significant
feature in seismic design."? Topographic effects can introduce appreciable differences on seismic movements
between neighbouring sites, even when the distance from the active fanlt and predominant incident angles
do not change.

The subject has becn treated.in the literature as a problem of elastic-wave diffraction. Analytic solutions
for semi-cylindrical and semi-elliptical canyons under incident SH waves have been obtained.># An acoustic
approximation has been used for a similar problem where only vertically incident P waves are considered
in detail 5 By means of matched asymptotic expansions, expressions for the sotution of the SH-wave difiraction
problem have also been obtained.} This solution is restricted to low frequencies. Another approach assumes
periodicity of surface shape and uses discretized integral equations to describe the movement in the

neighbourhood of topographic irregularities with small slopes under low-frequency incident waves.® The.

SH-wave diffraction problem for canyons of arbitrary shape has been formulated in terms of a Frecdholm
integral equation of the second kind and applied to the study of topographic effects at Pacoima Canyon’.
Large ampiifications and decrements were found in harmocnic znalysis but computed response spectra
showed small differences, save for the range of high frequencies. For the same problem a multipole expansion
in terms of Hanke! functions about the origin and the least-squares method have been used.!® Comparison
of results with some known exact solutious yields very good agreement.

In the present work an alternative method is developed for solving SH-wave diffraction problems in
arbitrarily shaped canyons. The method makes use of an integral representation of scatiered-waves as a
simple layer potential® applied at interior points thus avoiding singularities in the kernel of the integral
equation. The idea is similar to Copley's® for Webcr's equation and has been applied by De Mey*® to the
soluuon of Laplace’s interior problem.

. The resulting Fredhoim integral equation of the first kind is drscrmzed with line sources concentrated at
an interior curve. Emphasis 1s on field representaiion rather than on selution of the integral cquation itself.
Thus, the Fredholm iniegral equation serves as an intermediate step in the problem formulatlon and provides
* a wszful tool to investigate some of the singularities of the operator.

Once the boundary conditions are established, a system of equations ts obtained which is solved in the
‘least-squares sense. ' '

* Associate Professor of Engineering.
t Prolessor of Engineering. -
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The method has been applied 1o solve scattering and diifraction of P and SV waves by canyonsi” as well
as ground motion of alluvial valleys under incident SH waves.'®

Questions arise on completeness of the ser of sources and wnvcrgencc of the method. We will not deal
with them in this work. It can be shown that the set of line sources located on an interior curve is complete
so that no additional sources are required to approximate the ficld outside the canvon and its boundary.
"The proof is similar to that used by Millar'® to establish the compicteness of the multipole expansion and its
normal derivatives, Given that the set is complete, it can be shown that the least-squares solution, when
applied on the boundary as done here, leads to an approximate solution that converges uniformly in the
mean to the exact solution as the number of sources tends to infinity.

For the semi-cylindrical canyon numerical results obtained by this method are compared with Trifunac’s
exact solution.? Convergence is illustrated showing results for increasing number of sources. Results are
‘provided also for half-cycle sinusoidal and triangular canyons.

PROBLEM FORMULATION

For the propagation of polanzcd SH waves, displacements in the z direction satisfy the scalar wave equation
& “ Ru 1 Pu . )

, oxt 6y T '
where ¢ = (u/p)? is the shear wave velocity, i the shear modulus, and p the mass density of the medium.
For harmomc waves of the form wexp (iwt}, equation (1) can be transformed into the Helmholtz equatlon
' & u *u
. Taxd 3}'2

where k wjfc is the wave number and w the circular frequency.
The traction-free boundary condition implies that at the free surface

éu
by a3
on ) )
where 1 is the normal vector to the half-space surface or to the canyon surface (Figure 1).
ey x
dE
E
vy
Figure I. Canyon geometry :
Assume that the solution has the form
u = 'O 4 gld) ) - (4)

where 1 is the free-field displacement (without suface irregularities) and u'd! the contribution of the

diffracted waves.
For illustration, consider a plane wave of unit amphtude that propagates towards the half space surface

4 = exp [iw(z——+.}i)] 5
cx €,

where ¢, = ¢/siny, ¢, = ¢/cosy and y is the incidence angle (Figure 2). To satisfy the free boundary
conditions at y = 0, a reflected wave must be given by

: u‘”=exp[iw(t—z_§—é)] , | " (6)

S Ku=0 | ' : Q@



L3

GROUND MOTION AT CANYONS OF ARBITRARY SHAPE o 443

ey y '

LI i e e F i x

Figure 2. Incident and reflected plane SH waves, free-field

Thus the free-field solution is obtained as &'® = u" + 47, which may be written as

u® = 2cos (%_y) expiw [(t - E{)] : (7

Assume that displacement »'?? can be expressed as a simple layer potential at interior curve C
wexe) = | (0GP 0185, L ®

where Q& C, Pe EudE (Figure 3}, o(Q) is the simple layer density—an unknown function to be determined

from the boundary coudltionsmand G(P, Q) is Green's function for a point @ in the half-space, that is, .
G(P, Q) satisfics

(g g+ ) 02,0 = - 801~ ) ©
.KC‘ -
" “\\ E_R | /’II
\\\ Q g ,"--.._.a'g
P’ T 3

Figure 3. Definiiion of regions R and £ and curves C, C, and 0F

- with the frec-surface condition

aG‘ . ’ .
3, =0 aty=0 (10)

where 8(-) is Dirac’s delta function, f the position vector of point P and &, the position vector of point Q.
Green's function is given by

G(P, Q) = - [H"”(krl) + HO(kr )] exp (:w!) (11)

where H{P(-) is Hankel’s function ofthe second kind and order zero, ry, = [{(x-x )} +(y— vﬂ) it, the distance -
from point Q(x,, 1) to point P(x, p), and ry = [(x—x)*+ (¥ + yo)l! is the distance from P to the image
point of Q with co-ordinates (x,, — yo). In this equation Hankel's function represents cylindrical SH waves
that propagate towards infinity with speed ¢ and satisfy Sommerfeld’s radiation condition.®

From equations {4) and (8) ore can write

u(P)zu‘”’(P)—b» L.:(Q)G(P,Q)&SO - | o

where PEFUBE

RLPlacmz, equation (12) in equation (3) for Pe2E, the resulting Fredholm integral equation of the first
kind is .

J' o padti 8(‘(P Q\ _ o' %(P)

énp

, PedE C(13)
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where np is the normal vector to boundary ¢£ at point P
To investigate conditions for which the solution of (13) is non- umque we will look for non-trivial
solutions ¢ of the homogencous problem

f @) aca(:: ;’Q) dS, =0, PedE (14)

Let ¢ be the solution of
2 2
i T P

et éy? (13)
in a region R, limited by C and C, (Figure 3). For a point P outside this region, applying Green's theorem!®
we get . . ’

oo G 9(: P, -
[l B2, 0- 40 %5 P ase - 0 | (16
cue, ODQ
Let ¢ = 0 at Cand &¢/fn = 0 at C;; that is, ¢ is an cigenfunction of the problem
&g & .
—a-)?z-'f"a—yz— +k ¢i =0 inR | .
$=0 atC A {7
Furthermore, by construction
°G(A Q) =0 at( . (18)
Gno . .
Then, from cquatlon (16), for P outside region R we get /29 )
J' 4(G) ~—=—=G(P,()dSy =0 B 03:)]
c .
For Pe3E, from equation (19) we may write
[ DD, BN
C ano aﬂp

That is, there are non-trivial solutions o(Q) = @4(()/ény when k coincides with the ¢igenvalues of the
problem defined by equations (17).
In particular, when R is a semi-circle with radms da, the elgenvalues are given by

= Imn - 21
km,n ao M ( )
* where j,, , is the nth root of the equation J,,(x) = 0, J,,(+) is the Bessel function of the first kmd and order m,
m=0,1,2,...and n=1,2,.

Given an arbitrary region R there exists an infinite sequence of e:genvalues k jor which the problem of
eguations (17) has a continuous solution }?

Nevertheless, there may be other non- trivial solutions of equation (14}, The eigenfunctions of the problem
defined by equations (17) provide only some of them. This suggests use of a suitable numencal approach
to avoid the lack of uniqueness. :

We seck a solution in the least-squares sense, that is, one for which the mean square error

J~ Sut(P) . it p)
P

or| omp inp

is minimum. This criterion and the source-discretization scheme shown betow lead us to a method which,

apparently, does not suffer lack of uniqueness, Thus, emphasis is Jaid on ficld representation rather than on

22)
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the solution of the integral equation itself. On the other hand, it can be shown that the set of line sources

is complete if we take a dense subset on C; it sutfices to select equally spaced points. Uniform convergence

‘to the exact solution in the mean is thus ensured. These idcas parallel those in the work of Millar.!*

' SOURCE-DISCRETIZATION AND NUMERICAL SOLUTION
Let o(Q) be of the form _ N
) N
o(Q) = Zb (1@~ @Cn}) : , (23)

where N is the number of sources of amplitude &, -at points Q, € C. Equations (12) and (13) can then be
written as :

‘ Py = uOPY 4 bGP0, 4
Rl
and
' 9GP, Q) _ _ &Py, '
’Elb anP EDP ° (25) .

In order to find the N unknowns b,, n=1,2,..., N, impose the condition from equation (13) at M points -

P,, on the boundary of the canyon .
Xy (P Q) 2Py

n=l » ﬁnp_ aﬂP

Equations (26) represent the standard problem of linear algebra of M equations with N unknowns

m=12,...,M (26)

[Amal (s} = (£, ' e

Good results can be obtained when M = N, but this case requires care in the choice of curve C. For
instance, when k coincides with or is very close to the eigenvalues of the interior problem (17), numerical
dimcult:cs arise (e.g. unrealistically large displacements or ili-conditioned operator). Modnfymg the choice
- ofcurve C changes the interior problem and removes the singularity.

It is convenient, though, to take M > N and solve in the least-squares sense** by means of

AL T ARl {b,} = [AZL TR} (28)
where [A* 1T is the transposed conjugate of the coefficients matrix. The resuitmg system of equations is of
order Nx N.

Once the values of b, n=12..N,ar obtained, cquation (24) aliows us to calculate the displacement
at any point of the region £ and its boundary. Solution of equation (28) is equivalent to obtaining a minimum
for the mgan square error in expression (22 '

RESULTS

In order to gauge the method’s accuracy, dmphccmcnts at point of a semi- cyhndmal canyon have been
calculated for several incidence angles and normalized frequencies

p=m = | | (29)

where A s thc incident wave lengih, a the radius of the canyon and thus 7 is the canyon width-to- wave-lenoth
ratio,

Vilues of real and imaginary parts of « at some points are presented in Table 1 for 7 = 2:0 and y = 30, 60,
A degrees using several values of V for the calculation. Comparison is provided with the exact values given
by Trifunac’s solution.? For the interior curve C, a semi-circuraference with radius (+8a and 99 co[locanon
pumts -at (hL boundary were u:.cd :
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Table 1. Comparison of results to exact solution, semi-cylindrical canyon, 7 = 2-00
[y = 30°} -
x/a M=10 M= 15 M=20 Exact
—150 0-74091 --1-15704 070448 —1:13299 0-70317 112942 0-70319  —~1-1294)
- 1-00 - 340383 —0-18822 — 346605 . ~0-37221 - 347828 (42692 - 347834 -0-42714
-~ 050 1-28720 048138 1-25202 0-49594 1-25098 049759 1-25097 0-49748
0-00 162731  —1-78459 1-59742 —1-76556 1-59831 - 176382 1-59343 —-1-76378
050 —1:79672 0-20781 - 176472 0-20801 - 1-76331 0-20677 - 1-76347 0-20669
100 1-43898 0-38959 — 1-42650 0-63539 - 1-4239] 0-72468 " - 1-42307 0-72470
1-50 —-0-12401 2-04079 —0-05495 2-06556 - 005054 2-06386 -~ 005053 2:06384
[y=60°) -
xla M=10 . M= 15 M =20 . Exact
- 1-50 - 1-83283 2-46628 ~1-76901 2:55157 —1-76450 2-55561 - 176450 2-55559
-1-00 2-92025 -3.02770 2-85687 ~2-74221 2:80912 —~2-63566 2-80893 —2-63559
- 050 264131  —1-31221 2-72037 - 1-24558 2:73097  —1-24294 2-73078 —~1-24296
0-00 —2-40835 007178 — 244644 0:14278 —2-45132 0-14889 —2-45120 0-14878
0-50 ‘1-51314 - —0-37793 1-51624 - (37835 i-52035 -—-0-37156 152027 —0-37135
1-00 0:70125 -0-67186 47134  —0-86228 0-3%808 -0-89220 0-38792 -0-89198
1-50 —0-04335 —-0-85681 —~0-99280 ~0-74464 —0-99267 0-73442 ~0-99266 —0-73446
’ [y = 90°] : . o
xla M=10 M=15 M=20 - Exact
-1-50 -~ 341897 —0-42424 - 340347 -0-18771 —=3-319576¢ -0-17178 —3:39574 -0-17174
- 1-00 470441 0-03372 4-13223 0-19777 3-62585 {-27071 . 392598 0-27041
—-0-50 ~3-53599 - —0-48741 — 348763 —0-44017 —3-47836 ~(42708 — 347834 -0-42725
0-00 2:60129 004269 2-66496 0-13720 2-65254 . 1-49088 2:65257 0-14950
0-50 —1-535%1 0-61482 - 143244 0-71927 -~ 1-42397 072545 - 142407 0-72483
1-00 —-0-06127 0-69389 —-0-01917 0-76622 ~ 004852 084105 —0-04860 . 0-34038 .
1-30 0-95417 0-13408 099010 0-23138 0-991956 0-24013 0-95201 0-24020
o I — : — e ee ¢ e
Re [“m] § h=041420 L&~ h=o =T
B T
8 P
- T: Sabino ond Willis
hl v ~~—=Point Sources methad
-0.04}- }\t\qao e
1 i ! |
o 0.2 0.4 0.6. 0.8 ._y/g- 10
! 0.5 — —T T I
' Sabina ond Willis
Im [”h”] wimmi-m Point Spurces method
o.of
0.05 }-
Fd ——=
/ R e
et he 041423
0 1 i : ! ]
O o 2 Q4. 06 Q.8 . .x/g- 10

Figure 4. Comparison for real and imaginary parts of 4'9) between numerical solution and solution obtained using matchcd
asympiotic expansions! at part of the surface of thc triangular canyon for y = 0 l/-rr
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) 1 ! | S R B B

-2 -1 0 i

x/a 2

- Figure 5. Displacement amplitudes at the surface of a triangular canyon with 45° slopes for different incidence angles

and normalized frequency n = 0-25

The mcthod also hac been applied to a seml-e]hptlcal canyon;!* agreement with the published exact
solution? is excellent.

Real and imaginary parts of the diffracted field at a portion of the surface of a triangular canyon for two

different depths, incidence angle y = — 45 degrees and normalized frequency % = 0-1/7 are shown in Figure 4
~ The sotution is compared with the one obtained by means of matched asymptotic expansions:!!

| ——

o e | )

) -

o 1 x/o 2

v

‘e it 6. Displacement afmplitudes at the surface of a triangular canyon with 45° slopcs l'or different incidence angies y
. : and normalized frequency n = 0-5
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for two-dimensional problems (Sinchez-Sesma, 1978, 1981; Sinchez-Sesma and
Rosenbiueth, 197% Sanchez-Sesma and Esquivel, 1879, 1980, Wong, 1979, 1982;
England et al,, 1980; Dravinski, 1982a, b; Sanchez-Sesma et al., 1982a, b is extended
here to three-dimensional cases. The method consists of constructing the scatiered
fields with linear combinations of members of a ¢c-complete family of wave functions
(Herrera and Sabina, 1978) which are solutions of Navier's equations. Coefficients
of the linear forms thus constructed are obtained from a collocation, least-squares
matching of boundary conditions. As pointed out by Wong (1982), the method can
be considered as a generalized inverse one. In doing this, Wong sugwe:,ted a procedure
which improves the solution numerically.

The families of solutions can be formed in a very general way with sources having
their singularities outside the region of interest and fulfilling radiation conditions
if the region is infinite. A general frainework fur the method is given by a recent
algebraic theory of boundary value problems (Herrera, 1979, 19804, b).

It is convenient that the mentioned solutions satisfy boundary conditions on the
free surface of the half-space leaving only the region of the irregularity for numerical
treatment. However, in some cases this requirement introduces severe restrictions
in. numerical calculations because of the lengthy computations needed to obtain
such solutions. It has been found in a recent, two-dimensional analysis of the
scattering of P, SV and Rayleigh waves (Sanchez-Sesma et al, 1982a) that the use

of solutions that actually do not satisfy free-boundary conditions gives results which

agree very well with those of Wong (1979, 1982) for a semi-circular canyon. These
solutions for the displacement fields were constructed using only Hankel and
trigonometric functions. Of course, the numerical treatment included the free
boundary. However, the computational effort, even with the addition of part of the

half-space surface, was greatly reduced. A relatively small part of the free surface -
(three times the radius of the canyon at both sides of it) needed to be considered to

obtain convergent results for the range of frequencies considered; i.e., w = 78/2q,
where a = radius and 8 = velocity of shear waves (Sanchez-Sesma et al., 1982a).

In this work, the three-dimensional scattered displacement fields are constructed
with linear combinations of solutions of Navier's equations, which are given in
terms of spherical Hankel and Bessel functions, associated with Legendre and

trigonometric functions (Takeuchi and Saito, 1972; Aki and Richards, 1980). Since .
each of these solutions does not satisfy in itself the free-boundary conditions, the

numerical treatment is extended to part of the half-space surface, as has already
been mentioned. These solutions have been widely used in seismology to deal, for
example, with the free oscillations of the earth. Here, the origin of the sphencal
coordinate system is on the surface of the half-space.

In the present approach, axial symmetry of the scatterer is aqsumed in order to
allow azimuthal decomposition. That is to say, the problem is split into “two-
dimensional” problems. For normal incidence of P or SV waves, only one azimuthal
number is required. For nearly vertical incidences or long wavelengths of the
apparent incident surface field, only a few terms of the azimuthal decompoqltlon
are needed to give good results,

Some numerical examples are given for vertically incident P waves on different

surface irregularities,

THE PROBLEM

Consider the élastic half-space and a three-dimensional surface irregularity rep-
resented in Figure 1 by regions £ and R, respectively. Let 0, E and 3, R be the free
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boundaries of the regions, and 3,£ = 8,/ he the common boundary between them.
Under incidence of elastic waves, the irregularity generntes diffracted fields that
should be superimposed on the free-field solution, that is to say, on the fields in
absence of irregularity.

Under the assumption oftimc dependence given hy exp(:wr) where [ = \/-Tf, w=
circular frequency, and ¢ = time, the displacement vector; &, must satisfy the
reduced Navier equation, which in vector form is given by

JTAvAR +(?\+p)VVu+pwu-—0. o (1)

Here )\, u = Lame constants, and p = mass density. ’Ihesn constants should be
particularized for each medium. :
We can write the tota! fields as

als.= 19 4 g | . ‘ - (2)
for the regibn E,' and '

3R

5® = 6 ? @

for regxon R.In equatlon (2) @‘* is the displacement vector of the free-field solution.
In equations (2) and (3), &' and ' represent the scattered and refracted ﬁelds in
the half-space and the irregularity, respectively.

R

3 E

Tl AN e ANCA

"F16., 1. Definition of regions E and R and their boundaries.

The boundary conditions that must be satisfied by the total fields are given by

3

s(if) =0 in 4,E, . )
3@ =0 in AR, ®
“s(afy = 5(a®) in %E, and ' {6)

a* =g* in @,F. ‘ _ (7

In these equations, & stands for the traction vector associated with a particular
displacement field and with the normal vector to the boundary. Assume, for
definiteness, that the normal vector on the common boundary is directed toward R.
The first two of equations {4) to (7) are the boundary conditions of free surface,
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_ Fi6. 7. Surface amplitudes of vertical and horizontal displacements. Semi-spherical cavity, Normal-
jzed frequency 5, = 1.50. Poisson coefficent » = 0.25. ‘
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A ridpe was also studied with o shape given by the negative of equation (31).
Figure 10 shows the disolacenwent amplitudes for vertical incidence of P waves with .
a normahzed frequency g, = 0.5. Poisson's coefficient is » = 0.3, Here, 90 collocation
points were used distributed as follows: 30 in the fictitious interface; 20 in the
surface of the ridge itself; and 40 in part of the free surface in a length of 3a, where
2a = maximum horizontal dimension of the ridge. The orders of expansions were
15 for the interpal and external regions, Residual tractions do not exceed 4 per cent
of the reference value. An amplification of vertical motion of 60 per cent at the top
‘of the ridge and a reduction of about 25 per cent near the base can be observed. In
this e‘xample, horizontal motion has small relative amplitudes. The results for the

ver_tical
- .
| 1.0 4 e S .
/ \.\ ) )
;o Se~—e . ___horizontal
., T - T . T : 1
0 05 - _ 1.0 R B .20

x/a

F1i:. 9. Surface amplitudes of vertical and horizontal displacements. Axisymmetric alluvial deposit
with A/a = 0.5, Normalized frequency 5, = 1.0. Poisson coellicients vg = .30 and vg = 0.25. Material
properties pp/up = 0.3 and pu/pe = 0.6. : - ’

ridge studied are similar to those obtained for incident SH waves on & two-
dimensional ridge (Sills, 1973; Sanchez-Sesma ¢t al., 1982b).

-The results presented in this section were obtained from a “trial and error”
procedure to determine the order of expansions and the number and location of
collocation points. This procedure was based upon the error analysis on boundary
.conditions and the stability of the calculated surface field. Typically, when the
residual tractions are less than, say, 5 per cent of the reference value, the calculated
displacement fields of various analyses do not present significative changes. Addi-
tional research is needed to generate rules for practical assessment of the calculation .
parameters. '

Fic. 8. Surface ampiimdes of vertical and horizontal displacements. Semi-spherical alluvial deposit.
Normalized frequency n,'= 0.5. Poissnn coefficients »g = 0.30 and »x = 0.25. Malerial properties pe/pe =
0.3 and pg/pe = 0.6. .



- 4

Sean las soluciones de la ec 1 de las formas

: o 3 N n ‘ e X . , '
.. afa e 1 o: Aﬁnm v?nm‘ N €3
o jul n=0 m=0 3 3 _ '
3 N oY )
afe z 1 Bb.lnm wl"nm o 3 .
j=1 n=0 m=0 J J . ;
para las regiones E y R, respectivamente. En la ec Z;E(O) =
vector de desplazamientos de campo libre y wk = elemento del

. ‘ . nm_ .
conjunto completo de soluciones de la ec 1 @n E que satisface

la condicidn de irradiacidn al infinitoe., En la ec 3, wl @
- . . Jum
elemento del conjunto completo de soluciones de la ec 1 en R.
AN y BN son coeficientes indeterminados .y N es el orden de
138%apro2 Raciones. L X
A partir de las ecs 2 y 3 'y las condiciones de frontera se
"obtienen ecuaciones para cada punto de la fromtera (3 en 3:E o
" 91R o 6 en 32E = 3;R). Imponiendo dichas condiciones en un nd-
mero suficiente de puntos de cofocacién y buscando que el ericst
cuadrdtico a lo largo de la frontera sea minimo se obtienen los
coeficientes.de las ecs 2 y 3. Este criterio de colocacidn y
minimos cuadrados ha sido probado en problemas bidimensicnales
(20, 22, 23).

~CAMPO LIBRE Y CAMPOS DIFRACTADOS

_ -Puede demostrarse (19) que los campos libres y difractados
admiten representacidn en series de Fourier con respecto a la
coordenada azimutal ¢, que aparece en la Fig 2 donde se muestra
el sistema de coordenadas esféricas. En el caso del campo li-
bre la representacidn se obtiene a partir del desarrollc del
factor de propagacidn exponencial en una serie de funciones de
Bessel y cosenos de miltiplos de ¢. Por otra parte, los campos
difractados son de tres tipos: esferoidales de ondas P y S y to
roidales de ondas S y son, en general, vectores de la forma N

y L ) : .
£ (r) F_ (8, ¢) | (4)

~donde £ (r) = funcién escalar que se expresa en sus diferentes:
‘ n oo . : LT T

formas mediante funciones esféricas de Bessel o de Hankel v

Fﬂ = funcidn vectorial que se expresa con funciones trigonomé-

tricas de 6 y la funcidn

Y7 (8, ¢) = P (cos 6) eiumd | 5)

) , .
y sus primeras derivadas. En la ec 5 p® (.) = funcidn de Legen
dre conm = 0, * 1, ¢ 2, ,.,, % n, Puede verse que también pa-
ra los campes difractados se ticnen expresiones ‘en donde apare-
cen separadamente senos y cosenos de m¢, donde m- = nimero azimuy
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tal. Si el difractor es axisimétrico se encuentra que la orto-.
gonalidad de las funciones trigonométricas del &dngulo azimutal
¢ permite resolver el problema como bidimensdional, para cada nf
meroc azimutal. Para incidencia vertical de ondas P o S basta
tomar m = 0 & 1, respectxvamen:e.

RESULTADOS NUMERICOS

Se presentan resultados numéricos para el caso de inciden
cia normal de ondas SV y P a dos tipos de irreguldridades topo
grificas: wvalles aluviales y promontorios. Las ondas inciden
tes, asi como las difractadas, sonrn funcidn de las frecuencias

normalizadas
- o ka 2a : qa 2a . .
q, = 2228 5 g e d8 .22 . (6)
k .ﬂ X q b Aq |
donde Ay, Aq = longitud de las ondas incidentes SV y P, respec
~ tivamente, a = semiancho de la irregularidad, k; q = nlmero de
onda de cortante y compresidn, respectivamente y ng, ng = fre-

cuencia normalizada de cortante y compresidn, respectivamente.
Todos los resultados que se presentan corresponden a ondas inci
dentes con frecuencia normalizada nk ) nq igual a 1.0.

Para determinar el orden de los desarrollos asi como el ni

. mero y la posicidn de los puntos de colocacidn se émplea un pro
‘cediniénto de prueba y errcs. Dicho procedimiento se basa en

el andlisis del error en las condiciones de frontera y de la'es
tabilidad del campo de superficie libre. Para los cdlculos, el
orden de los desarrollos fue de 10 y el nilmero de puntos dé co-
locacién dé 30 distribuidos tniformemente en od;R, 33R y una por
cidén de 3,E con longitud de 2a, con lo cual se obtuvierom trac-
ciones residuales que no excedieron el 6% del m3ximo esfuerzo en
la solucién de cazpo libre.

En la Fig 3 se presentan resultados para el caso de inciden.

cia de ondas P a 'un promontorlo deflnldo por

z =h [1 - 352 +28%], 0< & <1. | | (7).

donde h = maxima altura o profundidad de la 1rrepular1dad y

& = (x* + y*)1/2/a. 1Las amplitudes de los desplazamientos co-

rresponden a una relacidn de aspecto, h/a, 1gua1 a 1.0 y un még-~
dulo de Poisson, Vg, igual a 0.25. Para el mismo ejemplo, .pero
para inc¢idencia de ondas SV se obtuvieron los resultados que se
muestran en la Fig 4. En ambos casos sé presentan amp11f1c3c1o

nes importantes con ordenes mixinos de 2 para ondas Py 2 5> pa-
ra . Sv, :

En las Fig 5 y Fig 6 se presentan resultados para un valle
aluvial, definido per la ec 7, cuando inciden ondas P y SV, res
pectivamente. En ambos casos 1os parimetros son h/a = 0. J

_DR/FE = 0.25, - oz/pz = 0.75, = 0,20 y v = 0.25. En cs:e ti

et et e



po de irregularidad tambié&én se presentan amplificaciomes impor ; -
tantes, con Ordenes miximos de 2,0 para ondas P y 3.0 para SV.

 Para la frecuencia adimensional considerada, en el promon e
torio se encontraron importantes amplificaciones y reducciones '
de las amplitudes de los desplazamientos, mientras que en el
valle solo se encontraron amplificaciones,

CONCLUSIONES

Se ha aplicado un método de frontera para resolver el pro
blema de difraccifn de . ondas eldsticas por irregularidades to-
pogrificas tridimensionales. Los resultados obtenidos muestran
la generacifn de amplificacioncs importantes en la superficie
libre de las irregularidades, por lo que la influencia de estas
en el movimiento sismico puede ser significativa en disefo.

En este trabajo se estudiaron irregularidades axisimétri-
cas e incidencia vertical. Es importance estudiar los casos de
incidencia oblicua de ondas de cuerpo asi como de ondas superfi
ciales. Es de esperarse que los efectos de cambios del angulo
de incidencia sean significativos. :

En andlisis posteriores sera importante estudiar la varia
cidn de los resultados para un rango de frecuencias suf1c1ence o
mente amplio.
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Chapter 6
SEISMICITY

LUIS ESTEVA

Instituto de Ingenieria, Universided Nacional Auténoma de México, Mexico

6.1 ON SEISMICITY MODELS

Rational formulation of engineering decisions in seismic areas. requjres
quantitative descriptions of seismicity. ‘These descriptions should conform
with their intended applications: in some instances, simultaneous intensities
during each- earthquake have to be predicted at several locations, while in
others it suffices to make independent evaluations of the probable effects of
earthquakes at cach of those locations. ‘

The second model is adequate for the selection of design parameters of
individual components of a regional system (the structures in a region or
country) when no significant interaction exists between response or damacge
of several such individual components, nr hatwean any of them and the
system as a whole. In other words, it applies when the damage — or negative
utility — inflicted upon the system by an earthquake can be taken 51mply as
" the addition of the losses in the individual components.

The linearity between monetary values and utilities implied in the second
model is not always applicable. Such is the case, for instance, when a sig-
nificant portion of the national wealth or of the production system is con-

- centrated in a relatively narrow area, or when failure of life-line components
may disrupt emergency and relief actions just after an earthquake. Evalua-
tion of risk for the whole regional system has then to be based on setsmicity
models of the first type, that is, models that predict simultancous intensities
at several locations during each event; for the purpose of decision making,’
nonlinearity between monetary values and utilities can he accounted for by
means of adequate scale transformations. These models are also of interest to
insurance companies, when the probability distribution of the maximum loss
in a given region during a given time interval is to be estimated.

Whatever the calegory to which a seismic risk problem belongs, it reguires
the prediction of probability distributions of certain ground motion char-
acteristics (such as peak ground acceleration or velocity, spectral density,
response or Fourier spectra, duration) at a given site during a single shock or
of maximum values of some of those characteristics in earthquakes occurring
during given time intervals, When the reference interval tends to infinity, the
probabilily distribution of the maximum value of a given characteristic ap-
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- proaches that of its maxinumm possible value., Because different systems or
subsysiems are sensitive Lo different ground motion characteristics, the term
intensity characteristic-will be used throughout this chapter to mean a partic-

ular parameter or set of parameters of an carthquake motion, in terms of .

which the response is to be predicted. Thus, when dealing with the failure
probability of a sfructure, intensity can be alternatively measured — with
different degrees of correlution with structural response — by the ordinate of
the response spectrum for the corresponding period and damping, the peak
ground acceleration, or the peak ground velocity.

In general, local instrumental information does not suffice for estimating
the probability distributions of maximum intensity characteristics, and use
has to be made of data on subjective measures of intensities of past earth-
quakes, of models of local seismicity, and of expressions relating characteris-
tics with magnitude and site-to-source distance. Models of local seismicity
consist, at least, of expressions relating magnitudes of earthquakes generated
in given volumes of the earth’s crust with their return periods. More often
than not, a more detailed description of local seismicity is required, includ-.
ing estimates of the maximum magnitude that can be generated in these
volumes, as well as probabilistic {stochastic process) models of the possible
histories of seismic events {defined by magnitudes and coordinates).

This chapter deals with the various steps to be followed in the evaluation
of seismic. risk at sites where information other than direct instrumental
records of intensities has to be used: identifying potential sources of ac-
tivity near the site, formulating mathematical models of local scismicity for
cach source, obtaining the contribution of each source to seismic risk at the
. site- and adding up contributions of the various sources and combining in-
formation obtained from local seismicity of sources near the site with cata
an instrumental or subjective intensities observed at the site. -

The foregoing steps consider use of information stemming from sources of -
different nature. Quantitative values deérived therefrom are ordinarily tied to
wide uncertainty margins. Hence they demand probabilistic evaluation, even
though they cannot always be interpreted in terms of relative frequencies of
outcomes of given experiments. Thus, geologists talk of the maximum mag-
nitude that can be generated in a given area, assessed by looking at the di-
mensions of the geological accidents and by extrapolating the observations
of other regions which available evidence allows to brand as similar to the
one of interest; the estimates produced are obvicusly uncertain, and. the |
degree of uncertainty should be expressed together with the most probable
value. Following nearly parallel lines, some geophysicists cstimate the energy
that can be liberated by a single shock in a given area by making quantitative
assumptions about source dimensions, dislocation amplitude and stress drop,
consistent with tectonic models of the region and, again, with compansons
with areas of similar tectonic characteristics.

Uncertainties attached to estimates of the type just described are in gen-
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eral extremely large: some studies relating fault rupture area, stress drop,
and magnitude (Brune, 1968) show that, considering not unusually high
stress drops, it does not take very large source dimensions to get magnitudes .
. 8.0 and greater, and those studies are practically restricted to the simplesi
types of fault displacement. It is not clear, therefore, that realistic bounds
"can always be assigned to potential magnitudes in given areas or that, when
this is feasible, those bounds are sufficiently low, so that designing structures
to withstand the corresponding intensities is economically sound, particular- -
ly when occurrence of those intensities is not very likely in the near future:
Because uncertainties in maximum feasible magnitudes and in other param-
eters defining magnitude-recurrence laws can be as significant as their mean
values ‘when trying to make rational seismic design decisions, those uncer-
" tainties have to be explicitly recognized and accounted for by means of -
adequate probabilistic criteria. A corollary is that geophysically based esti--
mates of seismicity parameters should be accompanied with correspondmg
uncertainty measures.

Seismic risk estimates are often based only on statistical information (ob-
served magnitudes and hypocentral coordinates). When this is done, a wealth
of relevant -geophysical information is neglected, while the probabilistic pre-
diction of the future is made to rely on a sample that is often small and of
Little value, particularly if the sampling period is'short 2s compared with the -
desirable return period of the events capable of severely damaging a given
system. ‘

The crlterlon advocated here intends to unify the foregoing approaches
and rationally to assimilate the corresponding pieces of information. its
philosophy consists in using the geological, geophysical, and all other avail-
ab!e non-statistical evidence for producing a set of alternate assumptlonS'
concerning a mathematical (stochastic process) model of seismicity in a given
" source area. An initial probability distribution is assigned to the set of hy-

potheses, and the statistical information is then used to improve that probabil-
ity assignment. The criterion is based on application of Bayes theorem, also’
_called the theorem of the probabilities of hypotheses. Since estimates of
risk depend largely on conceptual models of the geophysical processes in-
volved, and these are knownswith different degrees of uncertainty in differ-
ent zones of the earth’s crust, those estimates will be derived from stochastic
pré’cess models with uncertain forms or parameters. The degree to which
these uncertainties can be reduced depends on the limitations of the state
of the art of geophysical sciences and on the effort that can be put into .
compilation and interpretation of geophysical and statistical information.’,
This is an-economical problem that should be handled, formally or mformal
ly, by the criteria of decision makmg under uncertamty :
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lowing expression relating magnitude M, hypocentral distance R (in kilo-
meters) and mt,ens:ty I (Esteva, 1968): . -

I=145M—57log o R+7.9 - - (6.1)

, The prediction error, defined as the difference between observed and

computed intensity, is roughly normally distributed, with a standard devia-
tion of 2.04, which means that there is a probability of 60% that an ob-
served intensity is more than one degree greater or smaller than its pre-
dicted value.

6.2.1.2 Peak ground accelerations and velocities -
A few of the available cxpressions will be described. Their companson will
show how cautiously a designer intending to use them should proceed.
 Housner studied the attenuation of peak ground accelerations in several .
regions of the United States and presented his results graphically (1969) in
terms of fault length (in turn a function of magnitude), shapes of isoseismals
“and areas.experiencing intehsities greater than given values (Fig. 6.4 and 6.5).



1856 -

!

|

|

_-.L_._Der__.u!._,
I
; i
i
EUREKA l
....... I
_I
: -
SAN FRANCISCO

..... |
Rossi- Forel scule |
E D =1l Las VEGA.E,

3 Vil-1X
50 100

x-x o 20
) Miles
Fig. 6.3. Isoseismals in Califarnia. (After Bolt, 1970.)

He showed that intensities altenuate faster with distance on the west coast
than in the rest of the country. This comparison is in agreement with Milne
and Davenpaort (1969), who performed a similar analysis for Canada. From
‘observations of strong earthquakes in Californita and in British Columbia,
they developed the following expression for a, the peak ground acceleration,
as a fraction of gravity:

a/g = 0.0069 e'%Y/(1.1 AR R% a 5 (6.2)

Here, R is epicentral distance in kilometers. The acceleration varies
roughly as "% % for large R, and as €3*" where R approaches zero.
This reflects to some extent the fact that energy is released not at a single
point but from a finite volume. A later study by Davenport (1972) led him
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to propose the expression:,

a/g =(.279 eO.B.‘Ir/Rl.(M : (6.3)

The statistical error of this equation was studied by fitting a lognormal
probability distribution to the ratios of observed to computed accelerations.
A standard deviation of (.74 was found in the natural logarithms of those
ratios. '

Esteva and Villaverde {1973), on the basis of accelerations reported by
Hudson (1971, 1972a,b), derived expresslons for peak ground accelerations
and velocities, as follows:

ojg = 5.7 OB )(R + 407 - (8.4)

v=32eM(R +25)17 o (6.5)

Here v is peak ground velocity in cm/sec and the other symbols mean the
same as above. The standard deviation of the natural logarithm of the ratio
of observed to predicted intensity is 0.64 for accelerations and 0.74 for
velocities. If judged by this parameter, eqs. 6.3 and 6.4 scem equally reliable.
However, as shown by Fig. 6.6, their mean values differ significantly in some
ranges.

With the exception of eq. 6.2, all the foregoing attenuation expressions
are products of a function of R and a function of M. This form, which is ac-
ceptable when the dimensions of the energy-liberating source are small com-
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pared with R, is inadequate when dealing with earthquake sources whose
dimensions are of the order of moderate hypoceniral distances, and often
greater than them, Although cquation errors (probability distributions of the
ratio’ of observed to predicted intensities) have been evaluated by Davenport
(1972) and Estevaand Villaverde (1973), their dependence on M and R has not
been analyzed. Because scismic risk estimates are very sensitive to the at-
tenuation expressions in the range of large magnitudes and short distances,
more’ detailed studies should be undertaken, aiming at improving those ex-
pressions in the mentioned rangé, and at evaluating ihe influence of M and R
on equation error. Information on strong-motion records will probably be
scanty for those studies, and hence they will have to be largely based on
analytical or physical models of the gencration and propagation of seismic
waves. Although significant progress has been lately attuined in this direction .
(Trifunac, 1973) the results from such models have hardly influericed the

-~
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practice of seismic risk estimation because they have remained either un-
known to or imperfectly apprecinted by engineers in charge of the cor-
responding decisions.

6.2.1.3 Response spectra

Peak ground acceleration and displacement are fairly good indicators of
the response of structures possessing respectively very high and very small
natural frequencies. Peak velocity is correlated with the response of inter-
mediate-period sysiems, but the correlation is less precise than that tying the
former parameters; hence, it is natural to -formulate seismic risk evaluation
‘and engineering design criteria in terms of spectral ordinates. '

Response spectrum prediction for given magnitude and hypocentral or
site-to-fault distance usually entails a two-siep process, according to which
peak ground acceleration, velecity and displacement are initially estimated
and then used as reference values for prediction of the ordinates of the re-
sponse spectrum. Let the second step in the process be represented by the
operation ¥, * ay,, where y, is an ordinate of the response spectrum for a
given natural period and damping ratio, and y, is a parameter (such as peak
ground acceleration or velocity) that can be directly obtained from the time-
history record of a given shock regardless of the dynamic propertigs’bf the
systems whose response is to be predicted. For given Mand R, ¥, is random
and so is ¥, /y, = «; the mean and standard deviation of ¥, depend on those
of y, and a and on the coefficient of correlation of the laiter variables. As
shown above, y, can only be predicted within wide uncertainty limits, often
wider than those tied to y, (Estera and Villaverde, 1973). The coefficient of
variation of y, given M and R can be smajler than that of v, only if a and
¥, are negatively correlated, which is often the case: the greater the devia- -
tion of an observed value of y, with respect to its expectaiion for given M
and R, the lower is likely to be o. In other words, it seems that in the inter-
mediate range of natural periods the expected values of spectral ordinates for
given damping ratios can be predicted directly in terms of magnitude and
focal distance with narrower (or at most equal) margins of uncertainty than
those tied to predicted peak ground velocities. For the ranges of very short
or very long natural periods, peak amplitudes of ground motion and speciral
ordinates approach each other and their standard errors are therefore nearly
equal. ‘ .

McGuire (1974) has derived attenuation expressions for the conditional
values (given M and R} of the mean and of various percentiles of the prob-
ability distributions of the ordinates of the response speetra for given natural
periods and damping ratios. Those expressions have the same form as eqgs.
6.4 and 6.5, but their parameters show that the rates of attenuation of spec-
tral ordinates differ significantly from those of peak ground accelerations or
- velocities. For instance, McGuire finds that peak ground velocity attenuates
“in proportion to (R + 25)71-20 while the mean of the pseudovelocity for a
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TAMLE 6.1
McGuire’s attenuation expressions y = by IOD’M(R + 25)*53

Yy by bq bs Viy} = coeff. of
: : var.of y
a gals 472.3 0.278 1.301 0,548
v cmfsec 5.64° . 0.401 1.202 0.696
dcem 0.393 - 0.434 0.885 0.883
Undamped spectral pseudovelocities : ’ o
T =0.15sec 11.0 ’ 0.278 1.346 0.941
0.5 3.05 . 0.3 1.001 0.636
1.0 0.631 0378 0.549 0.768
2.0 0.0768 0.469 .0.419 0.989
5.0 ) 0.0834 0.564 . 0.897 1.344
5% damped spectral pseudovelocities .
T =10.1sec 10.09 0.233 1.341 0.651
0.5 ) © 5.4 0.356 1197 0.591
1.0 . 0.432 0.399 0.704 0.703
2.0 - 0.122 0.466 0.675 0.941:
- 50 . 0.0706 * 0.557 0.938 -1.193 -

natural period of 1 sec and a damping ratio of 2% attenuates in proportion
to (R + 25)7959" These resuits stem from the way that frequency content’
changes with R and lead to the conclusion that the ratio of spectral velocity
_ should be taken as a function of M and R,
Table 6.1 summarizes McGuire’s attenuation expressions and their coef-
ficients of variation for ordinates of the pseudovelocily spectra and for peak
" ground acceleration, velocity and displacement. Similar expressions were
derived by Esteva and Villaverde (1973), but they are intended to predict
only the maxima of the expected acceleration and velocity spectra, regard-
. less of the periods associated with those maxima. No analysis has been
performed of the relative validity of McGuire’s and Esteva and Villaverde's
expressions for various ranges of M and R.

6.3 LOCAL SEISMICITY

The term focal ‘seismicity will be used here to desipnate the degree of
seismic activity in a given volume of the earth’s erust; it can be quantitatively
described according to various criteria, each providing a different amount of
information. Most usual criteria are based on upper bounds to the mag-
* nitudes of earthquakes that can originate in a given seismic source, on the
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amount of cnergy liberated by shocks per unit volume and per unit time or
on more detailed statistical deseriplions of the process.

6.3.1 Magnitudc-recurrence expressions

Gutenberg and Richier (1954) obtained expressions relating earthquake
magnitudes with their rates of occurrence for several zones of the earth.
Their results can be put in the form:

A = ae M ~ (6.6)
where A is the mean number of earthquakes per unit volume and per unit
time having magnitude greater than M and « and § are zonedependent con-
stanfs; « varies widely from point to point, as evidenced by the map of
epicenters shown in Fig. 6.7, while § remains within a relatively narrow
range, as shown in Fig. 6.8, Equation 6.6 implies a distribution of the en-
ergy liberated per shock which is very similar to that observed in the process
of microfracturing of laboratory specimens of several types of rock subjected

to gradually increasing compressive or bending strain (Mogi, 1962; Scholz,

1968). The values of § determined in the laboratory are of the same order
as those obtained from seismic events, and have been shown to depend od
the heterogeneity of the specimens and on their ability to yield locally.
Thus, in heterogeneous specimens made of brittle materials many small
shocks precede a major fracture, while in homogeneous or plastic materials
the number of small shocks is relatively small. These cases correspond to
large and small §-values, respectively. No general relationship is known to the
writer between [ and geotectonic features of seismic provinces: complexity

of crustal structure and of stress gradients precludes extrapolation of lab-

oratory resuits; and statistical records for relatively small zones of the earth
are not, as a rule, adequate for establishing local values of . Figure 6.8
shows that for very high magnitudes the observed frequency of events is
lower than predicted by eq. 6.6. In addition, Rosenblueth {1969) has shown
that § cannot be smaller than 3.46, since that would imply an infinite
- amount of energy liberated per unit time. However, Fig. 6.8 shows that the
values of § which result from fitting expressions of the form 6.6 to observed
data are smaller than 3.46; hence, for very high values of M (above 7, ap-

proximately) the curve should bend down, in accordance with statistical

evidence.

Expressions alternatwe to eqg. 6.6 have been proposed, attempting to rep-
resent more adequately the observed magnitude-recurrence data (Rosen-
blueth, 1964; Merz and Cornell, 1973). Most of these expressions also fail to
recognize the existence of an upper bound to the magnitude that can be gen-
erated in a given source. Although no precise estimates of this upper bound
can yet be obtained, recognition of its existence and of ils dependence on
the geotectonic characteristics of the source is inescapable. Indeed, the prac-



/7

(“TLBT 'Yionjquesoy pue NITWMIN ._S..Ev 18GT—1061 [EAZ0IUL 2wy 10] siajusnrde fuimoys depy -L'g 'S

ﬂmja::._.n..!:uaﬂa.iﬂgq:,ra.iﬁianﬁa32iﬂ?aﬂau
IS Bac s Al Bt Mt M M Mt et o 4t T - Wt atiiiasts Matiakies i/ duetends Monmnd enetiny |

™




500 . .
Hegion | 3
Circempacitic telt E_'_‘i_
1001~ Homaewe 11,70 1
Lea-sosmigty iegion { 2768
e[x ]
1G -
5
(o
-
—[_ow’seismicny regqion .
0.0% \
=
— -gM
N E[A(M)]mve"'
o0 ! ! -t ! i
0.00 6 7 8 9 M 0

Fil";. 6.8. Seismicity of macrozones. {After Esteva, 1968.)

tice of scismic zoning in the Soviet Union has been based on this concept
(Gzovsky, 1906%; Auaniin et zl,, 1968} and in many countries design spectra
for very important structures, such as nuclear reactors or large dams, are
usually derived from the assumption of 2 maximum credible intensity at a
site; that intensity is ordinarily obtained by taking the maximum of the
intensities that result at the site when at each of the potential sources an
earthquake with magnitude equal to the maximum fcasible value for that
source is generated at the most unfavourable location within the same
source. When this criterion is applied no attention is usually paid to the
uncertainty in the maximum feasible magnitude nor to the probability that

" an earthquake with that magnitude will occur during a given time period.
The need to formulate seismic-risk-related decisions that account both for °
upper bounds to magnitudes and for their probabilities of occurrence sug;
gests adoption of magnitude recurrence expressions of the form:

A=A, G¥M) forM <M< My

= AL for M < My,

=0 for M > My ' (6.7)
where M = lowest ma-gnitude whose contribution to risk is significant, My
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= maximum feasible magnitude, and G*(M) = complementary cumulative
probability distribution of magnitudes every time that an event (M > M_).
occurs, A particular form of G*(M) that lends itself to analytical derivations
is: - . .

G*(M) = Ag+ Ay exp(—BM) — A, exp[-{B— B )M] - . (6.8)
where:
o = ABy exp[—B(My — M,)]
_ = A(S—8,) exp(BMy)
Ag = Ag exp(—B, My + M)
A =[B{1 —exp[—B,(My—M)]} By {1 —exp[—B(My— M )]} ]}

As M tends to M, from above, eq. 6.7 approaches eq. 6.6. Adoption of
adequate values of My and 8, permits satisfying two additional conditions:
the maximum feasible magnitude and the rate of variation of X in its vicinity.
When f3; = =, eq. 6.8 tends to an e\cpressmn proposed by Cornell and
Vanmarcke (1969)

Yegulalp and Kuo (1974) have applied the theory of extreme values to
est:matmg the probabilities that given magnitudes are exceeded in given time
, intervals. They assume ihose probabilities to fit an extreme type-II1 dis-
tribution given by: ‘

-(Mit) = exp[-—C(MU —~AM)*t] forM< My
=0 forM)MU A - (6.9)

max

Here F.,,m (M| t) indicates the probability that the maximum magnitude ob-
served in f years is smaller than M, My has the same meaning as above, and
C and K are zone-dependent parameters. This distribution is consistent
with the assumption that earthquakes with magnitudes greater than M take
place in accordance with a Poisson process with mean rate A equal to C(My
—M)*. Equation 6.9 produces magnitude recurrence curves that fit closely
the statistical data on which they are based for magnitudes above 5.2 and
return periods from 1 to 50 years, even though the values of My that
result from pure statistical analysis are not reliable measures of the upper
bound to magnitudés, since in many casés they turn out inadmissibly high.
'For low magnitudes, only a fraction of the number of shocks that take
- place is detected. As,a consequence, A-values based on statistical informa-
tion lie below those computed according to eys. 6.6 and 6.8 for M smaller
than about 5.5, In addition, Fig. 6.9, taken from Yegulalp and Kuo (1974),
shows that the numbers of detected shocks fit the extreme type 11l in eq. 6.9
~ better than the extreme type-I distribution implied by eq. 6.6., coupled with"
the assumptinn’ of Poisson distribution of the number of events. It is not .
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clear what portion of the deviation from the extreme type-1 distribution is
due to the low values of the detectability levels and what portion comes
from differences between the actual form of variation of A with M and that
given by eq. 6.6. The problem deserves attention because estimates of expect-
¢d losses due to nonstructural damage may be sensitive to the values of A for
small magnitudes (say below 5.5) and because the evaluation of the level of
seismic activity in a region is often made to depend on the recorded numbers of
small magnitude shocks and on assumed detectability levels, j.e. of ratios of
numbers of dclected and occurred earthquakes (Kaila and Narain 1971;
Kaila et al., 1972, 1974). . _

None of the expressions for X presented in this chapter possess the desir-
able property that its applicability over a number of non-overlapping regions
of the earth’s crust implies the validity of an expression of the same {orm
over the addition of those regions, unless some restrictions are imposed on
the parameters of each A. For instance, the addition of expressions like 6.6
gives place to an expression of the same form only if § is the same for all
terms in the sum. Similar objections can be made to eq. 6.8. In what follows
these forms will be preserved, however, as their accuracy is consistent with
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the amount of available information and their adoption offers significant
advantages in the evaluation of regional seismicity, as shown later. .

6.3.2 Variation with depth

Depth of prevailing seismic activity in a region depends on its tectonic
structure. For instance, most of the activity in the western coast of the
United States and Canada consists of shocks with hypocentral depths in the
range of 20—30 km. In other areas, such as the southern coast of Mexico,
seismic events can be grouped into two ensembles: one of small shallow
shocks and one of earlhquakes with magnitudes comprised in a wide range,
and with depths whose mean value increases with distance from the shoreline
(Fig. 6.10). Figure 6.11 shows the depth distribution of earthgquakes with .
magnitude above 5.9 for the whole circum-Pacific belt.

6.3.3 Stochastic models of earthquake occurrence

Mean exceedance rates of given magnitudes are expected averages during
long time intervals. For decision-making purposes the times of earthquake
occurrence are also significant. At present those times can only be predicted
within a probahilrstlr context. .

Let ¢, (i =1, ..., n) be the unknown times of occurrence of earthquakes
generated in a gwen volume -of the earth’s crust-during a given time interval,
and let M; be the corresponding magnitudes. For the moment it will be as-
. sumed that the risk is uniformly distributed throughout the given volume,
and hence no attention will be paid to the focal coordinates of each shock.

Classical methods of time-series analysis have been applied by different
researchers attempting to devise analytical models for random earthquake
sequences. The following approaches are often found in the literature:

(a) Plotting of histograms of waiting times between shocks (Knopoff,
1964; Aki, 1963).

(b} Evaluation of Poisson’s index of dlspersmn, that is of the ratio of the
sample variance of the number of shocks to its expected value (Vere-Jones,
1970; Shlien and Tokstéz, 1970). This index equals unity for Poisson pro-
cesses, is smaller for nearly periodic scquences, and is greater than one when
events tend to cluster.

(¢) Determination of autocovarlance functions, that is, of functions rep-
resenting the covariance of the numbers of events observed in given time
intervals, expressed in terms of the time elapsed between those intervals
{Vere-Jones, 1970; Shlien and Toksoz, 1970). The autocovariance function
. of a Poisson process is a Dirac delta function. This feature is characteristic
'for the Poisson model since it dloes not hold for any other stochastic process.

" (d) The hazard function h{!), defined so that i(t) dt is the conditional
‘pr{)bability that an event wili take place in the interval (£, ¢ + dt) given that
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no events have occurred before t. If F(t) is the cumulative prob'tblhty dis-

tribution of the time between events:

h(t) = f(t)/{1 — F(1)]

where f(t) =

aF(t)/at.
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" For the Poisson model, h{t) is a constant equal to the mean rate of the pro-’
cess.

6.3.3.1 Poisson mode! . ) .

Most commonly applied stochastic models of seismicity assume that the
events of earthquake occurrence constitute a Poisson process and that the
M;'s are independent and identically distnbuted. This assumption implies
that the probability of having N earthquakes with magnitude exceeding M
during time interval (0, ¢) equals:

PN = [exp(-;‘v_"t)(u‘"t)‘”]/N! ) : (6.11)
where vy, is the mean rate of exceedance of magnitude M in the given vol-
ume. If N is taken equal to zero in eq. 6.11, one obtains that the probability
distribution of the maximum magnitude during time interval ¢ is equal to
exp(—v,s t). If v, is given by eq. 6.6, the extreme type-I distribution is ob-
tained. ) : _ '
Some weaknesses of this model become evident in the light of statistical
information and of an analysis of the physical processes involved: the Pois-
- son assumption implies that the distribution of the waiting time to the next
event is not modified by the knowledge of the time elapsed since the last
one, while physical models of gradually accumulated and suddenly released
energy call for a more general renewal process such that, unlike what hap-
pens in the Poisson process, the expected time to the next event decreases as
time. goes on (Esteva, 1974), Statistical data show that the Poisson assump-
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tion may be acceplable when dealing with large shocks throughout the
world (Ben-Menahem, 1960), inplying lack of correlation between seismici-
ties of differcut regions; however, when considering small volumes of the
earth, of the order of those that can significantly contribute to seismie risk
at a site, data ofien contradict Poisson’s model, usually because of clustering
of carthquakes in lime: the observed numbers of short intervals between
events are significantly higher than predicicd by the exponential distribu-
tion, and values of Polsson’s index of dispersion are well above unily (Figs,
6.12 and 6.13). In some instances, however, deviations in the opposite direc-
tion have bcen observed: waiting times tend to be more nearly periodic,
Poisson’s index of dispersion is smaller than one, and the process can be
. represented by a .rencwal model. This condiiion has been’ reported, for
instance, in the southern coast of Mexico {Esteva, 1971), and in the Kam-
chatka and Pamir—Hindu Kush ragions (Gaisky, 1966 and 1967). The mod-
els under discussion also fail to account for clustering in space (Tsuboi,
1958; Gajardo and Lomnitz, 1960), for the evolution of scismicity with
time, and for the systematlic shifting of active sources along geologic ac-
cidents (Allen, Chapter 3 of this book). On account of its simplicity, how-
ever, the Poisson process model provides a valuable tool for the formulation
of some seismic-risk-related decisions, particularly of those that are sensitive
only to magnitudes of events having very long return periods.

6.3.3.2 Trigger models

~ Siatistical analysis of waiting times between earthguakes does not favor
the adoption of the Poisson model or of other forms of renewal processes,
such as those that assume that waiting times are mutually independent with
lognormal or gamma distributions (Shlien and Toksoz, 1970). Alternative’
models have been developed, most of them of the ‘trigger type’ (Vere-dJones,
1970), i.e. the overall process of earthquake generation is considered as the
superposition of a number of time series, each having a different origin,
where the origin times are the events of a Poisson process. In general,let N
be the number of events that take place during time interval (0, ¢), 7, = ori-
gin time of the mth series, W, (t, 7,,) the corresponding number of events
up to instant ¢, and n, the random number of time series initiated in the
interval (0, t). The total number of events that occur before instant ¢t is then:

N=2 Wolt, ) | | | o . (6.12)

If origin times are distributed according to a homogeneous Poisson process
" with mean rate v, and all W,,,’s are identically distributed stochastic processes
with respecl to (t — Tm), it can be shown (P’arzen, 1962) that the mean and
variance of N can be obtained from:

E(N)=v f E[W(t, 7))dr : (6.13)
0 .
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. { .
var (N) =p fE[le(t, 7)]dr - ‘ 6.14)
0

Parzen (1962) yives also an expression for the probability gencrating func-
A tion Y (Z; 1) of the distribution of N in-terms of ¥y (Z;t, 1), the generat-
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ing function of each of the compunent processes:

{
Un(Zit) =exp [-wt+v flpw (Z; t, 1)dr] (6.15)
0
where:
Uw(Zit, 1) = 2 Z" P{W(t, 1) = n) (6.16)
n=Q -

and the probability mass fum,txon of N can be obtained from u.,-(Z t) by
recalling that:

Un(Zit)= 25 Z"P{N = n)

n=0
expanding ¥y in power series of Z, and taking P{N = n} equal to the coef-
ficient of Z" in that expansion. For instance, if it is of interest to compute
P{N = 0}, expansion of ¥y (Z; t) in a Taylor’s series with respectto Z =0
leads to: _ .

2
(25 t) = Y(0i 1) + 2 (0; )+ E-UR (0 1) + e (6.1T)

where the prime signifies derivative with respect to Z. From the definition of
Un, PIN=0}= {5 (0;2).

Because the component processes of ‘trigger’-type time series appear over-
lapped in sample histories, their analytical representation usually entails
study of a number of alternative models, estimation of their parameters, and
comparison of model and sample properties -~ often second-order properties
{Cox and Lewis, 1966).

Vere-Jones models. Applicability of some general ‘tngger models to rep-
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resent local seismicity processes was discussed in a comprehensive paper by

Vere-Jones (1970}, who calibrated them mainly against records of seismic ac-
tivity in New Zealand. In addition to simple and compound Poisson pro-

cesses (Parzen, 1962}, he considered Neyman-Scott and Bartlett-Lewis mod-

els, both of which assume that earthquakes occur in clusters and that the

number of events in each cluster is stocastically independent of its origin

time. In the Neyman-Scott model, the process of clusters is assumed station-

ary and Poisson, and each cluster is defined by py, the probability mass

function of its number of events, and A(t), the cumulative distribution func-

tion of the time of an event corresponding to a given cluster, measured from -
the cluster origin. The Bartlett-Lewis model is a special case of the former,
where each cluster is a renewal process that ends after a finite number of
renewals. In these models the conditional probability of an event taking
place during the interval {t, ¢t + dt), given that the cluster consists of N
shocks, is equal to NA()dt, where A(L) = dA(L)/AL.

Because clusters overlap in time they cannot easily be identified and
separated. Estimation of process parameters js accomplished by assuming
different sets of those parameters and evaluating the corresponding goodness
of fit with observed data. -

- Various alternative forms of Neyman-Scott’s model were compared by
Vere-Jones with observed data on the basis of first- and second-order statis-
tics: hazard functions, interval distributions {in the form of power spectra)
and variance time curves. The statistical record comprises about one thou-
sand New Zealand earthquakes with magnitudes greater than 4.5, recorded
from 1942 to 1961. Figures 6.13—6.15 show results of the analysis for shal-
low New Zealand shocks as well as the comparison of observed data with sev-
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Fig, 6.14. Smoothed perindogram’ for New Zealand shallow shod\s (Aflter Vcredones'
1966.)
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eral alternative models. The process of cluster origins is Poisson in all cases,
but the distributions of cluster sizes (N} and of times of events within clus-
ters differ among the various instances: in the Poisson model no clustering
takes place (the distribution of N is a Dirac delta function centered at N = 1)
. while in the exponential and in the power-law models the distribution of N is
extremely skewed towards N = 1,-and A(¢) is taken respectively as 1 —e™**
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Fig. 6.16. Rupture zones and epicenters of large shallow Middle American earthquakes of
this century. (After Kellcher et al., 1373.)
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and 1 - [c/(c.+ t)]® for t > 0, and as zero for t < 0, where A, ¢, and & are
positive parameters. In Figs. 6.13—6.15, § = 0.25, ¢ = 2.3 days, and A =
0.061 shocks/day. The significance of clustering is evidenced by the high
value of Poisson’s dispersion index in Fiy. 6.13, while no significant period-
icity can be inferred from Fig. 6.14. Both figures show that the power-law
model provides the best {it to the statistics of the samples. A similar analysis

- for New Zealand’s deep shocks shows much less clustering: Poisson’s disper-

sion index equals 2, and the hazard function is nearly constant with time.
Still, data reported by Gamky (1967) have hazard functions that suggest
models where the clusier oriyins as well as the clusters themselves may be

- represented by renewal processes. Mean return periods are of the order of
“several months, and hence these processes do not correspond, at least in the’

time scale, to the process of alternate periods.of activity and quiescense of

"some geological structures cited by Kelleher et al. (1973}, which have led to

the concept of ‘temporal seismic gaps’, discussed below. ‘
‘Simplified trigger models. Shlien and Tokséz (1970) proposed a simple
particular case of the Neyman-Scott process; they lumped together all earth-
guakes taking place during non-overlapping time intervals of agiven length and
defined them as clusters for which A(¢} was a Dirac delta function. Working
with one-day intervals, they assumed the number of events per cluster to
be distributed in accordance with the discrete Pareto law and applied a maxi-
mum-likelihood criterion to the information consisting of 35000 earth-
quakes reported by the USCGS from January 1971 to August 1968, The
model proposed represents reasonably well both the distribution of the aum-’
ber of earthquakes in one-day intervals and the dispersion index. However,
owing to the assumption that no cluster lasts more than one day, the model
fails to represent the autocorrelation function of the daily numbers of

" shocks for small time lags. The degree of clustering is shown to be a regional

function, and to diminish with the magnitude threshoid value and w1th the
focal depth.
_Aftershock scquences. The trigger processes described have been branded
as reasonable representations of regional scismic activity, even when after-=
shock sequences and earthquake swarms arc suppressed from siatistical
records, however arbitrary that suppression may be. The most significant
instances of clustering are related, however, to aftershock sequences which
often follow shallow shocks and only rarely intermediate and deep events.
Persistence of large numbers of aftershotks for a few days or weeks has
propitiated the detailed slatistical analysis of those sequences since last
century. Omori (1894) pointed out the decay in the mean rate of after-
shocek occurrence with ¢, the time elapsed since the main shock; he expressed
that rate as inversely proportional to t +gq, where g is an empirical constant.
Utsu (1961) proposed a more general expression, proportional to (¢ + c)~ ¢
where { is a constant; Utsu’s proposal is consistent with the power-law ex-
pression for A(¢) presented above. '
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Lommnitz and Hax (1966) proposed w alustering model to represent aller-
shock sequences; it is o modified version of Nevoun and Scott’s model,
where the process of cluster origins is non-homogencous Uoisson with mean
rate decaying in accordance with Omori’s law, the number of events in each
cluster has a Poisson distribution, and A(?) i1s exponential, All the results
and methods of analysis dtescribed by Vere-dones (1970) for the stationary
process of cluster origins can be applied to the nonstationary case through a
transformation of the time scale. Fitting of parameters to four aftershock
sequences was acconmplisied through use of the second-order information of
the sample defined on a transformed time scale. By applying this criterion to
earthquake sets having magnitudes above different throshold values it was
noticed that the degree of clustering deecreases as the threshold value in-
creases.

The magnitude of the main shock influences the number of aftershocks
and the distribution of their magnitudes and, although the rate of activity
decreases with time, the distribution of magnitudes remains stable through-
out each sequence (Lomnitz, 1966; Utsu, 1962; Drakopoulos, 1971). Equa-
. tion 6.6 represents fairly well the distribution of magnitudes observed in
most aftershock scquences. Values of § range from 0.9 to 3.9 and decrease-
as the depth increases. Since values of § for regular (main) earthquakes are
usually estimated from relatively small numbers of shocks generated
‘throughout crust volumes much wider than those active during aftershock
sequences, no relation has been established among §-values for scries of both
types of events. The parameters of Utsu's expression for the decay of after-
shock activity with time have boen cstimated for several sequences, for in-
stance those following the Alcutian earthquake of blaich 9, 1957, the Cen-
tral Alaska earthquake of April 7, 1958, and the Southeastern Alaska earth-
quake of July 10, 1958 (Utsu, 1962), with magnitudes equal to 8.3, 7.3,
and 7.9, respectively; ¢ (in days) was 0,37, 0.40, and 0.01, while ¢ was 1.05,
1.05 and 1.13, respectively. The relationship of the total number of after-
shocks whose magnitude exceeds a given value with the magnitude of the
main shock was studied by Drakopoulos (1971) for 140 aftershock se-
quences in Greece from 1912 to 1968. His results can be expressed by
N(M) = A exp(—fM), where N(AM) is the total number of aftershocks with
magnitude greater than M, and 4 is a function of M,, the magnitude of the
main shock: . ‘

A =exp(3.62 f + 1.1M, — 3.46) (6.18)

Formulation of stochastic process models for given earthquake sequences is
feasible once this refationship and the activity décay law are available {for the ~
source of interest. For seismic-risk estimation at a given site the spatial dis-
tribution of aftershocks may be as significant as the distribution of mag-
nitudes and the time variation of aclivity, particularly for sources o[ rela-
tively large dimensions.
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6.3.3.3 Renewal process models
The trigger models described are based on information about earthquakes
. with magnitudes above relatively low thresholds recorded during time inter-
vals of at most ten years. The degrees of clustering observed and the dis-
tributions of times between clusters cannot be extrapolated to higher mag-
nitude thresholds and longer time intervals without further study. '

Available information shows beyond doubt that significant clustering is
the rule, at least when dealing with shallow shocks. However, there is con-
siderable ground for discussion on the nature of the process of cluster origins
during intervals of the order.of aone century or longer. While lack of statisti-
cal data hinders the formulation of seismicity models valid over long time
intervals, qualitative consideration of the physical processes of earthquake
generation may point to models which at least are consistent with the state
of know ledge of geophysical sciences. Thus, if strain energy stored in a re-
gion grows in a more or less systemat;c manner, the hazard function should
grow with the time elapsed since the last event, and not remain constant as
the Poisson assumption implies. The concept of a growing hazard function is
“consistent with the conclusions of Kelleher et al. {1973) concerning the
theory of periodic activation of scismic gaps. This theory is partially sup-
ported by results of nearly qualitative analysis of the migration of seismic
'activity along a number of geological structures. An instance is provided by
'‘the southern coast of Mexico, one of the most active regions in the world.
Large shallow shocks are generated probably by the interaction of the con-
tinental mass and the subductive oceanic Cocos plate that underthrusts it
and by compressive or flexural failure of the latter {Chapter 2). Seismologi-
cal data show significant gaps of activity along the coast during the present
century and not much is known about previous history (Fig. 6.16). Along
these gaps, seismic-risk estimates based solely on observed intensities are
quite low, although no significant difference is evident in the geologieal
structure of these regions with respect to the rest of the coast, save some
transverse faults which divide the continental formation into several blocks.
Without Jooking at the statistical records a geophysicdist would assign equal
risk throughout the area. On the basis of seismicity data, Kelleher et al. have
concluded that activily mlgrates along the region, in such a manner that large
earthquakes tend-to occur at seismic gaps, thus implying that the hazard
function grows with time since the last earthquake. Similar phenomena have
been observed in other regions; of particular interest is the North Anatolian
fault where activity has shifted systematically along it from east to west dur-
ing the last forty years (Allen, 1969).

Conclusions relative to activation of seismic gaps are controversial because
the observation periods have not exceeded one cycle of each process. Never-
theless, those conclusions point to the formulation of stochastic models of
seismicity that reflect plausible features of the geophysical processes.

These considerations suggest the use of renewal-process models to rep-
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resent sequences of individual shocks or of clusters. Such models are ¢har-
acterized because times hetween events are independent and identically
distributed. The oisson process is a particular renewal mode! for which the

-distribution of the waiting time is exponential. Wider generality is achieved,

without much loss of mathematical traclability, if inter-event times are sup-
posed to be distributed in accordance with a gamma function:

fa(t) = G- ),(vt)"'f‘ e . o (6.19)

" which becomes the exponential distribution when k = 1. If k < 1, short in-

tervals are more frequent and the cocfficient of variation is greater than in

‘the Poisson model; if k> 1, the reverse is true. Shlien and Toksoz (1970)

found that gamma models were unable Lo represent the sequences of in-
dividual shocks they analyzed; but these authors handled time intervals at
least an order of mamitude shorter than those referred to in this section.

On the basis of hazard function esiimated from sequences of small shocks

in the Ilindu-Kush, Vere-Jones (1970) deduces the validity of ‘branching

renewal process’ models, in which the intervals between cluster centers, as
well as those between cluster members, constitute renewal processes.

Owing to the scarcity of statistical information, reliable comparisons be-
twecn alternate models will bave Lo rest partially on simulation of the pro-
cess of storage and liberation of strain energy (Burridge and Knopolf, 1967,
Venez:ano and Cornell, 1973). -

6.3.4 Influence of the seismicily model on seismic risk

Nominai values of mvestments made at a given instant increase with time
when placing them at compound intérest rates, L.e. when capitalizing the:
Their real value -- and not only the nominal one — will also grow, provided
the interest rate overshadows inflation. Conversely, for the purpose of mak-
ing design decisions, nominal values of expected utilities and costs inflicted
upcn in the future have to be converted into present or actualized values,
which can be directly compared with initial expenditures. Descriptions of
seismic risk at a site are insufficient for that purpose unless the probability
distributions of the times of cccurrence of different intensities — or mag-
nitudes at neighbouring sources — are stipulated; this entails more than sim-
ple magnitude-recurrence graphs or even than maximum feasible magnitude
estimates.

Immediately after the occurrence of a large earthquake, seismic risk is ab-
normally high due to aftershock activily and to the probability that damage
inflicted by the main shock may have weakened natural or man-made struc-
tures if emergency measures arc not taken in time. When aftershock activity
has ceased and damaged systems have been repaired, a normal risk level is
attained, which depends on the probability-density functions of the waiting

-times to the ensuing damaging earthquakes.
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For the purpose of illustration, let it be assumed that a fixed and deter-
ministically known damage £, occurs whenever a magnitude above a given
value is generated at a given source. 1f f(t) is the probability-density function
of the waiting time to the occurrence of the damaging event, and if the risk
level is sufficiently low that only the first failure is of concem, the expected
value of the actualized cost of damage is (sce Chaptt.r 9): .

D= Dof eMf(t)dt (6.20) -

' where -y is the discount (or compound interest) coeff:ment and the overbar
denotes expectation. If the provess is Poisson with mean rate v, then (1) is
exponential and D = D, vfy; Liowever, if damaging events take place in
clusters and most of the damage produced by each cluster corresponds to its
first event, the computation of D should make use of the mean rate v cor-
responding to the clusters, instead of that applicable to individual events.
Table 6.11 shows a comparison of seismic risk determined under the alterna-
tive assumptions of a Poisson and a gamma mode!l (k = 2), both with the
same mean return period, k/v (Esteva, 1974). Three descriptions of risk are
presented as functions of the time t, elapsed since the last damaging event:
T,, the expected time to the next event, measured from instant £g; the ex-
pected value of the present cost of failure computed from eq. 6.20, and the
haz_ard function (or mean failure rate). Since clustering is negle(,lud, risk of
.aftershock occurrence must be either included in Dy or superimposed on
that displayed in the table.
This table shows very significant differences among risk levels for both

processes. At small values of ¢, risk is lower for the gamma process, but it
. . 1 . .

TABLE 6.11

Comparison of Poisson and gamma processes

" tgu/k- T, vk Poisson process, i = 1 hk/v T, v/ Gamma process, k=2 AR/

D/D, DDy

YhIv =10 Yhiv =100 : YR/ =10 blk/v =100
0 1.0 0.0278  0.0004 0
0.1 092 00511  0.0036 0.367
0.2 0.86  0.0875  0.0059 0.667
0.5 095 -+ 0.0973  0.0100 1.333
1 1.0 0.0909  0.0099 1.0 067 0.120 0.0132 2.000
2 : : 0.60  0.129 0.0158 2.667
5 . : . 0.54  0.154 0.0179 3.333

10 0.52  0.160 " 0.0187 3.633

0.50 0.167 0.0196 . 4.000
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grows with Ltime, until il ouirides that for the Poisson process, which remains
constant. The differences shown clearly affect enginoering decisions.

!

" 6.4 ASSESSMENT OF LOCAL SEISMICITY

Only exceptionally can magnilude-wrccurrence relations for small volumes
of the earth’™s crust and statistical corrclation functions of the process of
earthquake generation be derived exclusively from statistical analysis of
recorded shecks. In most cases this information is too limited for that pur-
pose and it does not always reflect geological evidence. Since the latter, as
well as its connection with seizmicity, 1s besei with wide uncertainty mar-
gins, information of different nature has to be evaluated, its uncertainty
analyzed, and conclusions reached consistent with all pieces of information.
A probabilistic eriterion that accomplishes this is presented here: on the
basis of geotectonic data and of conceptual models of the physical processes

. involved, a set of alternate assumptions can be made conceming the func-

tions in question {magnitude recurrence, time, and space correlation) and an
initial probability distribution assigned thereto; statistical information
is used to judge the likelihood of each assumption, and a posterior prob-
ability distribution is obtained. How statistical information contibutes to the
.posterior probabilities of the alternate assumptions depends on the extent of
rthat information and -on the degree of uncertainty implied by the initial
probabilities. Thus, if geological evidence supports confidence in a particular
assumption or range of assumplions, statistical information should not
greatlv modify the initial probabilifies. If, on the other hand, a long and’
reliable statistical record is available, it practically determines the form and
parameters of the mathematical model selected to represent local seismicity.

6.4.1 Bayesian estimation of seismicity

Bayesian siatistics provide a framework for probabilistic inference that
accounts for prior probabilities assigned to a set of alternate hypothetical
models of a given phenomenon as well as for statistical samples of events re-
lated to that phenomenon. Unlike conventional methods of statistical in-
ference, Bayesian methods give weight to probability measures obtained
from samples or from other sources; numbers, coordinates and magnitudes
of earthquakes observed in given time intervals serve to ascertain the prob-
able validity of each of the alternative models of local seismicity that can be
postulated on the grounds of geological evidence. Any criterion intended to
weigh information of different nature and different degrees of uncertainty
should lead to.probabilistic conclusions consistent with the degree of con-
fidence attached to each source of information. This is accomplished by
Bayesian methods. ‘
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Let H; ({ = 1, ..., n) be a comprehensive set of mutually exclusive assump-
tions concerning a given, imperfectly known phenomenon and let A be the
observed outcome of such a phenomenon. Before cbserving outcome A we

~assign an initial probability P(/{;) to each hypothesis. If P(AIH;) is the
probability of A in case hypothesis H; is true, then Bayes' theorem (Raiffa
and Schlaifer, 1968) states that:

P(H.IA) = PH,) <o ) | 6.21
)= )E.P(H)P(AIH) ' : (6.21)

The first member in this equation is the (posterior) probability that
assumption fI; is true, given the observed outcome A.

In the evaluation of seismic risk, Bayes’ theorem can be used to impraove

/initial estimates of M{M) and its variation with depth in a given area as well as
those of the parameters that define the shape of A(M) or, equivalently, the
conditional distribution of magnitudes given the occurrence of an earth-
quake. For that purpose, take A(M) as the product of a rate function A, =
A(M_) by a shape function G*(}M.B), equal to the conditional complemen-
tary distribution of magnitudes given the occurrence of an earthquake with
M > M, where A, is the magnitude threshold of the set of statistical data
used in the estimation, and B is the vector of (uncertain) parameters By, ...,
B, that define the shape of AMAf). For instance, if X(3{) is taken as given by

‘eq. 6.8, B is a vector of three elements equal respectively to 8, 3, and My;;
if eq. 6.9 is adopted, B is defined by k and M, '

The initial disiribution of seismicity is in th:s case expressed by the initial
joint probability density function of Ay and B: f(?\L.B) The observed out-
come A can be expresséd by the magnitudes of all earthquakes generated in a
given source during a given time interval. For instance, suppose that N earth-

- quakes were obscrved during time interval ¢ and that their magnitudes were
my, my, ..., my. Bayes' expression takes the form:

' _ [ml, Mo, .oy My tlll_. B}
'O, Bimy, o myi t) = fm’B)nP[m,, Mg, o, M 1l B1F (L B)AIAD

(6.22)

where f7(.) is the posterior probability density function, and ! and b are
durnmy variables that stand for all values that may be taken by AL and B,
respectively. Estimation of Ay, cun usually be formulated independently of
- that of the other paramcters. The observed fact is then expressed by Ny, the
number of earthquakes with magnitude above M, during time t, and the
following expression is oblained, us a first step in ithe estimation of A(M):

P(Nl ' “?\I )
TPWNG; By (hal

< 6.4.1.1 Initial probebilitics of hypothetical inodels :
Where statistical information is scarce, scismicity estimates will be very

FOLINLI ) = (ML) 3 (6.23)
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sensitive Lo initial probabilities assigned Lo allernative hypothetical models;
the opmions of geologists and geophysicists about probable models, about
the parameters of these models, and the corresponding margins of uncertain-
ty should be adequalely interpreted and expressed in terms of a function ',
as required by equations similar to 6.22 and 6.23. Ideally, these opinions
should be based on the fermulation of potential earthguake sources and on
their comparison with possibly similar geoteclonic structures. This is usually
done by geologists, more qualitatively than guantitatively, when they esti-
mate My. Initial estimales of Ay, are seldom made, despite the significance of
this parameter for the design of moderately important structures (see Chap-
ter 9). ~

Analysis of geological information must consider local details as well as
general structure and eveolution. In some arcas it is clear that all potential
earthquake sources can be identified by surface faults, and their displace-
ments in recent geological times measured. When mean displacements per
unit time can be ‘estimated, the order of magnitude of ¢reep and of energy
liberated by shocks and hence of the recurrence intervals of given magni-
tudes can be established (Wallace, 1970; Davies and Brune, 1971), the cor-
responding uncertainty evaluated, and an initial probability distribution as-
signed. The fact that magnitude-recurrence relations are only weakly cor-
related with the size of recent displacements is reflecied in large uncertain-
ties {Petrushevsky, 1966),

Application of the criterion described in the foregoing paragraph can be
unfeasible or inadeguate in many problems, as in areas where the abundance
of faults of different sizes, ages, and activity, and the insufficient accuracy
with which focal coordinates are determined preclude a differentiation of all
sources. Regional seismicity may then be evaluated under the assumption
that at least part of the seismic activity is distributed in a given volume
rather than concentrated in faults of different importance. The same situa-
tion would be faced when dealing with active zones where there is no surface
‘evidence of motions. Hence, consideration of the overall behavior of com-
plex geelogical structures is often moere significant than the study of local
details. _ -

Not much work has been done in the analysis of the overall behavior of
large geological structures with respect to the energy that can be expected
to be liberated per unit volume and per unit time in given portions of those
structures. Important research and applications should be expected, how-
ever, since, as a result of the contribution of plate-tectonics theory to the
understanding of large-scale tectonic processes, the numerical values of some
of the variables correlated with energy liberation are being determined, and
can be used at least to obtain orders of magnitude of expected activity along
plate boundaries. Far less well understood are the occurrence of shocks in
apparently inactive regions of continental shields and the behavior of com-
plex continental blocks or regions of intense folding, but even there some
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progress is expected in the study of accumulation of stresses in the crust.
Knowledge of the geological structure can serve to formulate initial proh-
ability distributions of seismicity even when quantitative use of geophysical
information seems beyond reach. Initial probability distributions of local
seismicity parameters Ay, B in the small volumes of the earth’s crust that
contribute significantly to seismic risk at a site, can be assigned by com-
parison with the average seismicity observed in wider areas of similar tec-

> . tonic characteristics, or where the extent and completeness of statistical

information warrant reliable estimates of magnitude-recurrence curves
(Esteva, 1968). In this manner we can, for instance, use the information
about the average distribution of the depths of earthquakes of different
magnitudes throughout a seismic province to estimate the corresponding
distribution in an area of that province, where activity has been low during
the observation interval, even though there might be no apparent geophysical
reason to account for the difference. Similarly, the expected value and coeffi-
-cient of variation of A, in a given area of moderate or low seismicity (asacon-
tinental shield) can be obtained from the statistics of the motions originated
at all the supposedly stable or aseismic regions in the world.

The significance of initial probabilitics in seismic risk estimates, against

‘the weight given to purely statistical information, becomes evident in the

'example of Fig. 6.16: if Kelleher’s theory about activation of seismic gaps is
frue, risk is greater at the gaps than anywhere else along the coast; if Poisson
" models are deemed representative of the process of energy liberation, the ex-
tent of statistical information is enough to substantiate the hypothesis of
reduced risk at gaps. Because both models are still coniroversial, and rep-
resent al most two extreme positions concerning the properties of the
actual process, risk estimates will necessarily reflect subjective opinions.

6.4.1.2 Significance of statistical information

Estimation of Ay . Application of eq. 6.23 to estimate A, independently
of other parameters will be first discussed, because it is a relatively simple
problem and because Ay, 1s usually more uncertain than My and much more
so than §.

A model as defined by eq. 6.19 will be assumed to apply. If the possible
assumplions concerning the values of A, constitute a continuous interval,
the initial probabilities of the alternative hypotheses can be expressed in
terms of a probability-density function of Ay . If, in addition, a certain as.
sumption is made concerning the form of this probability-density function,
only the initial values of E{X;) and V(X,,} have to be assumed. It is advanta-
geous to assign to v = K/E(T) a gamma distribution. Then, if p and u are the
parameters of this initial distribution of v, if k is assumed to be known, and
if the obscrved outcome is expressed as the time ¢, elapsed during n + 1
-conseculive events (carthquakes with magnitude =AM ), application of eq.
6.23 leads to the concigsion-—that the posterior probability function of v is



212

“also pamma, now with parameters p +-ak and g+ £, The initial and the
posterior expected values of v are respectively equal to p/u, and to (p + nk)f
(¢ + ¢,). When initial uncertainty about » is simall, p and u witl be large and
the initial and the posterior expected values of v will not differ greatly. On
the other hand, if only statistical information were deemed significant, p and
u should be given very small values in the initial distribution, and E{v), and
hence Ap, will be practically defined by n. k&, and t,. This means that the
initial estimates of geologists should not only include expected or most
probable values of the different parameters, but also statements about ranges
of possible values and degrees of confidence attached to each.

In the case studied above only a porlior of the statistical information was
used. In most cases, especially if seismic activity has been low during the
abservation interval, significant. information is provided by the durations of
the intervals elapsed from the initiation of observations to the first of the n +
1 events considered, and from the last of these events until the end of the
observation period. Here, application of eq. 6.23 leads to expressions slightly
more complicated than those obtained when only information about ¢, is
used. . ' v

The particular case when the statistical record reports no events during at
least an interval (0, t;) comes up frequently in practical problems. The
probability-density function of the time T, from f, to the occurrence of
the first event must account for the corresponding shifting of the time axis.
Furthermore, if the time of occurrence of the last event hefore the origin is
unknown, the distribution of the waiting time from ¢t = 0 to the first event
coincides with that of the excess life in a rencwal procass at an arbitrary
value of t that approaches infinity (Parzen, 1962). For the particular case
when the waiting times constitute a gamma process, Ty is measured from ¢t =
0, T is the waiting time between consecutive events, and it is known that
Ty 2 tg, the conditional density function of 7, = (T — t,)/E(T) is given by
eq. 6.24 (E:teva, 1974), where ug = to/E(T):

k b '
2 s [{u + ug))

m= (m*fj-! _
: Ll (6.24)

fry WITy > to) =

Consider now the implications of Bayesian analysis when applied to one of
the seismic gaps in Fig. 6.16, under the conditions implicit in eq. 6.24. An
initial set of assumptions and corresponding probabilities was adopted as
described in the following.. From previous studies referring to all the south-
ern coast of Mexico, local seismicity in the gap area (measured in terms of
A for M = 6.5) was represented by a gamma process with & = 2, An initial
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probability density function for v was adopted such that the expected value
of A(6.5) for the region coincided with its average throughout the complete
seismic province. Two values of p were considered: 2 and 10, which cor-
respond to coefficients of variation of 0.71 and 0.32, respectively. Values in
Table 6.111 were obtained for the ratio of the final to the initial expected
values of v, in terms of u,.

The last two columns in the table contain the ratios of the computed
values of £E"(T,) and E'(T) when v is taken as equal respectively to its initial
or to its posterior expected value. This table shows that, for p = 10, that is,

when uncertainty attached to the geologically based assumptions is low, the

expected value of the time to the next event keeps decreasing, in accordance
with the conclusions of Kelleher et al. (1973). However, as time goes on and
no events occur, the statistical evidence leads to.a reduction in the estimated
risk, which shows in the increased conditional expected values of T, . For p =
2, the geological evidence is less significant and risk estimates decrease at-a
faster rate. :

6.4.1.3 Bayesian estimation of jointly distributed parameters

In the general case, estimation of B will consist in the determination of
the posterior Bayesian joint probability function of its components, taking
as statistical evidence the relative frequencies of observed magnitudes. Thus,
if event A is described as the occurrence of N shocks, with magnitudes
my, ..., my, and b; (i =1, ..., r) are valugs that may be adopted by the com-
ponents of vector B being estimated, eq. 6.21 becomes:

[y s BOP(ALDy, ... b)) |
I"“ f f‘ﬂ(ulﬁ Lery ur)P(AIu].v bhda ur)duls wiry dur "

where P(Aluy, ..., u,) is proportional to:

f5(by, .2 blA) = (6.25)

N B
stmitn, uy -
i= .

and g(m) = =3 G*(m)/am.

Closed-form solutions for f” as given by eq. 6.25 are not feasible in general.
For the purpose of evaluating risk, however, estimates of the posterior first
and second moments of f” can be obtained from eq. 6.25, making use of
available first-order approximations (Benjamin and Cornell, 1970; Rosen-
blueth, 1975) Thus, the posterior expected value of B; is given by [ fy,(u)
1 du, where 75 (4;) = [ .. f falty, oo, @) duy, .., di, and the multiple inte-
gral is of order r — 1 because it is not extf.nded to the dominion of ;.
'Hence

iy B E'B [B.P(AlBy, ..., B)]
BB == (P(AlBy, - B

- (6.26)
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TABLE 6.1

Bayestan estimates of seiswicity in vne seismic gap

ug = Lo/l (T E"(NE (v) E°(Ty Ty 2 ) EXT)
pe2 p =10 p=2 p=10
0 1.0 1.0 0.75 0.75
0.1 0.95 0.99 0.76 0.74
0.5 0.75 0.94 0.91 0.71.
1 0.58 0.87 1.14 0.73
5 0.20 0.54 3.11 1.05
10 0.11 0.36 5.47 1.55
20

0.06 0.22 " 10.50 2.48

where E' and E” stand for initial and posterior expectation, and subscript B
means that expectation is taken with respect wo all the components of B.
Likewise, the following posterior moments can be obtained:

Covariance of B; and B;

. EL1BB; P(AIBI, . B )] e .
Cov (B,—, Bj) —'-“ET"UJ( 1581 ““B:J]‘ (B,-)Is (-Bj) (627)

Expected value of AM(M) I
E'INM)} = ETONE” (G #M; B)Y]

Eu|GHM; BYP(AIB,, ... B.)]

TE (M) _[13(71]5,_:”1-3'")} . (G.28)

Marginal distributions. ‘T'he posterior expectation of A(M) is in some cases
all that is required to describe seismicity for decision-making purposes. Of-
ten, howéver, uncertainty in A{(M) must also be acounted for. For instance,
the probability of exceedance of a given magnitude during a given time inter-
val has to be obtained as the expectation of the corresponding probabilities
over all altemative hypotheses conceming A(M). In this manrer it can be
shown that, if the occcurrence of earthquakes is. 2 Poisson process-and the
Bayesian distribution of Ay is gamma with mean A, and coefficient of varia-
tion Vy,, the marginal distribution of the number of earthquakes is negative
binomial with mean A,. In particular, the marginal probability of zero
events during time interval t — equivalently, the complementary distribution
functi()n of the waiting time between events — is equal to (L + ¢/t")7",
where r" = V% and t" = r"/A.. The marginal probubilitydensity function of

" the waiting time, that should be substituted in eq. 6.20, is 7\L(1 + t/t )" '1,
which tends to the exponential probability function as r” and t” tend to
infinity (and V, - 0} while their ratio remains equal to Ag. '
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Bayesian uncertainty tied to the joint distribution of all seismicity param-
eters (Ay, By, ..., B,) can be included in the computation of the probability -
of occurrence of a given event Z by taking the expectation of that prob-
ability with respect to all parameters:

P(Z) = Ex 5 [P(2); Ay, By, ..., B,)] (6.29)

When the joint distribution of Ay, B stcms from Bayesian analysis of an
initial distribution and an observed event, 4, this equation adopts the form:

f_As[P(Zl?\L, )PM”\L- B)_]
Ey a[P(f"t”\L.B)]

where ' and ” stand for initial and posterior, respectively.

Spatial variability. Figure 6.17 shows a map of geotectonic provinces of
Mexico, according to F. Mooser. Each province is characterized by the large-
scale features of its tectonic structure, but significant local perturbations to
the overall patterns can be identified. Take for instance zone 1, whose
seismotectonic features were described above, and are schematically shown
in Fig. 6.18 (Singh, 1975): the Pacific plate underthrusts the continental
block and is thougiht to break into several blocks, separated by faults trans-
verse to the coast, that dip at different angles. The continental mass is also

P'(Z)= (6.30)
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Fig. 6.17. Séismotectonic provinces of Mexico. (After F. Mooser.)
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Fig. 6.18. Schematic drawing of the segmenting of Cocos plate as it subducts below
American plate. (After Singh, 1974))

made up of several large blocks. Seismic activity at the underthrusting plate
or at its interface with the continental mass is characterized by magnitudes
that may reach very high values and by the increase of mean hypocentral
depth with distance from the coast; small and moderate shallow shocks are
generated at the blocks themselves. Variability cf statistical data along the
whole tectonic system was discussed above and is apparent in Fig. 6.10.
Bayesian estimation of local seismicity averaged throughout the system is a
matter of applying eq. 6.21 or any of its special-forms {eqs. 6.22 and 6.23),
taking as statistical evidence the information corresponding to the whole
system. However, seismic risk eslimates are sensitive to values of local
seismicity- averaged over much smaller volumes of the earth’s crust; hence the
need to develop criteria for probabilistic inference of possible patterns of
space variability of seismicity along tectonically homogeneous zones.

On the basis of seismotectonic information, the system under considera-
tion can first be subdivided into the underthrusting plate and the subsystem
of shallow sources; each subsystem can then be separately analyzed. Take for
instance the underthrusting plate and subdivide it into s sufficiently small
equal-volume subzones. Let v, be the rale of exceedance of magnitude M,
throughout the main system, vy, the corresponding rate at each subzone, and
define p; as vy, fvy,, with p; independent of vy (p; is equal to the probability
that an earthquake known to have been generated in the overall system orig-
inated at subzone {). Initial information about possible space variability of
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vy, can be expressed in terms of an initial probability distribution of p; and
of the correlation among p; and p; for any i and j. Because Zvy, = v, one
obtains Zp, = 1. This imposes two restrictions on the initial joint probability
distribution of the pis: F'(p;) =1, var’ Tp, = 0. If all p/s are assigned equal
expectations and all pairs p;, p;, i # j are assumed to possess the same cor-
relation coefficient p; = p’, the restrictions mentioned lead to E'(p;} = 1/s
and p' = —1/{s — 1}. Posterior values of E(p,} and p,; are obtained according
to the same principles that led to eqs. 6.25—6.28. Statistical evidence is in
this case described by N, the total number of earthquakes generated in the
system, and n; {i = 1, ..., s} the corresponding numbers for the subzones.
. Given the p/s, the probability of this event is the multinomial distribution:

"N .
P[AIP[,- lps] _"';"_ n,! 1p1 - Py : (631)

If the correlation cocfficients among seismicities of the various subzones can
be neglected, each p; can be separately estimated. Because p; has to-be-
comprised between 0 and 1, it is natural to assign it a beta initial probability
distribution, defined by its parameters n; and N/, such that E'(p,) = n//N;

- and var'(p,) = n/(N; — n])/[N/*(N] + 1)] (Raiffa and Schlaifer, 1968). The
parameters of the posterior distribution will be: ~

nl=n/+n, N'=N+N

Take for instance a zone whose prior distribution of A, is assumed gamma
with expected value A}, and coefficient of variation Vi . Suppose that, on the
basis of geological evidence and of the dimensions involved, it is decided to
subdivide the zone into four subzones of equal dimensions; a-priori con-
siderations lead to, the assignment of expected values and coefficients of
variation of p; for those subzones, say E'(p;) = 0.25, V/(p) =0.25(i=1
4). From previous considerations for s = 4 take pj; = —1/3 for i # j. Suppose
now thal, during a given time interval ¢, ten earthquakes were observed in
the zone, of which 0, 1, 3, and 6 occurred respectively in each subzone. If
the Poisson process model is adopted, AL and V|, can be expressed in terms
of a fict-itious number of events n' = V% occurred during a fictitious time
interval ¢’ = n'f\y; after observing n carthquakhs during an interval £, the
Bayesmn mean and coefficient of variation of XAy will be \'{, (n' + ny/
(t'+1), Vi =(n' +n) Y2 (Esteva, 1968}. Hence:

A = (V2 +10)/(Vv 2 ?\'“1 +1), V§=(Vii+10)712

Local deviations of seismicity in cach subzone with respect to the average
Ay, can be analyzed in terms of p; (i=1, ..., 4);Bayesian analysis of the pro-
portion in which the ten umthquakes were distributed among the subzones
proceeds according to:

El[p I(A“Jrr . apt)]

En A —_—
( l JL [1)(4"1”’“- 1[14)]

(6.32)
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The expectations that appear in this equation have to be computed with re-
speet to the initial joint distribution of the p/s. In practice, adequate approx-
imations are required. For instance, Beninmin and Cornells’ (1970) first-
_order approximation leads Lo E"(p,) = 0.226, E"(p,) = 0.294.

If correlation among subzone scismicities is neglected, and statistical in-
formation of ecach subzone is independently analyzed, when the pls are as-
signed beta probability-density {unctions with means and coefficients of
variation as defined above, one obtains E"(p;) = 0.206, E"(p,) = 0.311,
which are not very (hiferent from those formerly obtained; however, when
E'(p) = 0.25 and V'(p)) = 0.5, the first criterion leads to E"(p,) = 0.206,
E"(p4y) = 0.314, while the sccond produces 0.131 and 0.416, respectively.
Part of the difference may be due to neglect of py;, but probably a significant
part stems from inaccuracics of the first-order approximation to the expecta-
tions that appear in eq. 6.32; alternate approximations are therefore desix-
able.

Incomplete deta. Statistical informaltion is known to be fairly reliable only
for magnitudes above threshold values that depend on the region considered,
its level of activity, and the quality of local and nearby seismic instrumenta-
tion. Even incomplete statistical records may be significant when evaluating

- some seismicity paramecters; their use has'to be accompanied by estimates of
detectability values, that is, of ratios of the numbers of events recorded to
total numbers of events in given ranges (Iisteva, 1970; Kaila and Narain,
1971). :

t
6.5 REGIONAL SEISMICITY

The final goal of local seismicily assessment is the estimation of regional
seismic’a:ty, that is, of probability distributions of intensities at given sites,
and of probabilistic correlations among them. These functions are ohtained
by integrating the conlributions of local seismicities of nearby sources, and’
hence their estimates reflect Bayesian uncertainties tied to those seismicities.
In the following, regional seismicily will be expressed in terms of mean rates
of exceedance of given. intensitics; more detailed probabilistic descriptions
would eniail adoption of specific hypotheses concerning space and time cor-
reiations of earthquake generation.

6.5.1 Intensity-recurrence curves

The case when unccrtainty in seismicily parameters is neglected will be
discussed first. Consider an elementary seismic source with velume dV and
local seismicity AMA) per unit volume, distant R from asite S, where intensity-
recurrence functions are to bhe estimated. Every time that a magnitude M
shock is generated at that source, the intensity at S equals:
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Y=eY, = eb; exp(b,M)a(R)’ , . (6.33)

(see egs. 6.4 and 6.5), where ¢ is a random factor and Y and Y, stand for
actutal and predicted intensities, b; and b, are given constants, and g(R) is a
function of hypocentral distance. The probability that an earthquake orig-
"inating at the source will have an intensity greater than y is equal to the
probability that eY, > y. If Y, is expressed in terms of M and randomness
in € is accounted for one obtmns

. oy, ) . ’

v(y)= [ vy (y/u)feu)du . (8:34)

@y

where v and v, are respectively medn rates at which actual and predicted
. mtens:.tlcs excecd given values, ay = ¥/yy, 0y = ¥/¥L, Yu, and y are the
predicted intensitics that correspond to My and My, and f, the probability-
density function of ¢. If eq. 6.33 is assumed to hold: '

vp(y)= Ko+ K3y —Kpy™'2 . - (6.35)
where: ' ' . o

K, = [bg(R)} AN AV (i=0,1,2) ' - (6-36)
ro =0, r,- ﬁ,’bz,‘ ra = (B— L )be : (6.37)

Substitution of eq. 6.35 into 6.34, coupled with the assumption that In €
is normally distributed with mean m and standard deviation o leads to:

'\ ' . .
Wy) =coKo + 1 Kyy™ 1 — Ky "2 : (6.38)
where: ‘
) In oy, —u; Inay—u; .
- Texp(@) ¢ —¢ ' (6.39)
. o g .
¢ is the standard noxmal cumulative distribution function, @; = 1/2 o%r,2

- mr;, and u; = m + o%r,. Similar expressions have been presented by Meu and
Cornell (1913} for the special case of eq. 6.8 when §; - oo and fora quadra-
tic form of the relation between magnitude and logarithm of exceedance
rate. Closed-form solutions in terms of incomplete gamma functions are ob-
tained when magnltudes are assumeld to possess extreme type-111I distribu-
tions (eq. 6.9).

Intensity-recurrence curves at given siies are obtained by integration of
the contributions of all significant sources. Uncertainties in local seismicities
can be handled by deseribing regional scismicity in terms of means and vari-
ances of p{v) and estimating these moments from eq. 6.34 and suitable first-
and second-moment approximations, Influence of these uncertainties in
design decisions has been discussed by Rosenblueth (in preparation).
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BAYESIAN ANALYSIS OF SEISMIC HAZARD: :
AN UPDATING OF CONCEPTS, CRITERIA AND MODELS .

L. Esteva*

- INTRODUCTION

Probabilistic models of hazard and risk constitute the

. basis for rational engineering decisions in the face of

uncertainty. They provide a framework for the defini-
tion of quantitative criteria and rules for measuring

safety, for balancing it with costs (both, initial and

"maintenance) and benefits, for making decisions relative

.to maximum tolerable risks and for stating policies with

regards to desirable marginal expenditures aimed at pro-

"tecting human lives.

Probabilities are usually deemed as properties of nature.

According to this conception, evaluating them is a matter

of observing a phenomenon a large number of times, guan-

tifying the corresponding outcomes and plotting their

histograms; "1f the qumbef of observations is small, the
probabilistic model itself is said to be uncertain or

élse the .validity of a probabilistic formulation of the

decisibn making process is denied. Consistently with the

bayvesian approach, the uncertainty about a probabilistic
model of nature can be assimilated to the uncertainties

intrinsic to that model** and used together with the

* Institute of Engineering, National University of Mexico.

** What weé understand by {nfALns{iC here depends on the variables
that we use to describe the model: a large portion of the uncer-
tainty Antainsic to the generation of earthquakes along a fault

-described by its size and rate of slip would be dispelled if we
had a time history of the state of stresses throughout a region
including the fault. That part of the uncertainty would now beé

ascribed to the model adopted while. the remaining portlon would

be called intrninsdc,




s latter with the aim of making decisions based on what
“we kniow and how well we know it. Thus, probqbility is
nofla property of nature. (or not only;-at least), bﬁt of
our uncertainty about its past, present and future. The
probability distributions that we would determine on the
exclusive basis of direct statisticale-observations are
conventionally branded as objecfive probabilities, while
the uncertainty that arises from the préctical difficui-
ties to collect enough objecti{ve information constitutes
the realm of subjective probabilities.

‘The arguments favoring-and detracting the validity of
subjective probabilities for méking of engineering deci-
"sions have been discussed in extenso elsewhere {1, 2).
Those argquments support the adoption of a bayesiaﬁ frame-
work for assimilating information and making decisions
for hazardous environmeﬁts., Rather than repeatiﬂg those
arguments, this paper concentrates on recent developments
and criteria which have resulted from the experience
gained in practiéal applications. The following concepts

are given special attention:

a) Recent discoveries which contradict.widely accepted
assumptions about the shape of magnitude-recurrence

curves. ‘ o

b} Improved criteria for processing statistical informa-.

tion from seismic sources similar to those of interest
when trying to propose'prior.probability distributions

of the forms and parameters of seismicity models.

c) Study of simplified seismicity models represented by

stochastic processes other than Poisson.
‘ . ’
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1@)4Discussiqn of decision criteria related to safety

levels and analysis of the implications of bayesian
uncertainty.

MAGNITUDE-RECURRENCE CURVES

. Statistical studies about the occurrence of earthqguakes

- in large regions of the earth have led to frequency re-

currence curves similar to .those depicted in fig. 1,
which will be represented in this paper by an expression
of the following form: | '

X (M)

ae PP o VM T Mady oy (1)

= 0 . , M 32 M

Here, A (M) is the mean number of earthquakes with magni-
tﬁde lérger than M oécuring per unit time in a given
{unit) volume of the earth's crust within a oivén seismic
source, Mu is thg upper bound to the magnitudes that can
be generated in the seismic source of interest, and a,

B, vy are parameters obtained by statistical curve fitting.
o and B determine ) for small values of M, and if the pa-
renthesis in the second member- of éq. 1 is taken as unity
{({.e. if vy is taken as infinity), we obtain the well
known Gutenberg-Richter exponential expression, which
provides the possibility of estimating an upper bound to
the expected rates of occurrence of large magnitude earth-

~quakes on the basis of the statistical information about

small magnitudes.

Careful studies reéently developed show that at least in
some regions eq. 1 does not hold. For instance, ref. 3
reports tﬁe,results‘of analyzing the catalogues of NOAA
Hypocentral Data File and of Preliminary Determination

of Epicenters from 1963 to 1981 related to the Mexican

B e L L E—,
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subduction zone (H £ 65 km; fig. 2). Figure 3 shows some
results of the analysis for the Oaxaca portion of the
"subduction zone: solid squares represent numbers of
earthquakes having body-wave magnitudes (mg) larger

than given values, while the sol;d circles correspond to
surface-wave magnitudes (M ); hollow squares and circles
correspond to numbers of e;rthquakes in magnitude incre-
.ments of 0.1. It is seen that, whereas magnitude-
recurrence curves similar to those of fig. 1 are valid
for body-wave magnitudes, the data of surface-wave mag-
nitudes lead to a bulge in the range of large values of
the latter; this bulge precludes the possibility of
extrapolating magnitudé—recurrence statistics from small
to large magnitude intervalé. Similar situations have
been found elsewhere (5-7). When m_ values are used

N, v
this effect is concealed because of saturation.

An explanation for the bulge in the A(MS) curve for the
Oaxaca seismicprovince can be provided by a model similar
to that proposed in ref. 4. The plate interface in the
region can be subdivided into a few large simple fault
zones (40 to 100 km in length), the lateral boundaries of
which terminate in barriers imposed by géometry or by
abrupt strength variations. Each fault ruptures cycli-
cally over its entire dimension without giving rise to
smaller events in the manner require@ by eqg. 1. The
aftershocks, the background seismicity, and the fore-
shocks, taken together, follow eqg. 1, but ;he maximum
magnitudes of these.sequences are well below the main-

shock magnitude.-
* For the purpose of seismic hazard analysis, the following
equation is used to represent magnitude-recurrence curves

as shown in fig. 4:

A = age B o oMLy g1 - YT My (g

S — [RPS—




-iThe first and second terms 1n this equatlon represent the
,5bacquound and .mainshock act1v1t1es, respectively; each
"'of ‘them must be taken equal to zero if M 2 M, or M 2 M
-respectively. According to the observations, M can be
;sﬁbstantially lower than M but when trying to fit the .
. parameters of eq. 2 to a set of data, practically equal b
results are obtained if M, is made equal to M, thus -

”reduging by one the number of parameters to be estimated.
‘For the purpose of bayesian estimation of the parameters
" joint probability distributions of those parameters.

/This is better achieved if a change of variables is per-

" formed, such that the new parameters can be taken as
-stochastically independent in their joint bayesian dis-

~on both physical considerations and observations in

5.

of A(M) in -eqs. 1 and 2, it is necessary to propose prior ‘ ‘

tribution, and if their marginal probability density
functions can be,easily related with indirect observa-
tions (by ebmparison with other seismic regions) or with
quantitative models of the ﬁrecess of energy accumulation

and release at seismic sources similar to that of interest.

Vhen eq. 1 is applicable, the requirements in the fore-
going.peraéraph are nearly satisfied if A (M) is expressed
in terms_of Eo, B, v and Mu, where Eo, 15 the energy dis-
sipated per unit time by generation of earthquakes with
magnitude~larger than a threshold magnitude My , and the
other parameters were defined above. The prior marginal
probability density functions of E,, B and M can be
postulated independently; those of E; and Mu may be based

similar regions, whereas that of 8 will in general be
based exclusively on the latter type of concepts, and

very little can be said a priori about y. If the natural

1ogar1thm of the energy dlSSlpated by a shock of magnitude

¥ is expressed as A + BM, then E, is given as follows
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E¢ = Dx(ek‘M“ - eklMO) + D, (ek?Mu - ek?Mo) (3)
" where D, = -aﬂeA ki ', Dy = -aly - gyeP — VM, ky !

'ky =B -~ B r ky =B -8 + ¥

From eg. 3, o can be obtained as a function of Eo, B, v,
Mu, for any specified M,.

Similarly, if eq. 2 is applicable, and it is decided to
Jtake M, = Mu, it may be convenient to take as indépendent
parameters E;, u, B, vy and Mu, where y is the ratio of
the energies dissipated by the' first and second processes
considered by eg. 1. These energieé are, respectively,

ekaMu _ 'ek3Mo) (4a)

Egy = D3 (
‘Eos = Dy (eF*Mu _ gKuMo, (4b)
where D; = —ape> ks ! , D, = -yse?® = YMu g, ™2
ks =B - B , ki =B 4y

Given Eo, ¥, B, ¥y and Mu; it is easy to obtain o and 4.

MULTI-PARAMETER BAYESIAN SEISMIC HAZARD ANALYSIS

The assessment of seismic hazard in practice is based as
a rule on information about concepts of different nature,
including, among others, statistical data about the ac-
tivity of seismic sourqes'and gualitative or gquantitative
descriptions of the‘geotectonic enﬁironment. The latter
information is usually taken by beologists and geophysic-
ists as the basis for making estimates of maximum magni- -
tudes that can be generated at given-sdurcés. These

estimates are obtained by extrapolation of magnitudes




gpbserved in other regions with comparable geotectonic

conditions; they include significant subjective compo-~

‘nents, such as selecting the sources from which extra-
+. . polations are made, or deciding about the maximum length
-of a particular fault that can rupture during the largest

possible earthquake. The estimates mentioned tend system-

;atically to err on the safe side, 'which is reasonable
-Qnder minimax decision rules: risk to facilities should

5{be‘kept to a minimum, regardless of cost.

If decisions are to account for a proper balance between

Acosts, benefits and risk, the latter must be expressed in
quantitative terms. This entails assigning quatitative

‘measures to uncertainties tied to hazard estimates (maxi-

mum -possible magnitude, rate of activity) based on geology,

énd.defining probabilistic models capable of aéSimilating

- the mentioned uncertainties with those attached to pre-

dicting the seismic history on the basis of maximum pos-

' sible magnitude and rate of activity. All this can be
-achieved through bayesian analysis, which is not a substi-

tute fér geotectonic and statistical -information, but an

efficient tool for processing available knowledge consist-

-ently. A well founded criticism which can be made to the

subjective assignment of probabilitiés‘by individual ex-
perts to alternate hypotheses concerning the nature ﬁnd
parameters of seismotectonic probesses is tﬁé ﬁossibiiity
bf arriving at prior bayesian distribptioﬁs which do not

reflect the levels of uncertaiﬁty implied by the available

information. 1In fact, we even lack a criterion for judg-

ing abodt the consisteﬁcy between that information and the
éssigned probabilities: Under some consitions, the analy-
Sis‘of‘statiStical data for a number of seismoteétonici
regions éimilar éo that of‘interest may serve to gage the

consistency in question, as shown below. In other, we

‘shall have to pursue consistency by_a_mechanism permiting

. the anaiysis by a group of experts of the subjective
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probabilities assigned (including, of cdurse, the basis
for those assignments) by a number of independent experts
‘or groups of experts.

‘In this section and in the following, we consider that
ﬁhe seismicity ¢f a given source is defined by its acti-
vity rate A (M), anditherefore we deal with the problem of
making bayesian estimates of the parameters of A(M) in
egs. 1 and 2. This.seqﬁion is devoted to the practical
application of Bayes theorem, while next séction concen-
trates on the formulation of the prior distribution of

the mentioned parameters.’

Let € be the vector of parameters that determine 7 (M)

(for instance, if we work with eq. 1,5T=={u B v }m']f. If
' H represents the observed seismic history, Bayes theorem
‘states that | |

£ (e|H) = KE (e)p(ile) .' (5)

wherg f; and fé'are respectively prior and posterigr joint
payesian probability density functions of ¢, p(H|e) is the
likelihood of H given e and K is a normalizing constgnt
such that the multiple integral of fé'(e|H) over the

’

region of definition of ¢ equals unity.

In general, H will consist of the magnitudes and times
(Mi, ti; i=1, .;., N) of earthguakes occurred dur;ng
time interval t. If H is an observed realization of the
process of occurrence of earthquakes above the threshold
.value M,, .and it is assumed to be g‘Poisson process with
all magnitudes identically distributed and mutually inde-
pendent, then

"M {Mo)t (-2 (M) (6)

T

p(H|e) = e
‘ 1l
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,whefe A' = d\/dM. An equation similar to eg. 6 is given

“iin 'yef. 1 for the case in which seismicity is expressed

-by'fhe rate of exccedance of different intensity values
~at a given site.

fThe;determination of K in_eq. 5 implies carrying out a
multifold integration, unless f' can be factorized. Other-
‘wise, in practical applications we may have to recourse
‘to numerical integration, Monte Carlo simulation or dis-
'cfete distribution techniques (8). In some cases, and
_provided the conditional probability density-functipn of
’magnitudés given the occﬁrrence of a ran@om event is in-
"dependent of time and previous history, it may prove -
fadvahtageOus to split the.parameter estimation process
in two steps: first, estimating the parameters of the
conditional distribution of M, and second, estimating a
parameter proportional to the energy dissipated per unit
time. If eq. 1l is adopted, this is tantamount to ob-
'taining initially the joint bayesian p.d.f. of B, Y and
M,, and then the conditional p.d.f. of o for given values
of these parameters. For the first part, and startina
for instance from eg. 1, one obtains that the conditional
p.d.f. of M given that’an earthquake bccurs is as-follows:
am

-fM (m) = -RAe

=Y (M, - m)

[ 6+ (Y=-B)e ] - (7)

VBMo

-— - -1
‘where A = e [1-e Y (My - Mo)

] - The likelihood
function to be used in eq. 5 is given by eg. 8.

N . . .
p(H{E) oc. 1 fM (ml; B: Yr Mu) ) (8)
1 =

' For the purpose of updating the conditional distribution
- of a for ‘given values of B, Y and M,, we can use as statist-
ical information the number of earthquakes with magnitudes

greater than the thréshold value M occurred during timé
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interval t. If we substitute M, for M in eq. 1 and then

express the latter in the form AMo) =aG(8, ¥, M), the
conditional distribution of o can be readily obtained
from that of A(Mg): updating of the latter distribution
on the basis of the statistical information is straight-
forward (9).

The criterion described by egs. 5-B is applied in the

following to a fictitious example represented by a simu- -
. lated record of earthgquake maonitudes. A hypothetical
' source with fy(m) given by eq. 7 with B = 2, v = 3,

Mg = 5.5, M, = 7.5 was assumed and a set of 150 stochas-
tically independent magnitude values was sinmulated from

that p.d.f. In order to study the variability of the

seismicity estimates with the sample size, Bayes theorem

was applied to determine .the joint distribution of g, Y

" and M, ., considering successively the complete set of
" simulated maghitudes and two subsets of sizes 50 and 100.

_These simulated magnitude values are shown in a cumula-

tive magnitude~recurrence plot in fig. 7 together with

the theoretical A(M) curve from which the simulated

' record was obtained. The bayesian probability distribu-

tions of B, ¥ and Mu were supposed to be discretized at
all combinations of the following feasible values of
each parameter: B = 1.8, 2.6; Y = 0.5, 2, 4; M, = 7.3, 8.
The feasible ‘values assumed for Y were obtained by ins-
pection from the simulated records of fig. 7; those for ¥y
were arbitrarily adopted, and the value M, = 7.3 was
proposed from the condition that it shculd have to be
greater than the maximum simulated value, 4{.e., 7.18. °
Thus, the domain of the multiparameter bayesian distri-
bution considered is that of the twelve cases included
in Table 1. The prior bayesian probabilities are 1/12
for eadh case. rhe posterior distributions derived

from application of egs. 5-8 to the three sample sizes

(N = 50, 100, 150) are shown in the same table. Table 2
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~summarizes the means and variation coefficients.of E. Y,

iMﬁ as well as of the complementary cumulative magnitude

distributions, fM(m). The corresponding deterministic

values are shown for comparison in the last column.

."Although the means of all parameters and functions seem

K to approach systematically their deterministic values,

significant random deviations disturb those trends. The

- deviations corresponding to B, Y and M, are more pro-
‘nounced than those affecting Fy(m). Similar statements

. can be made about the systematic deére@se in the varia-

tion coefficients with increasing sample size. Further

analysis of fig. 7 and of the results of similar cases

shows that adoption of discretized distributions of the
seismicity parameters must be done with caution, consi-
dering, among others, the foliowing problems.

a) In:some casés the statistical information may warrant-
pbéterior probability distributions having a pronounc-
ed peak in the vicinity of one or more parameters (for :
instance} those cases in which 8 is very well defined).
Such a peak cannot;be reproduced unless the diécrete
mesh adopted a priori includes one or more points suf-
ficiently close to its maximum; otherwisé, the poste—_
riof distribution will overestimate unéertainty with

respect to the mentioned parameters.

b) In regions where the slopes of the likelihood function
of the seismicity parameters given the sample are large
the poéteior bayesian probability masses may concentra-
te excessively on one or few points, failing to repre-

sent the uncertainty determined by the continuocus poste-

rior distribution corresponding to the rigorous solution.

[N

Bayesian analysis of seismicity under assumptions more
general than Poisson process is a topic practically un-

éxﬁlored, in spite of the significant}y more sophisticat-

ed models which héve been developed (10-12), capablg of

3 ' . LN Lot
3
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representing effects as complex and as relevaht as sys-
tematic'variation of hazard with time, aftershock sequen-’r‘
ces and more general types of clustering. This omission
results from the complexities arising from having to cope
simultaneously with too many parameters as well as from
the difficulties involved in obtaining likelihood Ffupc-
tions.

- If fore- and aftershocks are ignored, one can think of

‘adopting renewal process models other than Poisson.

. Reference 9 deals with the bayesian analysis of a renewal

process with inter-arrival times (T) distributed in ac-

-cordance with a gamma function:

-_ v k ~ N
fT (t} = (T""_—'-'l—)—: (vt) e (%)

where vV and k are the parameters toc be estimated. Only
very simple cases are covered, assuming. k known. It is
obtained, for instance, that if the prior p.d.f. of v is
gamma with parameters 0 and ¥, and if H is expressed as
the time T, ela?sed between n+ 1 consecutive events, then
the posterior p.d.f. of v is alsoc gamma, now with para-
meters ¢ +nk and ¥+ t,. In the latter case, only a por-
tion of the relevant statistical information is used. 1In
most cases, specially if seismic activity has been low
during the observation interval, significant information
is provided by the durations of the intervals elapsed from
the 1n1t1at10n of observations to the first of the n+1
events considered and from the last of those events to the
end of the observation interval. Here, the posterior '
p.d.f. of Vv has to be cbtained by application of eg. 5
with the following.likelihood function:

plHle} « £, (t1) iy (pmEa) s QR (e - e (20)
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 The first factor in the second member of this equation
a is7the probability density function of the waitin§ time
':\to'the first (delayed) event. T: can be taken as the

- excess life in a renewal process at an arbitfary value
"of time that tends to infinity and its p.d.f. can be

- obtained as'%%[l-—FT(L)I,whereT‘is the random time
between consecutive events, FT is its cumulative proba-
bility distribution function and T is its expected

~value (13). The second factor is the probability density
function of the time between events 1 and n,.evalueted at
"ty -ty and t. in the last factor is the end of the ob-
- servation interval. For the particular case where the
s;aﬁistical :ecord'reports nc events during the time
'interval (0, tf), the second member of eq. 10 must be
" replaced with p {T, 2tf}. This particular case is typic-

al of seismic gaps, and is studied in ref. 9. The results

show that the posterior expected value of T,, the waiting
time to the first. event, conditional to no occurrence of
events up to instant t may start decreasing as t grows,
" in accordance with the behaviour of ordinary renewal
-procesees- however, as time goes on and no events occur,
- the statlstlcal evidence makes the estlmated risk to
"‘decrease, and therefore the conditional expected value
of T, to increase with t. The smaller the value of k in
eq. 9, the faster the decreasing_of ;isk estimates. '
A‘summafy is bresented in ref. 2 of the results of an
_analysis of the influence of k on the ratio of the present
: value of expected failure costs for gamma and Poisson
processes. The structures considered have determlnlstlc'
: prepefties. Because the coefficient of variation of the.
waiting time bétween events is inversely proportional to
:the square root of k, the greater k the lesser the un-'
certalnty about the waiting time to next event. The
ratio of expected failure costs for gamma and Poisson

pfocesses is smaller than unity for small values of the ..
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time elapsed since last event and grbws with that time,

The greater k the more pronounced are these variations.

A iikelihood function as given by eq. 10 is meaningful
if we define as events all earthguakes with magnitudes
larger than a given value; if we assume that the distri-
bution of each magnitude is independent of time and
history (renewal process with independent random selec-

tion), bayesian estimates of risk can be made on the

‘basis of eg. 8 together with application of eg. 10 for

all earthquakes with magnitudes-larger than My; but the
assumption of independent selection is inconsistent with
the'concept that the times required for the accumulation
of the energy amount necessary to produce shocks of given
magnitudes should grow with those magnitudes, and that
the time elapsed since the occurrence of a small magni-
ﬁude earthquake shopld not affect significantly the
énergy available for large shocks. - If we could filter
out fore- and aftershocks {(which is much more easil& said
than done), it would be reasonable to conceive the ocur-
rence of earthgquakes above a given magnitude M, as a re-
newal process with parameter k dependent on Mg. A low
value of M, cdnsiders the occurrence of many small and a
few large earthquakes; a random event would very unlikely
give plaée to a significant change in the enérgy available
for future shocks, and the aSSumbtion'of Poisson process
(k = 1) would be warranted. For large M; values this as-
sumption 1s untenable; therefore, we arrive at the problém
of assimilating-a set. of statistical data relative to
different magnitude ranges, and using it as an_eﬁsemble
for estimating the parameters of a complex proceéé,'Which

cannot be represented as a renewal process with independ-

- ent random selection. . The préblem 1s solved if we felate_

the hazard at any instant with the previoué history of

energy dissipation. For this purpose we adopt an extend-

“ed version of a seismicity model proposed in ref. 10.
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Suppose'first that the seismic record does not contain
- any fore- or aftershock. Represent that record by a

- Markov process with system states specified by the .

| values of the hazard function A{t), where A(t)dt is the
‘conditional probability that there will be one earth-
quake (of any magnitude) during time interval t, t + dt
given that none has occurred. It is assumed that the
distribution of the energy (or magnitude) of an earth-

. guake 1s independent of history; it is also assumed that

- A{t) decreases sharply every time there is an earthquake
and that the size of the discontinuity can be determin-
istically related to the energy of the earthquake.prb—

ducing it, in terms of parameters to be estimated.

A typical sample of the process (where, of course, the values
‘of A are non-observable variables) is shown in fig. 5.
"If i is deterministically related to the strain energy
stored in the system, and if this energy increases at
constant rate during time intervals between shocks, it
follows that all segments of the A(t) curve can be ob-
tained by translation of the initial hazard function.
Also} the size of each discontinuity can be determined
 from‘the corresponding earthgquake energy by considering'
that'the time origin of the A(t) curve is translated  an
amouht egual to the length of time required to store the
mentioned energy:

T

K +1 " T T Ek+1/w

Here, Ei is the energy liberated by the <-th shock and
w is the rate of energy accumulation. The latter is one

of the parameters to be estimated.
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Before talking about the problem of bayesian estimation
of parameters, let us discuss a possible family of
hazard functions and their application when trying to
relate E with jumps in A. A particular case of the Wei-
bull distribution corresponds to the following p.d.f. (13):

k-1

W

£(t) =

o=

t
()

exp (—(g)k) (11)

t X <
W
[ B S T o

' If the waiting time between earthguakes is assumed to

pessess this distribution,‘the hazard function is:

2k o(gyk-1
If x = 1, one has Poisson process with i(t) = 1/u.f For

other values of k one gets the types of hazard function
shown in fig. 6.

Let us take for simplicitv A = k/uk, 2 =%-1. Then
y o= act, Immediately prior to the (k+ 1)th shock, the

hazard function is A'k = Atn, and just after a shock with
energy E, it is Ak+1 = A(t-—E/w)n. Thus, Ak+1 can be
expressed in terms of A'k: :
Al
‘g1 T A{(#—£)1/& ﬁ E1~:+1‘/w],L

A

Suppose Ag, A and 1 were known. Then time history (t.:,

E;; to, Ez; ... ¢t En} would determine A(t} for ahy t.

‘
The only functionnwe need in order to complete the model
is the conditional p.d.f. of energy for any shock. This
may have for instance a form consistent with eq. 1. It
will be represented as fE(e; £}, where £ is a vector of

parameters to be estimated.
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If egq. 1 applies, 7 = {a p Y Mu}. Given BT = {Xo A # ¢T

w}
(the vector of parameters to be estimated) one can obtain
their likelihood. Once this is done, the problem of
bayesian updating' of the prosed seismicity model is solved
(at least in'theory). The mentioned likelihood is obtain-

ed as follows: . : -

L{t1, tz2, eee, .7 @1, €2, vesy Qn|Ta, A, n, £, W) =

n .
m £ (. - 7 YE_ (e ) (1 -~ P (v, - Tn)}

T 3 j-1 E ) LT f

where tj is the time o©of occurrence of the j-th earth-

f‘is the end of the observation'interval}-fT'is

the probability density function of the waiting time from

guake, t

the fictitious time origin of the hazard function (see
fig. 5), fE the p.d.f. of the energy liberated by a ran-
domly selected-earthquake, ej the energy liberated by
the j-th earthquake; because T is a deterministic funce
k! ey, kK =1,

ooy Dy the second member in the last equatlon is a

tion of 15, A, %4, and all observed values t
function of the variables in vector B defined above.

ON THE CONSISTENCY OF PRIOR BAYESIAN DISTRIBUTIONS OF

. SEISMICITY PARARMETERS

The prior distribution of the seismicity parameters of a
potential selsmlc source. is an efficient descrlptlon of
the estimates that a team of experts can make concerning
those parameters before looking at the local seismic
record. That distribution should account for all availa-
ble knowledge about the local geologic structures and ‘
tectonic processes, as well as for the seismicity pat-
terns observed at other regions with similar geologic

and tectoﬁic characteristics. Also, that distribution
summarlzes the extrapolatlons that a capable team of ex-

perts in the geophy51cal sciences can make on the basis
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- of observations throughout the globe; therefore, it must

'Ireflect the degree of uncertainty tied to those extrapo-

?, lations. A simple way of expressing that uncertainty is
'by formulating a comprehensive and mutually exclusive
set of hypotheses about the possible models of the seis-
mic process at a source and assigning to each hypothesis
a weight, taken by definition as proportional to the
bayesian probabilitg of its being the correct‘:épresen—
tation of the natural process (in reality, duelto the
fact that the set of hypotheses does not cover the uni-
verse of all possible models, we undeistand by "the
correct representation of the natural process"” that model
within the set which best represents nature). But no
uniquelly determined criteria have been prqposed‘papabie
of.transforming information other than direct statisti-
cal data into prior bayesian probability distributions:
no doubt, subjective probabilities can be used as des-
criptors of degrees of belief, and then used for decision
making under uncertain risk conditions, but the decision
maker faced with stating subjective probability distribu-
tions reflecting his beliefs dcoes not know.what a subjec-
tive probability should measure, what consistency rules
should it satisfy and how well founded are his deqgrees of
belief. This kind of problems requires immediate atten-
tion by those interested in decision making on the basis
of quantitative risk information. A partial solution can
be provided by having groups of experts assigning, eva-
luating and correcting probability values and calibrating
the final decisions with those that would be obtained by
a rational analysis of-the mentidned probabilities. 1In
some cases the adequacy of givén probability distribu-
tions of seismicity parameters assigned on the basis oﬁ'
the information available for a number of comparable
regions can be judged by contrasting them with_ﬁhe Stétis-

tics observed on those regions. The concepts and criteria.

which may be used for such evaluations are exemplified in
.the sequel. ' '
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Take a set of potential seismic sources corresponding to

regions w1th similar geoloqic and tectonic characteris-

ﬂ  tics. They may differ in some quantitative aspects,

such as size of faults, intensity of faulting (cross area
of faults per square kilometer of ground surface) or rate

df'crust deformation or fault slip; they may, instead, be

. undistinguishable as far as the mentioned features are

concerned. In the first case the statistical seismicity

- information can be ‘used to estimate the parameters of a

- predictive model of expected seismic activity in sources

of the type considered in terms of quantitative measures

of the geologic and tectonic structures and processes,

In the second case all the regions may be considered to

~ be samples obtained from a populatlon characterized by

the probability distribution of the seismicity parameters
of a! randomly selected region. This distribution, if.

known, might be taken as the prior bayesian probability

.distribution of the mentioned parameter for a new region.

of interest, assumed to belong to the same population.

Thus, the regions included in the original set shall be-
called auxiﬂia&y negions and the collective statistical

information available for them shall be used as the basis

for stating a prior. probability distribution for the

seismicity parameters of thé new region. The statistieal
information for the.latter should then be combined with
the mentioned prior probability distribution in order to
obtain the corresponding posterior distribution through
use of egs. 5-8. '

Returning to the set of auxiliary regisns, let ¢;, 1 =1,
.;., N, be the vector of parameters of_an expression sim-
ilar to the second member of egs. 1 or 2, thatlis,Aof a
given magnitude-recurrence expresion, X (m; E, ),_valid-

Elu(e[m) be the

’bayesianlp.d.f, of vector e for a randomly selected
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~region, and u the parameters determining that p.a.f.
.Because p is uncertain we have ‘to solve the problem of
‘* obtaining its bayesian probability distribution f (m) ;
for this purpose we shall recourse to the observed Seis-
mic history h at all the regions. 1If this information
were sufficient to permit obtaining accurate estimates
of ¢; for i =1, ..., N, the bayesian estimation of £ (m)
would be formulated as follows:

he (mle) =‘K1f31(m)fa|u(e]m) - as)
Here,.feluﬁelm) is the likelihood function of y = m
conditioned to ¢ = e, K, is a normalizing constant and

f|. n
b Tule _ , o
density functions of u. As a rule, h does not suffice

are respectively prior and posterior bavesian

for making sufficiently accurate estimates of ¢. 1In
other words, € is not observable and therefore eqg. 15
cannot be apélied directly. We must instead try to ob-
tain a posterior distribution of py conditioned to the

observed seismic history: H = h. This is expressed as

follows:
f"U|H (m|h) = Kzf' (m)p iy (h|m) \' (16)
where K, is a normalizing constant, fll and flﬂil are

prior and posterior distributions and, in accordance with

the rules of conditional probabilities,

pHIU(hIm) =7 pHIé(hfe)falu(e|m)de . R & &)

The mafginal postérior p.d.£f. of ¢ for a randomly select-

ed region is, therefore,

" | (e[h) =7ty (eIm)f%|}l(m|h)dm (18)
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‘The latter p.d.f. would be taken as the prior p.d.f.:of

- . " . ¥ )
€ for a new seismic region assumed to belong to the same

. population as the original set.

The - team of experts analyzing the characteristics of the
different regions may assume a priori a certain,degree of
correlation among vectors €, and Ej' This assumption

will be reflected in f l'}'J(elm)- Thus, if e, and e, are
independent,
£ (elm) = 1 £, (e, |m) (19)
el | i=1 1Iu |

while in a more genéral case the correlation matrix may

form part of uy. Either for practical reasons or on the

: grounds of geophysical similarity, it may be justified to

assume at least some parameters of the correlation matrix.
In the extreme case when all redions are so similar that
they are. assumed to possess the same ¢, we obtain the
condition of perfect correlatlon, which is tantamount to
taking together all the regions and all the statistical
information and using it as a single block in the estima-

tion of the vector ¢ valid throughout allAregiOns.

The use of egs. 15-18 is illustrated in the following for-
a hypothetical set oOf two‘regions. For simplicity, it is
eSsumed that we are interested only in the rate of activi-
ty above a given threshold vaiue, and therefore vectors £
will have only one component each, tbe.corresponding rate:
Xi'-i =1, 2. .The complete set of seismicity parameters
is therefore el = [X12.]. - The observed history is, des-
cribed by N, and t i =1, 2, the number of events ob-
served and the duratlon of the observation 1nterval fo;

each reglon. .The following values are assumed here:
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Ny = 3, t;y = 50 yeafs, N2 = 3, t; = 80 years; the corres-
ponding estimates of A are therefore 0.06 and 0.0375,
respectively. '

Ar and ), are assumed independent, with their bayesian
distributions discretized at‘threg pbints. The vector u
of parameters of the bayesian distributions of X; and X,
is uT = [E{’1), E(X2), V(M), V(X2)], where E(+) denotes
expectation and V() variatioﬁ coefficient.

The distribution of p is discretized in the followina
values: E(A.) = 0.02, 0.08; V(Ai) = 0.2, 0.6; i =1, 2.

The prior distribution of u assigns equal values to each

of the possible combinations of these parameter values.
Table 3 summarizes the probability mass function of €y
for each E(Ai) and V(li).

The likelihood functions for each y = m are obtained as

follows{

= : 5 My = L., Xy = £.4m
pHIu(hlm) i? p(hlf,l tj) plh; = &, 2 ﬂjlm}
and because the prior distribution of y is uniform, the
posterior distribution is proporticnal to the likelihood

function:

m: Xi, v, p(h{m) p"(m|h)
i . .

0.02, 0.2 8.209 x 10 3 0.217

0.02, 0.6 - 6.435 x 107° - 0.170

0.08, 0.2 , 1.269 x 10 2 " 0.363

0.08, 0.6 9.416 x 10 3 0.249
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The marginal probablllty mass functlon of ¢ is, there-
forc,

P Ailﬂ(£i|h) =_§pki|u(£i]mj)p uln(mjlh)

e Pt
0.01 0.0399 "~ E"(A) = 0.0567
- 1
0.02 0.4200
0.08 . 0.4799 : V'(r ) = 0.633
. 1 .

' 0.16 : 0.0595

The forégoing analysis assumed i, independent from Az.
An alternate assumptlon might have considered A = r X,

w1th r ~and X independent and the distribution oF r

‘prescrlbed Considering this case, taking the dlstribu-

tion Of‘ri as discretized-at'points 0.7 and 1.3 with egual
probabilities, and the prior distribution of X as dis-
cretized at points0.02 and 0.08, also with equai probabi-
lities, we obtain the following posterior distribution of
A: p,(0.02) =.0.332, p,(0.08) = 0.668. From this distri-
bution and that of r. we obtain for X the following pos-

terior distribution:

Li pl(ﬂi)

0.014 0.166 E"(),) = 0.06
0.026 0.166 V" (%.).= 0.576
- 1

0.056 - ' - 0.332

0.104 0.332

If r, is taken‘determihistically‘equal to unity,
E"(A = 0.057 and v"(xi) = 0.503.
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and ‘informal criteria will improve our knowledge and un-

derstanding of the scales of values and decision rules .

that best serve the interests and goals of the human

groups to be affected by the decisions under discussion.

REFERENCES

1.

©(1981). ‘

Esteva, L., "Uncertainty, reliability and decisions

in structural engineering”, ICOSSAR 3, Trondheim

it

Esteva, L., and Chivez M., "Analysis of uncertainty on
seismic risk estimates", Proc. Thind Intennationdt
Earthguake Microzonation Confenence, Seattle (1982).

Singh, S.K., Rodrfiguez, M., and Esteva, L., "Statis-
fics of small earthquakes along the Mexican subduction;
zone", Institute of Geophuysics, National Uniuangity 05*
Mexico (1983), submitted for publication to Bulletin

of the Seismological Society of-America.

WeShousky, s., Séholz, C.H., Shimazaki, K., and
Matsuda, T., "Earthquake frequency distribution and the
mechanics of fdulting" (1983), submitted for publica-..

tion to Journal of Geophysical Research.

Utsu, T., "Aftershocks and earthquake statistics, III",
Journal of the Faculty of Science, Hokkhadido University,
Senies VII, 3, 379-442 (1971). '

Purcaru, G., "A new magnitude-frequency relation for

earthquakes and a classification of relation types",

Geophuysical Journak of the Royal Astronomical Society,

42, 61-79 (1975).




10.

11.

12.

13.

14.

15.

32.

Lahr, J.C., and Stephens, C.D., "Alaska seismic zone:
possible example of non-linear magnitude distribution
for faults", Eanthquahke nutes, 53, 66 (1982).

Rosenblueth, E., "Point estimates for probability
moments", Paoc. National Academy of Sciences, USA,
72, 10, 3812-14 (1975).

Esteva, ‘L., "Seismicity", Chapter 6 of Sedlsmic nisk
and engdineending decisions, edited by C. Lomnitz and
E. Rosenblueth, Elsevier, Amsterdam (1976).

Knopolf, L., "A stochastic model for the occurrence
of main-sequence earthquakes”, Revdiews of Geophysdics
and Space Physics, 9, 1 (1971).

Vere Jones, D., "Stochastic models for earthguake oc-
currences", Jouinal of the Royal Staiié{}cai Socdety,
32, 1-62 (1970).

Vere Jones, D., "Stochastic modeLs for earthquake
sequences", Geophysical Jounnal of the Royal Asino-
nomical Socdety, 21, 323-335 (1975).

Parzen, E., "Stochastic processes", Holden Day, San
Francisco (1964).

Rosenblueﬁh, E., "Optimum design for infrequent dis-
turbances", Jounnal of the Structural Divisdion, ASCE,
102, ST9 (1976). '

Starr, C., "Social benefit vs. technological risk",
Scdience, 165 (1969).




= e e e e b e e e e

16.

17.

18.

1 19,

33.

Okrent, D., "A general evafuation approach tc nisk-
benefdt fonr Large technofogdcal systems and its ap-
plication to nuclean powen", University of Califor-:
nia, Los Angeles (1977). o

Paté, M.E., "Pubfic policy in eanrthquake effects

- mitigation: earthquake engineending and earthguake

prediction", Technical report 30, The John A. Blume .

Earthquake Engineering Center, Standford University
(1978).

!

Grandori, G. and Benedetti, D., "On the choice of

the acceptabie'seismic risk", Earthquake Engineerninag
and -Structural Dynamics, 2, 1, 3-10 (1973).

Raiffa, H., and Schlaiffer, R., "ApplLied Statisticafl

Decision Theory", MIT Press, Cambridge, Mass. (1968).

b dpmlin ke mim i



TABLE. 1. Posterdior bayesian phobabiE{tieA forn three

sample Adlzes

case Assumption Probabilities

B Y Mu N=50 100 150

P Y1.g (0.5 7.3 16.0407 {0.0363 |0.2550 .

? v 18.0 [0.0083 |0.0021 [0.0154
3 2 7.3 10.0039 {00005 |0.0266
4 / |s.0 [o.0010 0 [0.0004

i 4 17.3 (0.0013 |0.0001 |0.0052
6 v 8.0 lo.0007 0 |o.0001

7 12.6 (0.5 17.3 [0.2037 10.1331 |0.0015

§ | iV |8.0 |0.1767 [0.1539 |0.0141
9 2 7.3 (0.1820 |0.2439 |0.1205
10 Vo 18,0 |0.1207 |0.1179 |0.0660
11 4 17.3 {0.1529 |0.2136 10.4297

| 12 | v 8.0 lo.1081 0.0979 l0.0635




" TABLE 2.

35

Means and coedficients of vardiation of seds- :
micity parameters and of complementany cumu-
Lative magnitude distributicns
Parameteh E{X) Vix) Deterministic
X N = 50| 100 150 [N = 50% 100 150 values
B 2.56 |2.57 |2.36 |0.072 |0.062 |0.156 2
Y 1.88 |2.14 |2.57 |0.752 |0.656 [0.592 | 3
My 7.59 |7.56 |7.41 [0.045 [0.047 10.035 © 7.5
Eﬁ(a.O)- 0.257 {0.259 |0.288 [0.110 {0.088 (0.113 0.36
Fyl6.5) 10,062 10.063 10.078 {0.253 |0.194 |0.211 - 0.13
Fyl6.75] 10.029 10.030 {0.038 |0.346 |0.261 |0.257 0.072
?ﬁi?.ol 0.012 10.012 {0.016 |0.477 {0.377 |0.335 0.038
TABLE 3, Discrete bayesian distributions of X, fon each
E(A;)‘Qnd Vi)
E(x.) | vix,) "
A L -
10.01 0.02 0.08 0.16
0.02 0.2 0.0229 |0.973 [0.003% 0
0.6 {0.2057 {0.760 |0.0343 0
0.08 [ 0.2 0 0.0305 |0.947 | 0.0229
0.6 0 0.2743 {0.520 0.2057
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TABLE 4,  Vatues of p /B

p
Elvit ey 0.3 ] 3 7o
0.001 10.9950 |0.9983 |0.9995 |0.9996 |1.0
6.0 0.9533 |0.9835 |0.9951 10.9984 |0.9995
0.1 0.7037 0.5689 0.9553 0.9845 0.9953
1.0 0.3373 10.5630 |0.7910 l0.9146 |0.9721

TABLE 5. vVatues of E(vlyp)) / E(vigy,)) fon 2 =2

"
A n _ -
1 los oz o1 0.05 0.0z lo.0i
107 72 1.0 1.0 1.0 l0.999 0.990 lo.799 0,465
4 (1.0 |20 {0.977 -lo.5s9 |0.235  |0.0631 |0.0234
1077 | 2 |0.994 |0.919 |0.518 |0.257 |0.720  |0.0426 [0.0193
¢ 10.994 |0.713 l|o.218 |0.0808 |0.0296 l0.0078 10.0029

TABLE 6. Vatues of E(viyy)) / E(vlyp,)) and n/n, fox
¢ =001, n=12, n=2, n;=0.01

Uk 0 0.10 |0.20 [0.30 (0.50 10.70 (1.0

E(ulyy) )/EGyp 1) 10,197 10,189 |0.185 0.178 0.159 0.137 {0.107

n/n;, 2.288 |2.300 |2.325 |2.370 |2.508 |2.701 |3.057
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Fig 5. Hazard function for a sam‘ple of a Markov process
' model of seismicity neglecting clustering




k>2

Fig 6. Shapes of hazard functions for Weibull
distribution of inter-arrival times
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ABSTRACT

A n:e‘tﬁodr::’n;;y bused -on the framework of
Empirical Baves Estimation is presented for the
estimaiion of local seismicity in a given regivn,
using statistical information concerning that re-
gion together with additiona! informaiion de-
rived frem other regions having similar geotech-

aic characteristics.

The methocdology is applied to estimation of
seismicity in Sowthern Mexico, using additional
information from nine other regions around the

Pacific Oveun.

1. INTRODUCTION

The estimation of seismicity parameters in
regions where only scanty data are available is
fraught with, uncertaintics, To increose the
precision of the estimaton, it s often been
suggested that use be made of stalistical d':lu
from other regions of the world which have
similar geotechnic charactenstics, but it s al-
most always the case that the varieus data

0167-4730 /83 /307,30

cannot be considered as a random sample
from a single distribution. The underlving
parameters abviously vary.

Lmpincai Bayes Bsumation is a statisticai
technicue which has been speciaily developed
for this particular purposc.

The data of the various regions are sup-
posed 1o be the result of a two-stage sampling
process: first a suepling precess from an une-
derlving parameter distribution which yields

i 985 Fisrvier Science Publishers BV,



200

the various parameter sets corresponding to
the ~constdered regions, and then a second
samphing process in cach region, yickding the
observed data. The Empirical Bayes method
estimates the underiying parameter distribu-
tion, and then estimates the a posteriori dis-
tribution of the parameters in each reg:on,
given the data.

In this paper. the Empirical Bayes method
ts apphed to the determination of the setsmic-

ity parameters in a region of Mexico, making

use of the local data as well as of the data
from nine auxihiary regions having similar
geotechnic characteristics.

For a presentation of the Empirical Bayes
method, see Maritz [1].

2. OUTLINE OF EMPIRICAL BAYES
TECHNIQUE

The Empirical Bayes technique has been
developed in order to handle the following
type of problem. :

Sunpose we have a ceonence of nhservation
vectors x,, X,,..., X, such that the likelihood
function of x is f(x}A) which depends on the
value of a vector of parameters, A, 'which is
assumed to vary from one observation vector
to another. :

The conceptual model used to handle lhe
above situation assumes that the parameter A
is a random variable, and that the successive
observations correspond to values of A which
are a random sample from a given distribu-
tion G(A).

The marginal likelihood: function of «,
f5(x), wiil then be given by

fo(x) = [(x1N)aG(X) S

The above assumptions are cquivalent to

assuming that the x, are a random sample

from the density fum.tlon fo(x), ie. lhat their
Iikehihood function is

L=f(; :!)fG(IZ)'-“fG(xn)' (2)

The problem is o estimaite the distribution
function G(A) from the observations x,,. ..,
X,

In general, two basic approaches are used:
(1) Parametrization of G(A)

If it can be assumed that G(A) has a known
form depending on some vector of parameters
0. then f.(x) becomes a function of @. and
the problem reduces itsell to a classical
parameter-estimation problem which can be
handled by any of the standard techniques.

, +

{2) Discretization of G(A)

When no reasonable parametrization of
G(A) is available, we assume that G has con-
centrations of mass at the points X, (i =1,...,
k). Let: -

P(X,) =6, N

Then the problem reduces itself to estimat-
ing either the A, or the &, or both.

3. A SPECIAL CASE WHICH IS EASY TO .
TREAT

Suppose we choose &k =n, ie. we assume
that the number of points where G has con-
centrations of mass is equal to the number of
observations. For each observation vector x,
we calculate by some method, e.g. the method
of moments or maximum likelihood, an
estimate of the parameter vector X, Thus we
have n values Ay,..., A,.

The marginal density function of x is then

)= 3 8./(x]\,). (4)
r=1 ’ B
Finally, the likclihood L is given by
L=Jjg(x;).. Jo(x,). (5)



~ The method of maximum liketihood ts now
"used to estimate the §, {(see Maritz {1] p. 42).
Let f{x A )=p,,. .

Then
In L= Z ‘ﬂ[ P ]
. =1 J'—l~

In order to maximize In L, subject to the
condition 8, + ... +8, =1, weusea Lagrange
: multlpher Y. Thts gives:

[m L-v(8 + ..+6)]

'30,_

=) ",,—P—"‘“’—y=0. (6)

=Y p8
r=1

-Let _
‘ 1 .

-_—=4,.

Epr_[er

r=1

Then

zpr,;f,:.}" r=-1,.-., ", ' (7)
s=1 .
and
& 1 - |

ZP,,9,=$—, s=1,...,n. (8)
re=1 : Bt ]

Suppose that the determinant of p,,. 3,
does not vanish. Then, denoting the cofactor
of P in A by P, gives: from (7)

-3 >: )
and- from (8) |
o Zi P (10)
Replacing &, in (.1Q) by its value in (%)

n , n -1
=yt ) Pm( )y PH) :
. s=1

r=1

To find y, we use the relation E7.,8,=1, -

t
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from which
n Z Pr:
1=y ' Y (S —)=y""n
r=1 E P
=1

Thus 'y = n, and we t'inallif have

S [£r)" a1

4. A POSTERIORI ESTIMATE OF THE
PARAMETERS A,

“The values of 6§, given by eqn. (11) con-
stitute the a priori distribution of A, for any
new region which can be assumed to belong
to the same population.

Once the value of the 8, are obtained, it i$
easy to calculate the a posteriori estimate A .
This is given by A, = E{A|x,) and it is easy to
see that this is-given by '

ZAfQFPFJ

XJ=—L"———'. | (12
. 28p, y )

5. APPLICATION TO THE ESTIMATION

OF SEISMICITY
(1) Statistical data
Following Esteva and Bazan, [2), the

seismicity of a region on the southern coast of
Mexico is estimated by using statistical data

-referring to the region itself, as well as data

referring to nine auxiliary regions with similar
geotechnic characteristics. Desigiiations and
some characteristics of the consndcrcd regions
aregiven in Table 1.

Two scts of statistical data are available for
each region, namely n’ carthquakes with mag-
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TABLE 1

List of scismic regions

No Designation Conrdin:\lcs; Area (1000 km?)

Latitude Longitude
1 South Chile 33°-45°S 60° - 90°W 242~
2 Central Chile 27°-33°§ . 60°- 90°W 378
3 North Chile-South Peru 15°-27°8 60°~ 90°W 285
4 Central /North Peru 2°-15°§ ¢ 60°~ 90°W - 818
and South Ecuador . ‘

bt Central America 8°-16°N 839- 94°W . 83
6 Alaska . 50°-64°N. 1 142°-164°W 366
7 Aleutian Islands - 5Q°-60°N 165°E-160°W 459
8 Kamchatka 48°-55°N 1559-165°E o302
9 Kuriles 42°-48°N 145°-155°E 169

10 . Mexico 14°-20°N

(Region of Interest)

94°-105°W - T8

nitudes mJ’,- =M, (j=1,..., 0, Mg=T7) dur-
ing the period 7' (1918-1952; 35 years) and
n” with-magnitudes m7 > My, (j=1...., n";
My = 6) during the period T7 (1953-1974; 22
years). :

{2) A mode) for seismicity

Occurrence of earthquakes with magni-
tudes greater than or equal to M generated in
a given seismic region will be represented by a
Poisson process with mean rate A(M) per
unit area and unit time. The function A(M)
will be assumed to be of the form [2]

AMM)=ale P¥ —e=BM) for M < M,,
=0 . " forM > M,.
(13)

The statistical data described above may be
considered to be generated as follows for each
region. !

Consider first the time interval T’. The
data can be assumed to be generated by a
simple Poisson process with parameter p’
given by

po=wal(e M~ gmBM),

(1)

where w is the arca of the region.

To cach event ¢, from this Poisson process,
we attach a random variable X with density
function

glm) = b ]
e \
for M{<m gM,,l

=0 elsewhere,

(15)

Moreover, the random variables X/ are in-
dependent and identically distributed.

For the time interval 77, the model is the
same, except that M’ is substituted for M. In
other words, the data for each region of reali-
zations consist of two Compound Poisson
processes.

The likelihood function of-the two sets of
data turns out to be ' '

f(xla, B, My) = (waB)" "™ |
x exp| —wa{k'T” + k"T") — BS} (16)

where /= e AMi — e AM, 7 = " AMT
e P and §=Ym;+ Lm}. For the deriva-
tion sce the Appendix.



. (3) Preliminary. estimation of the parame-
“ters In each region

. {a) Estimation of the upper bound, M,

Following Cooke 3], as estimator for the

- apper bound of the X's we use:
My=(1+r )Y, - r 'Y, (17)

where .Y, is the largest value of the sample,
. and Y, is the rth largest value. The value of r
* can be taken to be fairly small, and the value
of the estimator is insensitive to r. In the
calculations given later in the papcr r will be
taken to be 10.,

" (b) Estimation of a and 8 :

Given the value of M, the parameters a
* and B are estimated by maximum likelihood.
" ‘The equations are:

a . n e . rirpre .
;_a';-(lnf-)-_;—&(xerKT) {(18)
___?__(‘nj:) = _2 - W'(Y(R'T' + knT:r) _q = 0
"8 ' 50

» (19)
- where R’ = Mpe M — Mo PMi R =
.M, e BM _ Mye” AMi. and n=n"+n"
Replacmg « in (19) by its value from (18)
we find
l _ R’T' + RIITII
B kT +x"T"

_ This équation must be solved numerically for
-B, and it turns out that a better form is -

— B(S + nF)=0, where F=(RT +
RHTH)/(K!T! + K”T“).

Once f is calculated, & is obtained by the
formula & = n/{k'T" + &"'T"}w.

~ {4) Numerical results of preliminary
estimation - :

The values given in Table 2 were obtained
for each of the 10 considered regions. (Note
that the units of « are earthquakes per year
per km?).

-S=0. .  (20)
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TABLE 2 .
Statistical data and preliminary purameter estimates
RegionNo S n M, a B
1 495 75 8.41 485 21
2 253 38 843 0.51 20
k! 5597 83 818 019 16
4 309.2 46 8.08 004 16
5 4088 - 63 7.68 105.8 25
6 701.1 110 864~ 30530 3.2
7 1850 290, 8.34 48760 _ 32
8 851.5- 132 843 291.1 2.8
9 9591 147 - 883 %416 25 -
10

3871 38 B16 0.18 1.8

(5) Calculation of the a priori distribution
of the parameters

As explained in section 3, the a priori dis- - -
tribution of the parameter set (a. B, M,} was
taken to be discrete. taking each of the ten
sets of values given in Table 1 with probab;l- -
ity 6,(i = . 10).

”smg formula (16), the matrix of condi-
tional likelihoods ( p,,) was calculated. Some
difficulties were -encountered on account of
the very large numbers generated. In this con-
nection it is important to note that the solu-
tion of the set of eqns. (7) and (8) depends
only on the ratio of the elements in any
particular column. One should also-note that,
since M, does not vary very significantly. and

" since « and B were calculated by using a

maximum-likelithood method, the diagonal
clements of the .matrix (p ) tend to be the
largest elements in each column.

The procedure adopted was to calculate
first the matrix of elements In{ p,,), then to
subtract from each column the largest ele-
ment, which turned out to be the diagonal
element, Next, the matrix of likelihoods was
calculated. It turned out to have ones along
the main diagonal. with; much smaller ¢le-
ments elsewhere.

Finally. the 8, were calculated, and the val-
ues obtained were: 0.10, 0.07, 0.10, 0.09. 0,
0.10, 0.10, 0.10, 0.21, 0.13.
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(6) Calculation of the a posteriori estima-
tors for region 10

This is easily done, using formula (12). The
values obtained are: &4 =0.1779; Bm = 1.826:
M, o;= 8.164.

6. CONCLUSION

The method described above provides a
general procedure for combining relevant data
which cannot be considercd as identically dis-
tributed. While the idea of combining such
data for estimating seismicity is already out-
lined" in Esteva and Bazan [2), this paper
provides for the first time a precise mathé-
" matical and stalnstlcal model for such a proce-
dure. !

As in most empmcal Baycs applications, 1t
. 15 not possible to derive simple formulae for
" the bias and variance of the estimators. All
what one can say in general is that, on account

of formula (12), the empirical Bayes estima-

tors are averages of the estimators in the
various regions. If » is the number of regions,
and the estimators have comparable vari-
ances,-the Baves estimator’s variance can be
cxpected to be improved by a factor of about
n against the estimator based on one region
alone. Also the Bayes estimator cun be
expected to show very Iittle bias. (See Maritz
[1)).

For the particular case at hand, the only
way to obtain precise figures is to resort to
simulation. Work 1s proceeding at present on
this aspect of the investigation, and the results
will be given in a forthcoming paper.

Of course, as with every other probabilistic
model, the accuracy of the estimation and its
variance will depend on the validity of the
assumptions on which the model is based,
namely

(1) the Poisson occurrence of - lhc earth-
quakes,
(ii) the truncated negative exponential distn-

v

bution for the distribution of earthquake
magnitudes,

(i) that the parameters in cach of the ten
regions are random values from a popu-
lation of parameters which can be ap-
proximated by a discrete distribution.

The model 1s certainly highly plausible, but
its eventual value will only be judged by its
long-run success in practical applications.
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APPENDIX

Derivation of the likelihood function of the
data

1. Likelihood of a. compound Poisson pro-
cess. _
Coensider a realization of a Poissen process
with parameter A over a time interval 7. Let
(r,...t,) be the points of time at which the
occurrences of the process are located.

Divide the time interval 7 into small inter-
vals of length /. Let /i be so small that in edach
small interval either one occurrence or no -
occurrence is located. The probability of
(1y...., 1,) 15 then exp{ -~ AT }A"" and is inde- .
pendent of the exact values of r,,..., ¢,.

As h =0 the likelihood remains propor-
tional to exp(—AT)N" and is a function of n
only.

if g{x) is the common density function of
the random variables located at {r,,..., f,),

and (x,,..., x,) is the set of observed values
lhe lxl-.el:hood function, given n, is
(x)...8(x,) '
F1nally the likelihood of the observations
(f5e-.y 1,) and {(x,,...,x,) is ‘
(x;)...8(x,). (21)

exp{~AT)A"g
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As long as we idealize earthquake generation as a Poisson process
we heéd'only asscss‘thé exceedance ratc as a function of magnitude.
More‘rcalistic models demand evaluation of morc than one quantity for
evefy givén magnitude. In turn the excecdance rate must be defined
by two or more paramcters, depending on-the refinement desired.
The'bayesian treatment is entirely general. Details of its ap-
plication to the examples chosen here are, however, tied to the as-
sumption that we deal with a Poisson process and to the particular
shape of the exceedance-rate curves. The choice is justifjed for a
‘wide‘range of applications.
', ' 3
‘.GENERAL SOLUTION FOR A SINGLE REGION

Assumé that we deal withla Poisson process. Let X = X(M;8) denote
the exceedance rate: the expected number of earthquakes with magni-
tude greatér'than M that occur per unit time; it is a function of

M with parameters vector 6. Let M, denote the smallest magnitude
for which there are comolete, reliable observations over a neriod
1, and M, the maximum possible magnitude within the regioﬁ in_qugs:
tion. Divide the interval My, M, into segments of size AM small
enough that the ﬁrobability 1s negligible of there having occurred
more than one earthquake in any one given segment during the period
of‘observatioﬂ.' The probability that an earthquake with magnitude

Lol
MALE \here

M’é occurred is, save for higher-order terms, —AiIAMQ l
Ai = dr/dM at M = Mi' Again save for higher-order terms, the proba-
bility that no earthquake occurred with magnitude in the segment

containing Mj is Q}EIAM. Hence, the 1ikelihood of the event €,
consisting in the occurrence of ear;hquakes with magnitudes ML’

£ =1; ..., n, given o is

) = -Eki exp(gxkzﬁu), k= 4,4

‘Now make aM tend to zero. In the limit,

o M

u -
Lclg Lﬂxk?xp(tj A TdM)

g- . 0

it

T explid, - 2g)1] (1)
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where A{ = dxa/dM, x, = X(My), and i = A(Mu),

" We must often agpregate seismic data gathcred over periods of
observation having different M s. Let then subscript & 1dent1fy
such per10d5 and recast.- equation (1) in the form

Yy ) : = - ' =
Leje = 7IexPlIOg = A )40 , (2)

Subscript 4 covers the totality of observed earthquakes.
" Now let £é denote the prior likelihood function of the parameter
vector., Bayes' théorem‘gives us the posterior likelihood,

2 = 2ot N ()

" We get‘thé joint posterior probability density funcfion p" by.ndrmali

121ng £" so that its integral over the domain of § be one. (As is
customary in bayesian statistics, here we use the single prime to

denote prior values, the double prime for the posterior ones, and no
prime for statistical data.) ‘

We are interested in the probability density of A as a function of
M. This we obtain from pg; In most practical cases, though, it suf-
fices with the calculation of the expectation of A and perhaps of its

‘variance. This allows computing the corresponding parameters of the

exceedance rates of the seismic effects at the site of interest. Re-

. sults from all pertinent regions are finally combined to provide a
basis for design. In the present paper we will stop at the calcula-

tion of pg

.EXCEEDANCE-RATE CURVES AND THE POISSON ASSUMPTION

With basis on work by Gutenberg and Richter! it was established prac-
ticé for decades to idealize as linear the relation between the log-
arithm of the exceedance rate, 1ln i, and the magnitude M of the earth-
quakes generated in any volume of the earth's crust, sometimes intro-
ducing a cutoff at the estimated maximum possible value of M (Figure 1}.

- Owing “to inaccuracies in the magnitude, to the combination of data




from seismic provinces having different cutoff magnitudes, and pre-
sumably te other causés, the right-hand end of the curve was found
to be rounded, as in Figure 1; and among other things because many
small earthquakes are not registered, the rather irrelevant left-
hand end was also rounded. ‘

1f Inx is a linear function of M with a cutoff, so is In (-dx/dM)
save for a concentrated pulse at the cutoff magnitude. That a linear

relation should hold given the nature of tectonic mechanisms has
been prdved in an analytical study?. .However, the same study con-
cludes that there must be a second process, superimposed on the
first, driginating high-magnitude motions and thus causing the
hump in Figure 2. The second process corresponds to earthquakes
triggered by slips at asperities in geologic faults. The overall
seismicity is associated with the sﬁm of the exceedance rates for
both processes. By integrating -d»/dM we get curves like the one
in Figure 3, in which there is nearly a magnitude gap over some
range. _Tbis is in close agreement with results of studies in which
reported magnitudes and focal coordinates have been very carefully
reevaluated?’.. Except for aftershocks and swarms, earthquakes not
associated with the hump seem to occur ih approximate accord with
Poisson processes, but perhaps not these due to the second process.
Seismicity studies are doubtless due in for a nosy rTevision. .

For illustration we will take the exceedance rate to be of the
form

v o= a(e BM - o8Ny | (4)

where Q;B, and M, are parameters dependent on the region. This _
relation closely resembles the ones found by Gutenberg and Richter.
Theoretically? g should be 2.25 but somewhat different values occur
in nature. _ ‘

~The Poisson assumption is justified when assessing seismicity
for design of not very important structures in areas of high seis-
micity. Governing earthquakes are then mostly of moderate magnitude
and originate through roughly independent processes, which makes
their arrival times necarly Poisson. For the same réésons the ‘tail-
end bumps and fairly sharp cutoffs will be blurred, justifying use
of equation 4. K
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Aside from theoretical considerations that furnish a very rough

“estimate of B and aside from information on seismic activity there

are no sound bases for assigning a prior distribution to the seis-
micity parameters. The orders of magnitude of radioactive and geo-
thermal energies avilable for earthquake generatlon are too high

to be of much use while estimates based exclusively on fault size
and .stress drop get us into circular reasoning, as the stress drop

has been inferred from data on earthquakes.

The maximum possible magnitude is ordinarily inferred from com-

parisons of the sizes of local faults and other tectonic features

with those of other regions, from empirical correlations, and from
earthguake history. There is no evidence, either historical, ar-

cheological, or geolbgicai, that there has ever occurred an earth-

.quake of tectonic origin with magnitude greater than 9, while some
-arguments favor assigning the 1755 Lisbon earthquake a magnitude

apporaching this value®. On the other hand, even in regions having
no active faults we cannot rule out the possibility that some might
eventually form. Pending a careful éssessment it seems reasonable
to recognize that in every region there 1s a p0531b111t\ that M
will exceed 3. We would like for the prior den51t) function of

Mu rapidly‘to approach zero as M tends to some value, slightly 1in

.excess of 9, say 9. _, as well as when it tends to 3. The beta dis-
tribution with likelihood function,

‘ . o

Gy = My - x )7 0 - M | ()
will do this if we set x, = 3, x, = 9.2 and if a, and a. exceed 1.
For :.purposes of illustration we will choose a, =5, a, = 3. For
the beta dlStrlbUtIOD, E'M = (a x, + a,x,}/(a, + a )/and c'M =

[ (x, - 1)/(a1x2 + axy)])[ara;/(ay + az)]lfzwhere E and ¢ denote

expectation and coefficient of variation, respectively. With the
values assigned to the parameters we get E'M, = 6.875, c'Mu'= 0.1544..

With basis on local studies it should be possible to raise «,” ~,

and .4, and it may be possible to narrow the range x, - x-, making

i SN

- %, , ,
5 = - . : )
7. o - ‘», - -
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the distribution more pcaked on both counts.

- When seismic data have been collected over a single time interval .
2

—in other words, with M§ constant ,— substituting 2 from cquation.(d)'tf‘i

?5n into (1) gives, -
Lt 0L iy “
. MM -aT-B5 :

Lc I ] = o'g e 7 S (6)

R - BMU o= BM . _ . . N ;.

where 1 = (¢ e uyt and 4 = :Mi. This has the disadvantage .

that « and B are strongly coupléd since M, is almost always appre- i

ciably '‘greater than zero. We improve matters by moving the origin

of magnitudes to M, (after all, the zero in the magnitude scale is

1
H

quite arbitrary) and rewriting equation (6) as ‘ m
|
l

L _ AN -a1-BY o
P Ele B B e (.")
® |
n . ,.‘:
where o7 = 3,2, © = (1 - e BMuye, ¥ = zm{, and ﬁ{ =M, - M. An T

J

= o

uncoupled, approximate solution now obtains by replacing 8 and M, o
- ‘ |

with their expectations 1in the expression for ?, and ¢ with its

,f;ms-; expectation when it comes to M,. Indeed we can write,
.
1
2
Leio ™ Lejale ale (8)
: 'ur’\\: Y N
L= 3", ¥ e 1o PNy | (9)
g0
= n_o-Bs 1
LEIB g e (1)
—
-a1
LEIM f e . (11)




"My, equations {Z) and (4)yield equation(6) with n = I, n,, s
gh(gFBMoh—- gTBM“)Ih where subscript k identifies each such interval.

where the overbar decnotes expoctatioﬁ. The required expectations

can be obtained iteratively. We will see in the numcriéal‘examples
that the errors involved are quite small. Greater accuracy results
from writing g for g8, where ¥ is such that

ot - 8% = oY - BX
or § = ¥ and N

a(7 - T)/5 + 8

e

Eﬁu(ﬁ - ?)e'éﬂu + 8 - ' << (12)

When data come from time intervals having different-values of

Againicoupling is reduced by moving the origin of M to some conve-

‘nient magnitude, such as the smallest M - Should coupling between

o and § still be excessive.after applying equation (12}, one can

make B a2 quadratic function of ¥, perhaps o a linear function of

a and ¥ (which amounts to further shifting of the origin of M),

or even usenumerical integration in two or three dimensions. As

.we will see, though, even the use of equation (12) will rarely
. be justified.

Because prior estimates of a« and g come essentially from com-
parisons with other regions and because the use of natural conju-
gate distributions appreciably simplifies the mathematical treat-
ment it is desirable to assign such distributions to these para-
meters. Eor Poisson processes a natural conjugate is the gamma-1
distribution®, with prior density function '

NAREIPTTUNS TS 3

p = e , _' ' 13)
Tt (

where n' and &' are prior parameters. Simi%ar expressions hold for
a and for. g (or ¥) after replacing &' with 7 and with s'. respective-
ly. The n' for o must be the same. as forlxb but that for g will

. usually be much greater. It follows from equation 13 that

Yo

={z@ Ak ,'-T'=

¥




E'yp = n'/2’ (14)
-1/;' . : .
¢'he o= ont ‘ (15)
The posterior densities p , and pB are obtainéQ by replacing n'
1!, ?' and %' with a" = n' + 0, t" = t' + ", Q" T+ ?, and
Wy, v, " .
4" = 4'-+ 4, respectively.

Forcing matters a bit, when data come from a single period of
observation, accbzding to equation (11)we can multiply £/
tiqh {5} by exp[—&(l-e' u){]‘where 1' 1s some prior parameter that
needs not be the same as that used in the prior distribution of X,
nor in the calculét;on of T'. Then we can say that not very or-
thodoxically, ﬂﬁa is a natural conjugate distribution (not very
orthodoxically because it contains more than the least possible
number of parameters; still it retains its form as we incorporate
data and 2' changes into £" = &' + ¢ to give us the posterior
likelihood function of M,.) The net results usually differ .little
from assum1ng that ‘both prior and posterior distributions of M,

are beta with parameters a,, a,, x andlx2 but that the posterior

z 1’
distribution is zero for Mu < M, where M, is the largest observed

magnitude.

The prior likelihoods ‘can heuristically be regarded as the out-
comes of a fictitious, conceptual experiment in which we register
n' earthquakes having some &' = Iﬁ{ over a time interval t'. The
experiment being imaginary there is no objection to n' assuming non-
integer values, but n', ', and &' must not be negative. Incor-
'poration.of.real data is equivalent to joining the fictitous expe;
riment with the observations, making a wider, partially real ex-
periment come about. '

Prior to the gathering or at least to the processing of empirical
data the distributions assigned to X, and to & must be diffuse. On
the other hand, local studies of ‘tectonjics allow us to pool data
from similar regions. One should accordingly begin by setting n'
and t' equal ‘to zero; then one should incorporate data from the
pertinent macrozone of the earth's crust (the Circumpacific belt,

n o
M, I equa




. f
Doer

LA

X "
, flat one, assigning small values to n' and ',

the Alpide belt, or the low secismicity macrozonc: sec Reference 8);
and procoed to smaller, tectonlcally simjlar regions. '

. We should -apply the samc approach for the distribution of g
save that rather than using a diffuse prior we should begin with a

as we have somec theo-
retical basis for the estimate of 8.

The treatment described here for i, and for parameters & and ¢

can be applied to other parameters should one seek a more accurate
definition of the exceedance-rate curves.

+

POOLING

We will begin with.An‘= A(M,), which for the purpose we will desig-

nate as i, as é.quantity'to be assessed using data about earthquakes:
originating in regions -tectonically similar to the one in which we

are interested. Let. us write-l = g A, f =1, .. ,N, where sub-

script refers to the jth reglon, no subscrlpt to the set of N sim-

ilar  regions, and X anhd f. are statlstlcally independent variablés

for all y, save that Efﬁj = 1. Before welprocess.seismic data from

the set of regions the only relevant information is their
Al
b

areas
and the degrees of correlation we expect between pairs of the

Ais. We must therefore take E'¢. = A./A where A = Z?Aj wvhile the

degrees of correlation are decreasing functions of the coefficients

of variation.of the ¢ .s. (With additional local tectonic informa-

tion we may choose E'E

i # Aj/A but must still comply with the con-
dition zie . = 1.) '

Let M denote the number of earthquakés with magnitude greater

than MD observed to occur in region j during a period of observa-

tion £.. The probability of the event consisting in the occurrence

of n; such earthquakes, j¥1, , N, given Ej’ =1, ..., N, 1is
(et )" CrEag -
P = {n -ﬂ——i-— 785 MYy (16)
E}QrA i j
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.where ¢ is the vector of the £ s 1f all the tjs are equal, say
to 1, the exponcnt of ¢ becomes -xt. Hence the likelihood func-
QT tion |

ny l
e 4 y
LE|£ ng (17},

This suggests for the prior joint distribution of the £;5 the mul-
tinomial beta, which is a natural conjugate of Lcl

v -

mj"i
pg = Flm')ll J—— _ (18)
= b I’(mj.)

v in which sz} =m'. (If the only relevant information about the
regions are their areas and their similarity, then m'. = m'Aj/A
but this must generally be modified when we have additional local

TORIY tectonic -information.) Hence also the posterior joint likelihood
function |

i T ’ P : .:,‘.'\, mo_ ' 1
L R ER R AT (19)

% ."’ A - i

Wf

b g ‘where m} = m} + ”j‘ Here m' needs not be related with the n' in
- A

S the prior distribution of x. We conclude from equation (19) that
the poStérior marginal expectation of Ej is E”gj.= m;/m” and that
the corresponding coefficient of variation squared is

- o ’ Moo= +

' lq:’l ! .:7!-“I "‘/l-?“?': f: ! :r‘%’ %

. * m'=m/! ERNAY N !z

ores 103 }/ UL SRR beytre. N/ ¥ (20

O gt Lrlala : CRE TR : ‘ ‘

A o i m' (n"+1) A g f ;

- i

LI S

Now N O R

where " = Y"'m. = m' + ¥ 'n.. L TR UL
1 j 1 1 . . ;

viaiigsee D

oy bem Actually m', which measures the degrees of correlation between
; _

&
cpote wf3E

e

pairs of Ajs, is a quantity about which we have little experience.
TE

A We should therefore assign it a prior probability distribution and
N .. update it in the light of the observed numbers of earthquakes. .
ye T oo E /3."§ y . ‘ )

et e




M.

comprise the Circumpacific belt,

Vnot hold for regions of any size since c?cg.

11
17w ?

This can be donc by using cquataon ((19), from hthh it follows

;thdt

AH
L =J...Jz£dg, g, U

€|m!

= Flm')

" T (20

r(my

.so, if we assign m' the prior likelihood function E', we find the
‘posterior one, f" = L

2

elm' m

"From the assumed independence .between 5j and A it follows that "

CE"y . = E" EMa
-4 Ei
= (m;/mll)(n“/.‘tll) - {22) _
C"_2Aj- = angj + H?EJCH2) + anx
=" (14 1/m") + 1/n - (23)

from equation (15);

c”zgj is given by equation (20).
There remains for.us to provide guidelines for 3551gn1ng m' a

prior distribution. Analysis of a great many regions in groups of

equal areas ‘has shown that the relation

.czE. =

j (A/Aj.)‘5 -1 : TS

gives satisfactory results [8, 10]. Here ¢ is a positive constant,
found to be about 0.25 for regions as disimilar as those which-

and about 0.50 for the rest of
the uorld For reglons deemed tectonically 51m1lar
8. between 0.05 and 0. 20 are to be expected.

values of
(Thi’s expression .can-
¥ and e?(1 - £ .} must

be related to each other through the cond1t1on .that the varlances

1Y (8
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of ¢£. and of 1 -‘gj must be equal, which,‘if cquation (24) always
held, would only be true when E( = 0.5 and/or 6 = 1. However,
the emp1r1ca1 confirmation is vast for the case Ef. = 1/N and

2 < N <100.) By equating ¢ & from equations (20) and (24), re-
plaC1ng the double primes w1th single pr1mes and making m;/m; =
A/A = N we get

-

N - N

m' = —_—— (25)
: A

Secondly, if we have an idea of the correlation coefficient
between pairs of Ajs we can make use of the expression

(26)

where ¥ ik is the correlation coefficient between . and Ap- By !
expre551ng ¢’ Aj and cfAk as functions of ¢"x, m', and mé through S
equations (20) and (23) (after replac1ng the double primes with sin-
gle primes) and the latter in terms of m', we can solve for m' as
a function of a specified p' h The different values of m' thus .

found gl\e an idea of its order of magnitude. For eéexample, 1f

m; = mk = m'/N, equation (26) gives us “’*:'?fhrt;faf _J~;;::;}i” , ?;
g T e fa v Giiion
m! = (N - 1)(1/c"%x + 1) _ (27)
1/p}h -1 :

For a given N, pﬂk is not very sensitive to moderate differeﬁcés
between m; and mk if m' is found from equation (27). For‘ex%yple,
with' ¢'x = 0.2, pjh.= 0.1, and m} =m = m'/2, equation (17) gives -
mth 1.89. 1If now m} = m'/3 and mé = 2m'/3, m' = 1.89 yields |
pjk 0.0979, Whatever the value of c’g, the m' that results,;n,
p}k 0.5 according to equation (27) when m} ='mp = m'/20, will |
giyf p}k = 0.5825 if m} = m'/20 but m; = m'/10, while it results .
in‘p}k‘= 0.4047 when m} = m'/20 and mj, = m'/40

)]

[

Finally, the maximum entropy criterion subject only‘to the re-

strictions that the £j¢ have a joint beta distribution {Appendix
2) yields |




:ppstulate that the mjs are approximately equal to each other and |

‘it to the condition m' > I/minjffgj, as we usually know more about
“the relative seismicities than implied by equation (28). - When the

p11f1cat10n that produced equation (17), and we may have to use nu-

Again we find E"n n; = m"/m" from which EHEJ = (t"/t")(m”/m"), while |
equations (20), (21), and (23) are still-valid.

"= 1/min ' . . - :
m /mi P | " (28)

 wh11e if the m's do not differ from each other, m' <‘N.

Since equatlons (25) and (27) are valid when all m's are equal

we may use the first two expre551ons for an estimate of m' when we

center the prior distribution of m' around these values but subject

m;s differ significantly from each other, we must dispense of equa-
tion (25) and replace (27) with (26). s~ '

This approach cannot be used when the times of observation £,

are not all equal to each other, for we cannot then apply the sim-

merical integration. We may still resort to a simplifying artifice
by noticing that the exponent of e in the resulting expression.for

E \ is -Azjg .£" so that the assumption that X and the g .S are sta-

i
t15t1ca11y independent ‘implies that I .¢ t; is a constant If we ‘
‘denote this constant by t" and make it equal, say, to I.E' gjz}, we o
can apply the former scheme by replacing Ej with g.tﬂ/t" = p., say.

A similar artifiqe can be used when the magnitudes M, are not
equal for ali the regions provided we know the values of g and M.
When these are uncertain we get approximate results if we replace
them with their expectations. ‘

The approach we have described in connection with i, is direct-

ly applicable in the pooling of information for the assessment of

. a, as it suffices to replace t with T (see equation (7)). In gener-

al, though, the~?js_wi11 differ from each other and their dependence

.on the uncertain parameters Bj and M . introduces coupling between

uf .
them and a. Again the coupling is approximately overcome through

the replacement of the uncertain parameters with their expectations
and  use of the scheme we introduced for the assessment of 2. when
the tfs differ from each other,




The first step conéists, then 1n assessing 8, since it is in-
dependent of a and ﬁu (sce equation (10)). Let now B; = gjs where
R isistatistica]ly independent ‘of the Ejs’ It follows from equa-
tion (10} that

-

n.‘ "\ - .
- ] j] ‘BX'A'E‘
g [ e O
'
if we let ; f.‘
' j -1 ,1;.
(¢.8)
pé g = T(m') Ig——f—-—m———— e szxjgj (30)
=’ 1 I‘(mj) :
we get ' -
m".-l ~
(E'B) j _B;u"
£ g = T(m') —d | o 7P% (31)
5 foT(mY)

where we have set ?; = ngjgj’ a constant because of the assumed

independence between g and the gjs. Integrating with respect to

"B we get
"5 "
n ., in--1 i ‘
£E = T{m')m g - U”j b (32)
= g rimi) 4
-
where nj is now 514’75" and zjnj-= 1. Finally, E"g = (n”/m")
(6”/4") while the second member in equation (2) now gives us c"zgj
and mutat;s mutandis equations (21)}-(23) still hold. Notice that
n' and m' as related to B are ordinarily greater than those as-:

sociated with A, and a. Notice also that when not all the g s are
equal, In X does not comply with equation (4), so B plays then the
mere role of an arbitrary parameter. ,

The approach is of course inapplicable to the distributions of
Muj For each region the distribution must be baséd on local tec-
tonic information if available, and blind correlations with other
regions play no role.

— - Bl ——— PR . PO,




" cording to the table, n = 23, 4

EXAMPLES

“With the purpose of illustrating first the more basic concepts we
Cwill present examples 1n which we meet problems in rough]y the
freverse order to that in which they are met in practice.

:1 Single region with one period of observation. Consider a singie

region for which MO = 4, we have arrived at rather flat prior distri- -

butions of & and g, and there are no studies of local tectonic con-

ditions. We have assigned o and B gamma -2 distributions with

P

n" = 0.1 for & and 1 for 8, T =, 0.4 yr, and & = 0.5,

= 3 would
have been more :representative. We chose the lower values to ac-
[

centuate differences between successive cycles.) We adopt equation

(5) %ith x, =3, x5 =9.2, a, =5, and a; = 3 for the prior like-

lihood function of Mu. Seismic data for an 80-yr period of obser-

‘vation were generated through simulation (see Appendix 1)‘usingr

> = 0.25/yr, 8 = 2, and M, = 8. Table 1 displays the results of

‘two .simulation runs.

We begin by using equations (7)-(11) for calculating posterior’

~distributions on the basis of the first run. Since M, exceeds 3,
xE"Mu'will be greater than 6.875. We will tentatively use 7.4,

E'g = 1/0.5 = 2.
" = 80.31 yr.  Ac-
= 100.08 - 23 x 4 = 8.08. Hence,
E" = 23.1/80.31 = 0.2876/yr, c"s = 1/¥25.1 = 0.2081, E"g = 24/
8.58 = 2.7972, and c"8 = 1//24 = 0.2041. ¥e evaluaté E"M_ and
chMu numerically u51ng the likelihood functlon of the observatlonb
(equation (11))and the prior likelihood function of H (equation (5))
and noticing that the posterior is zero for Mu < M, We get

Evfi; = 7.4 - 4 = 3.4, Also tentatively, E"s
(1 - e 2x%%) x 80 = 79.91 yr and so

Yl

2 1

E"M, = 6.90, c"Mu'= 0.1353. (Had we merely used equation (5) for
the posterior likelihood truncating it at M, = 5.14 we would have

- found E"M = 6.99, ¢"M = 0.1267.) Now we go through a second
cycle of computatlons using the expected values we have Just got-
“ten.. To the number of 51gn1flcant figures given, none of our Te-
.sults changes save that now E"ad = 0.2874/yr.

(In practice .|
on" wpu}d almost surely exceed 4 for 8, say n' = 6 and 3 =

JER L e e i

.



16

“t /‘:\
)
.- ‘ ' o . " N g
Use of equation (12) yiclds {e- 8] « 107° % - gl, and so no
further refinement is justified.
ﬁinally we repeat our analysis with data from the second run.
We get E"a = 0.2263, c"o = 0.2351, E"g = 1.4022, c¢"g = 0.2249,

.E"M;'= 7.92, c"Mu = 0.0493. (Using equation (5) for the poste-

rior likelihood of M,» truncated at M = 7.37, would have yield-

ed E"H = 7.94, "M = 0.0494.)

Comparlson of results for the two runs with the parameters
used in the simulation shows that such small samples of earth-
quake magnitudes can be quite misleading. We also conclude that
a single cycle of the iteration procedure is ordinarily sufficient,
that the refinement consisting in use of equation (12) is rarely
if ever justified, and that the conservative estimate of E"Mu and
c”M , in which E" is taken equal to £Mu pruncated at My, 1s often
adequate. (It can “be shown to be always conservative 1n that it
overestimates both E"Mu and a"Mu.)
2 Single region with two observation periods. Earthquakes in the
region considered 1in Exaﬁple 1 have also been observed during an
80-yr period with Mey = 4. Prior to this all earthquakes with
M > 6 were registered over a period of 800 yr. Now T o= BO(I-Q*BMu)

" 800(e ?® - o BMu). We will take n', ¥', and 3' as for Example 1

and again assume there are no studies of local tectonics. Results
of simulation using the same parameters as for Example 1 but both
values of My, and both of th appear in Table 2.

We will tentatively employ E"M = 7.9 and £E"8 = 2. Then 7 =
94,36 yr' " = 94.76 yr, and since n 26 and % = 120.01 - 4x 26 =
16.01," we get E"a = 0.2754/yr, c"a = 0.1957, E"6 = 1.6354, and ,
¢”"g = 0.1925. Consequently, E"Mu = 8.24, c"Mu = 0.0344. A second
cycle changes E"a into 0.2374/yr but does not alter the other values
comﬁuted, up to their last significant figures.

Prom'equation (12), 8 = 9.7x 1075+ 0.99994%, and we can say that
it is § that has the gamma-1-distribution with the parameters we
obtained and that the distribution of g can be obtained therefrom.

fh

3 Three tectonically similar regioné. Data for this problem are

contained in Table 3. For the assessment of i, and o we choose

n' =1, 2' = 1 yr while for that of g, n' =.2, 3" = 0.8. In
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assoséing aj:we take the regions to be sufficiently similar so
Ythat ¢ # 0.1 or, if they were of equal size, o jh 5 0.6. There
3are no local studies to allow improving on the estimates of
maximum possible magnitudes beyond what is given by equation (5)
wlth ay = 5, a =3, xy; = 3, x, = 9.2 and by seismic data. .
For 2, we get R" = 1+ 85 = 86, t" = 1+ 42 = 43 yr and so t") =
86/43 = 2.00/yr and c¢"2x = 1/86 = 0.0116. , :
From equation (25) with 6§ = 0.1 and N = 3, m' = 16.22. for the.
.prior distributions of f.. According to equation (27), m' = 19,
and from equation (28), m' » 6. We will assign m' a prior dis-
triSUtion discretized as in Table 4. Application of equation (21)
gives the posterior probabilities in the third column. Theﬁ using
m' = 12 for example, we get m{ = 12/6 = 2,-my =2+5=7,m" = 12+
85 = 97, E"¢y = 7/97 = 0.07216, c"2g, =.90/7x 98 = 0.1312.. Next
.we'compute the weighted mean of E"gl, 0.07758. ,The variance of |
these values is 1.012x 10-%, which we add to the wéighted mean of
the individual varlances to get 6.8775x 10" ", whence ¢"%g¢, = 0.1160.
Consequently, E"2;, = 0.07758x 2.00 0.1552/yr from equation (22),
"and ¢"x; = 0.1289 from equation (23), ¢"x, = 0.3591. Had we dis-

m
"

H

regardea information from the other two regions we would have ar-
rived at E"x, = (5+1/6)/43 = 0.1202, c'x; = 1/VI6+5 = 0.4399.

. For & we get n" = 87, & = 34.8, so E"g = 2.50, c"28 = 0.0092.
We now assign m' the prior distr%bution discretized as in Table

5. Frem equation (21) we get the posterior distribution in the

third column. We take E'gj'= 1 for all 4. Now, using m’ = 30
for example, we obtain m" .= 30+ 85 = 115 and &" = 115/2.5 = 46,
whence &' = 46 - 34 = 12, which we distribute among the regions in

_prgportion to Uj' By adding 6} to 87 we get the a} shown. It follows that
E"g, = 10/5 = 2.0000, c"?¢, = 105/100x 116 = 0.0905, and so on.

Proceeding as we did with lj we find E"B, = 2.0350, c”g, =.0.3041.
These results compare with the ones we would have obtained dis-

" regarding information from the other zones: E"g = '(2/6+5)/
(0.8/6+%3) =1.7021, c¢'B, = 0.4330. | .

| By assigning Mﬁj the beta distribution in equation (S).trunm
cated at M 1 we get the first estimates of E"M - in Tab]e 6.
These, together with the computed E”Bj furn1sh a first approx-

.imation tp_?j. Next when m' = 12, we compute E"E = 7/42.97 +

———————
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Y '
34/42.99 + 59/43.00 = 2.0002/yr, ¢"?a = ¢"?), 1" = 0.07216x 42.97 +

0.35052x 342.99+ 0.57732 x 43.00 = 42.9941 yr, and rcpeat for m' =

18 ‘and 24. We obtain E"aj and c"aj as we did for g,. Using equa-

tion (11) we recompute E"Muj and obtain C"Muj‘ The expected max-
imum possible magnitudes are sufficiently close to their first ap-

proximation as not to justify a second cycle.

SUMMARY AND CONCLUSIONS -

In assessing local seismicity we must rely heavily on empirical
information. This consists of seismic data from the region of
interest and from regions geotectonlcally similar to it. The
latter, together with the meager theoretical bases available,
permits constructing prior distributions of the seismicity param-
eters. Through use of Bayes' theorem one can combine these dis-
tributions'with data from the region in question to obtain a pos-
térior, provabilistic description of seismicity.

In many cases 1t is justified to idealize the earthquake gen-
erating proéess as Poisson. A general bayesian solution is Ziven
for this. situation. Under the same circumstances it 1s also rea-
sonable to approximate the exceedance rate as A(M) = a(e-BM -
e-eM“) where 2 is the expected number of times per year that
magnitude M is exceeded, M 2 M, = threshold magnitude beyond which
there are complete data, Mu = maximum possible magnitude, and a
and B = parameters. To X(M_,) is assigned a natural conjugate gam-
ma - 1 distribution. Parameters a, B, and Mu are statistically
cpupled through the likelihood function Lcle where ¢ is the evgnt
observed and 8 is the vector of seismicity parameters. However,
by -shifting the origin of magnltudes, which changes a and M into
o and ﬁ , we can write with good accuracy L 19 = £|u m Elﬁ
Then o and g are given a treatment similar to (M, ) while for Mu
we choose as prior a beta distribution. Results can be refined-
through use of a simple scheme which, however, is rarely if ever
justified. An approximation is introduced to deal with cases in
which data comec from periods of observation having different M s,
It is foﬁnd that in all cases the truncation, at the maximum-ob-

served magnitude, of the prior distribution of Mu gives satisfactory

results.
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ﬂo makc explicit use of data from similar rcgions'it is pos-
‘ . ‘ tulated that the a{M,) for the jth region can be written as

' .& A(M } where 3 (Mgy) refers to the set of N similar regions and
’A(M ) and the £j< are stat:qtlcally independent save that z N
.1. The joint natural conjugate prior likelihood functlon,for £
‘is the multinomial beta H;Qm;'l where the m}s are prior parameters,
_These are taken proportional to the prior expected numbers of

earthquakes in each region. Their sum, m' = sz}, measures the

degree of correlation expected among the seismicities of the

varios regions. Since there is little experience 1in choosing m'

’ .
;o ‘guidelines are supplied for the purpose. One criterion is based
_on empirical data, another on the postulated cocefficients of cor-
.relation between A(M )s for the various regions,

"terion, based on entropy maximization

and a third cri-
, 8i1ves a lower bound on

'm'.

A similar approach is used for the Bs of the different Tegions,

save that the condition zNg.

= 1 is replaced with the constraint
'that a certain linear comblnatlon of these variables be censtant.
'The same ccheme applies to X(M,) uhen the tlmes of observation

differ from region to reglon Parameters o are given much the

same treatment ' _ .

Numerical examples illustrate the methods described and show
the adecuacv ofthe approximations involved.

APPENDIX 1 SIMULATION

We wish to simulate a multiple Poisson process that generates
earthquakes with magnitudes M,

Folr e, b

L =1, ..., n, Mj < M{ if 0> 4,
-when the exceedance rate is given by equation (4).._Let y = a{e'BM;
so M = y-y,, ¥y, = y(M),
” aa ) : - '. .
:,“ yun)ﬂ : : o Yoy = Y- 1n x{,xi uniformly distributed in 0,1
e L | |
. be .y Aﬁayr ,l i
11; .rl"j e f”'"!? i {J‘H-- . yl - yu - 1n Xg
’ fle waty: 1,,,1,, M- ‘ :
e 1 1 at
:r.r* ‘\‘_.)'\ 4:
e Vi - . . ; Py .,/f e ,/,"t" LR
e ‘l' . . r(‘.-‘- PR AT e '\, H
.l' “ I" .\ . )
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" APPENDIX 2 MAXIMUM-ENTROPY CRITERION FOR m'

Let tj; j'= 1, ..., N be a sct of random variables about which all.
we know is that 0 < Ej < 1 for all 5 and xfgj = 1, We wish to
- 1
find the joint probability density function of ¢ such that —]0
1 ' o
Iopg 1n pE deg, ... dgN be maximum. Suppose first that all 5 were

fixed except g, and ¢, It is known that the conditional dlstrlbu-
tion of &, g1v1ng maximum entropy would then be uniform betheen 0
N

and 1 - I 5. and that hence, §, 1is dlstrlbuted 1dent1cally. S1nce
thls 15 true for all pairs of g the joint likelihood function is
n g J " with mjr= 1 for all 4 and so m' = N.

In no case can any of the m}s be smaller than 1, for 4 would be - ‘V

-=» while it is finite when m; > 1 for all j. Hence, when not all
tﬁe expected gjs are equal, E' 2 l/minjf'g» Now let Sj belthe
entropy of the marginal probability density functlon of g We
can show that when mj > 1, Si decreases with my- Therefore the

equal 51gn gives the maximum S. Hence, in all cases m' > 1/minjE'gj.
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Table 1. Simulation runs for Example 1

— -

M. M

RO or (e

A .. 4
Run 1 Run 2 ) Run 1 Run 2
! 5.14 7.37 13 4.15 4.29
2 4.99 5.32 14 4.15 4.28
3 4,96 5.31 15 4.14 . 4.27
"4 4.77 4.92 16 4.12 4.25
5 4.63 4.78 17 4.12 4.21
6 4.62 . 4.66 18 4.10 4.12
7 4.44 4.64 19 4.08
-8 4.41 4.62 20 4.06
9 4.39 4.59 21 - 4.05
10 4.37 4.54 22 4.02
11 4.21 4.50 23 4.00
2 4.16 4.38 Sum | 100.08 85.05
Table 2. Simulation run for Example 1
1
i My L Mo i M
1 7.85 11 4.27 21 4.12
2 6.47 12 4.20 22 4.10
3 6.14 13 4.20 23 4.04
4 5.77( | 14 4.19{ | 24 4.04
5 5.05 15 4.16 25 4.04
6 4.67 16 - 4.16 26 4.00
7 4.63 17 4.14 Sum | 120.01
8 4.63] 118 4.141. '
9 4.37 19 4.14
10 4.36 20 4.13]
|
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3. Data for Example 3
1 A. , ¥ "
s 3 " °4 M1
f 1 1/6 5 3 6.84
; 2 2/6 30 14 7.51
| 3 3/6 50 17 7.89
Sum 1 85 34
i 2 =42 yr, Mu = 4
;.
| Table 4. Assessment of ¢, Example 3
:j;n" : P;n' P;;, ' m'," my m' E"gl c"z'gl
12 6.2 | 0.1927 97 | 0.07216 | 0.1312
18 0.6 ‘0.6096 103 0.07767 0.1142
24 0.2 0.1977 JO9‘ 0.08257 0.1010
Table 5. Assessment of B, Exémple 3
m| P:n' Prln' m; ml; m!l 1"{ 2;’ EIIB.{" CHZB‘{: .Ellﬁz E"83
.30 0.2 | 0.2142 5 10 115 2 5 2.0000 | 0.0905 0 2.2222 2.8261
36 | 0.6 ] 0.5998 6 | 11 {121 | 2.4]5.4]2.0370 | 0.0820 | 2.2340 | 2.8099
42 0:2 0.1860 7 12 127‘ 2.8 5.8 2.0690 0.0749 | 2.2449 2.7953




Table 6. Assessment of a and L

b

24

. i;;i;xiéation Results of first cycle
E"8 : - .
| EM T EVY E"M, ; My,
2.0350 | 7.64 | 42.97 | 0.1553 | 7.6360 | 0.0677
2.2335 | 8.03 | 42.99 | 0.6991 8.0252 | 0.0448
2.8107 | 8.27 | 43.00 | 1.1458 | 8.2691 | 0.0330
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MICROZONING: MODELS AND REALITY
Contribution to a panel session on Ground Motion Characteristics
6WCEE, Delhi, 1977
by

Luis Esteva!

INTRODUCTION

Nobody doubts that local conditions usually have a significant influence on the
characteristics of earthquake ground motion. What is not agreed upon, however, 1s the
manner in which that influence must be evaluated. When one: talks about microzoning,
atiention is usually focused on shear-beam models of stratified sotl formations and in
unidimensional, wvertically traveling shear waves., But strong-motion and seismological
records have shown that those models can only be apphed to-a much narrower range of
conditions thdn is usually believed, and that many other geologic or 1opographic features
can have a more pronounced influence on ground motion than the presence of sediments.
More general analytical models have been developed in order to’ account for
two-dimensional and three-dimensional response and vanious types of arriving waves, but
their validity and range of applicability have not been cetermined yet, Because of this, and
because of the greater complexity of these modejs as compared with shear-beam
amplification models, they have not gained wide acceptance in the solution of actual
engincering problems.

Not only is the shear-beam amplification model the object of strong controversy with
- tespect to the types of waves that significantly contribute to the earthquake motion at a
sile, but also with respect to the lack of consistént critena intended to define base rock
fevel, ie., the level at which usual intensity-attenuation laws are supposed to be valid, and
above which local soil contributes to modify intensity and frequency content of seismic

. motions. 1n other words, it cannot be uniquely defined what constitutes local conditions

and what is a portion of the path. Those criteria can be objected alse on the grounds that
the influence of local soil conditions is of'ten accounted for twice when making estimates of
seismijc risk: as a random factor associsted with the path when establishing empirical
allenuation laws and as a systematic correction associated with local conditions when
sludying amplification.

But microzoning is not only a matter of ground-motion amplification; it also implies
fcl_rmulation of consistent criteria to define design spectra at different sites, and evaluation
ol liquefaction potential. The former point requires consideration of the different laws that
rovern amplification of different types of wuves and different directions of arrival, as well as
their corresponding probabilities; the latter is not covered by this discussion, as it will be
aluded in another panel session. Thus, the puper deals with the problems of ground motion
‘haracteristics, under the framework of conceptual models, analytic results and observed
facts. The paper is not intended to be a state-of-the-art report although it is based on one

e,
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" (Ruiz, 1976) The intention of the author is mamly to point out some basic questions
pertinent to the topic, atming at the generation of vivid and fruitful discussion.

SEISMIC WAVES

The results of some analytical studies show that the influence of local soil on the ground
motion is strongly dependent on the nature of the incoming seisnmiuc waves. Hence, analytical
prediction of the ampiitudes of ground mouon at a site characterized by given local
conditions as compared with those that would occur under standard conditions requires
both the decomposition of the motion into vanous types of incoiming waves, and the
formulation of models adequate for the study of amplification and transformation of those
types of waves. Despite the very significant effort devotuxd by scismologists to the
formulation of analytical models for the study of wave amplification and transformation,
very little of their contributions is either avuiluble or of use to engineers, as those models
deal in general with the types of waves that are recorded ut large epicentral distances (far
- field), or consider highly idealized topograplucal features. These results should not be
overlooked, however, as they can provide a qualitative insight to many engineering
problems.

If a reasonable degree of success is to be attained in the prediction of the influence of Jocal
~conditions for a sulficiently wide range of cases, a lot of understanding has to be previously
achieved about the decomposition of ground motion into different types of seismic waves in
the near and intermediate fields. Obviously, the detailed source inechanism and the
propagation path can be decisive in the directions and relative amplitudes of the most
significant incoming waves, and hence on the laws governing ground motion ampliﬁc‘ation.

MECHANISM, PATH AND LOCAL CONDITIONS

The profusion of hetercueneities, irregularities and discontinuites in the earth’s crust (Fig 1)
is responsible for the complex patterns of reflection, refraction, and scattering that scismic
waves suffer in their path from source to site. Hence, it is not surprising that the influence
of mechanism and path on ground motion characteristics is in some instances more
pronounced than that of local conditions. This influence stems both from the modification
of the surface ground motion itself, independent of local conditions, and from the fact that
the different types of seismic waves resuiting from mechanism and path effects are modified
by local soil in different manners.

Fig 2 shows the two main paths followed by seismic energy form the source to a site of
interest: through the interior of the crust, in the form of body waves, and along the surface,
in the form of surface waves. But this picture still displays an oversimplified conception of
the process: the source is not a point, but a large volume, and the influence of path is much
more pronounced and complex than is implied by Fig 2.

The general type of source mechanism, and not only the detailed history of relative
displacement along a fault, has a strong influence on the types of seismic waves generated,
and hence on the motion charactenistics for standard ground conditions, and in the manner
in which local conditions modify them. Thus, strike-slip motion tends to produce a relative
higher proportion of SH and Love waves, while subduction faults tend to produce higher
proportions of P, SV and Rayleigh waves. The fact that seismic waves are generated from a
large volume that may extend as far as the ground surface or its close proximity means that
a significant portion of the motion at the near field should be made up of the contribution
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of body waves that travel at very low angles with respect to the honizontal (Fig 3). The
waves are probably guided along stratified formations and then modified by Iocalgcon'dil'gsle
agcordmg to puncrns.similur to those affecting surfuce waves Besides, it is likely that tllal-s
give pla;e to conventional surface waves that significantly contribute to ground motion :a);
short epicentral distances and in the range of small and moderate frequencies. This pattern
of encrgy travel scains plausible, and provides an explanation to the faiture of conventional
amplification theory to adequately predict the influence of local conditions.

Thc complexity of the pat}‘l‘ foll.owcd by waves is_ another reason for stating that surface
grovnd sotion atthe wear field is not the result of the superposition of a short number of
wave Lrains: cvely wave impinging on a crust heterogeneity, subsurface discom_imiity or
topographic feature, gives place to a number of secondary trains of all types of waves (Fig
4).

Whatever the mechanism and the path of the waves for a given shock, it is of interest to
assess the influence of local conditions; but, as Fig § shows, that influence cannot in general
be made to depend only on the stratified soil formations underlying the site 'of interest: as
an important portion of the energy may be traveling in the honzontal direction, the
meaning’ of the term lJocal conditions should be extended to include geologic and -
topographic features in the immediate vicinity of the site. Locul amplitication would hence
be sensitive to the direction of wave arrival.

Even in the case that adequate touls were available for estimating the influence of local
conditions on the amplification functions for the various significant types of seismic waves,
the problem would remain of determining the trains of waves of different types that would
arrive from a given direction. This is probably not feasibie when dealing with near-field
problemns, first because of the possible occurrence of a large number of significant wave
trains of different types incoming from different directions, and sevond because it is not
always clear whether a given geologic or topographic accident should be taken as portion of
the path —the influence of which would be included as a random factor in the experimental
error of an intensity attenuation expression (expression relating intensity with magnitude
and distance)- or of the local conditions —the influence of wlhich should be included as a
systematic correction- when trying to predict ground motion produced by secismic waves
arriving from a given direction. For instance, coming back to tig 5, o promontory such as B
could be taken as a part of the path or of the local conditions for the purpose of assessing the
contribution of surface waves coning from the left to ground motion at A, depending on
whether the local zone is assumed to be bounded by line 1 or 2, respectively. Because the
absence or prescnce of features such as these has not been explicity included in empirical
“attenuation ¢xpressions, a unique criterion cannot be easilly estabhished. For the purpose of
microzoning, however, a great deal of information is provided by ratios of surface wave
amplitudes at 4 and B —and not necessarily their absolute values— tor earthquakes originated
at the left of the figure.

OBSERVED FACTS

Before the San Fernando earthquake of 1971, conceptual models of soil-related intensity -
amplification had gained their main support from nearly qualitative comparisons of
obscrved differences between intensities on firm ground and on sedimentary deposits at a
number of sites, notably Tokyo, San Francisco, Mcexico City and Caracas. A more
quantitative support to modcls based on the concept of verticully traveling SV waves had
been provided by the comparison of predicted and observed response of the soft clay
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deposits underlying Mexico Ciy (Herrera 1ot af, 1965); but cunclusions valid for very
peculiar conditwons —exsstence of o very pronounced contrast between shear wave velocities
of soil and underlying material= wore being imdiscriminately extrapolated, 1 spite of the
fact that, in order to wpply the smne critenion, arbitrary decisions had often 10 be made
concerning the portion of the ground profile that should be considered as a filter that would
amplify standard-conditions-ground-motion. But records obtained during San Fernando
carthquake disclosed the limitations of the mentwoned criterion. Although a large portion of
the arca aftected by that earthquake is known 1o be underlain by deep sedimentary
formations (Fig 6), no pronounced contrast between shear wave velocities 1s apparceat. Fig 7
(from Hudson, 1972) shows a sampling of peak accelerations measured at different sites.
Included are all sites fos which a clear distinction could be made between rock and alluvium
as the basic site condition. Tt is evident that many factors other than distance and local site
charucteristics must be bnportant.

Influence on ground metion of fault mechanism and propagation path has been disclosed by
recordings obtained at @ number of sites during several events. Thus, Udwadia and Trifunac
(1973) analyzed a group of 15 events recorded at El Centro, California, characterized by
short ¢picentral distances and magnitudes runging from 3 to 6.8; the same authors (Trifunac
and Udwadia, 1974) stuuiied the records obtained at 6 stations located in the metropolitan
arca oi Los Angeles durting three different carthquakes, and Hudson (1972) analyzed the
records of o number of scismoscopes and acccicrographs obtained within an area of 40
square nules duning San Fernando earthquake.

The 15 events recorded at El Centro were classified into four sub-groups, according to
scurce azimuth with respect to the station, and Fourier spectra of records within cach
sub-group were compared. Group [ included four events, three of them having the same-
epicenter, but different magnitudes. Spectral shapes of the components corresponding to
the various events differ considerably among themselves. As propugation path and local
conditions are the same, differences can only be ascribed to differences in tault mechanism
ard perhaps to nonlinear effects. Group 11 includes four events with difterent magnitudes
and origins and, again, mo similarity attributable to path or local conditions can be detected
in the records. For one event in particular, predominant frequencies are very low, which
can be explained in terms of predominance of surface waves. Group 1! includes the Impenal
Valley earthquake of 1940, the record of which has been analyzed (Trifunac, 19713a) leading
to the conclusion that it actually consisted of the superposttion of several events, each
starting a few seconds after the previous one. Horizontal components are similar, but the
vertical component of the Imperial Valley eartliquake shows signiticantly higher ordinates
for high frequencies. This is probably a consequence of the short epicentral distance, that
implies low attenuation of body waves, and of the peculiar source mechanism. Finally, the
last group included evenas with large epicentral distances —ubout 150 km— and records were
characterized by the low frequencies typical of surface waves. Despite very clear similaritics
between magnitude and crigin of events in this group, their spectral shapes are significantly
different, thus suggesting predominance of source effects over path and local conditions.

Similar conclusions are obtained from Trifunac and Udwadia’s study concerning the records
obtained at six stations. during Borrego Mountain (1968), Lytle Creek (1970) and San
Fernande (1971) earthguakes: source mechanism and epicentral distance significantly
affected the records, whille local conditions played only a secondary role. Of the six stations,
four lie within Los Angeles Metropolitan area, two of them less than 1 km apart; two are
located on base-rock and the other four —those within Los Angeles— on deep sediments of
intermediate stiffness. Im no case are dominant ground periods evident. An analysis of

.
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records obtained at the four sites up sediments makes apparent the influence of source
mechanism. For the Borrego Mountain shock, for instance, transverse displacements are
systematically larger than radial -oncs, thus suggesting significant contribution of Love
waves; the shapes of the displacement and velocity records are the same at all four sites, but
their amphtudes differ, probably as a consequence of variations in the depth of alluvium
from station to:station, within a distance of 12 km. Records and spectra corresponding to
the San Fernando earthquake are also very similar among themselves, but they differ in
shape and in relative frequency content from those obtained during the other shocks. Large
amplitudes of radial and transverse displacements have been ascribed (Hanks, 1975) to-
Rayleigh and Love waves, respectively. Fourier spectra of Borrego Mountain records at the
four Los Angeles stations shown are very similar in the range of frequencies smaller than
| hz; the similarity should not be ascribed 1o dominant group periods, but to the
predominance of surface waves, given the long epicentral distance —about 200 km. For San
bemando carthquake instead, the contribution of high frequencies is rather lmportant as
could be expccled gwen the proxumty of the source~40 km

!

Hudson's obscrvanons during San Fernando earthquake covered s wide range of ground
conditions, from crystalline rock to alluvial deposits 300 m deep. Notorious discrepancies
were observed in scisimoscope traces even for sites with very similar ground conditions,
stressing the importance of other factors, such as topography or subsurface irregularities,
pointed out, for instance, by Jackson (1971) and Boore (1972). A compurison of response
spectra corresponding to rock and alluvium sites fails to show any systematic iniluence of

. local soil. The .author concludes that the properties of responsc spectra at the same sites

during another earthquake would probably show quite different relative variations. This
implics that formulation of microzoning maps must be based on the analysls of records
obl.uncd durmg a sufﬁcnently large nuinber of mtense earthquakes.

. Some 1nter_eshng cases have becn presented in the literature, describing the overall response

of some soil formatjons -during strong earthquakes. Although the influence of local

- conditions was shown to be clear in those cases, it was also clear that it may not suffice to

study the influcnce of the soil dn‘ectly underneath the structure of interest, but that an
analysis of the response of a wider area can cxpiain observed facts. Two instances will be
described in this respect: oné corresponds to the Skopje earthquake of 1963, and the other
to two lecords obmm,d .n Hugt V.:Ilcy, New Zealund,

[

PUCcskl (!969) descnhvs lhe geologlcal setling of Skopje: the city is located in a long valley

. along which flows the Vardar river. A cross scction of the valley shows a'large discontinuity

of the sediment thickness along a line that .follows the river course (Fig 8). The greatest
intensity of damage on constnictions was observed directly above the discontinuity, and was
ascribed to the hypothetical occurrence of large rotational components of the ground
mmotion with respect to a vertical axis, motivated. by the also hypothetical difference in the
horizontal response of the alluvial deposits at cach side of the discontinuity.

The rotational response of a large volume of alluvium was actually detected by Stephenson
(1974), when he analyzed the records obtainud at two sites near Hutt Valley. The sites are
900 m “apart, and are underlain by suturated recent alluvial deposits with shear wave
velocities of about 100 m/sec. Spectral densities of acceleration at both sites show each a.
predominant direction of - response, with a high statistical correlation between the
corresponding prcdommaut compomnts thus suggesting the torsional oscillation of a large
mass of alluvium.

How should mxcrozoning be influenced by cffects such as those described in this section? .
. {
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LEIECTS OF TOPOGRAPHY

.+ The largest accelerotion ever recorded occurred at one of the abutments of Pacoima dam
* during the Sun Fernando earthquake and implied, according to Reimer et al (1973) a
three-fold amplification of its peak value. Ratios of up to 30 between the peak ordinates of
the Fourier spectrum of the velocity record obtained at the tup and at the base of Kagel
mountain were coiaputed for several aftershucks of the mentioned event, while the
corresponding ratios of peak ground velocities “only” reached 3.95. This implics a resonant
effect of the mountiin, which was explaincd by Davis and West (1973) in terms of the ratio
of its average widtli and the length of shear waves. The values indicated are not necessarily
amplifications with respect to standard conditions (whatever they are), as analytical studics
show (sce Fig. 9) that at some frequencics wave amplitudes tend to be amphfied at the top
of promontories and reduced at their base (Bouchon, 1973; Aki & Lumer, 1970, Boore,
1972), but the tact remains that the effects of surface topography cannot be overlooked.
Similar considerations can be made regarding the significance of subsurface topography: the:
distribution of structural damage in Skopy- m 1963 was aseribed to excessive torsional
oscillations in the region directly above a sharp discontinuity of suft layer thickness (Fg. 8)
for incident waves that possessed signifwunt horizontal components parallel to the
discontinuity; aiw analytical studies predict tocusing of waves in the viciity of subsurface
irregularitics (JdcKson, 1971). The interaction of subsurfuce topography and direction of
wave arrival is illustrated in Fig 10 (Trifunac, 1971b), which shows relative amplitudes of
the motion produced at the surface by Sil waves arriving at a serucylindrical valley.
Amplitudes vary with site location and with inculence angle at a fust rate, thus suggesting
that detailed knowladge of subsurface topoyraphy and of directions and types of incoming
waves would be required for the deterministic prediction of the influcnce of topographic
features. As thié_knowledge is not easy to aclueve at present, careful judgement must be
exercised when trying to employ analytical results as those shown here in the predictions of
seismic risk.

A further question stemming from the signilicance of surface and subsurface irregularities is
that related to the homogeneity of the data set that has been used by different investigators
in the derivations of empirical attenuation expressions: unless those sites for which the
topographic conditions are suspected to have a significant systematic influence on ground

. motion are eliminated from the data set used to derive those attenuation expressions, we

face the danger of accounting for the mentioncd conditions twice: as random effects in one
step and as systematic effects in another.

MODELS AND REALITY

Theoretical considerations and observed facts concerning mechanism, path and local
conditions, point at the complexitics involved in the formulation of mathematical models
intended to predict the influence of local conditions on ground motion.

Hence, the question ariscs of whether the role of those models is too limited to be of
practical significance. This is probably too pessimistic an outlook although detailed
simulations of near-field motions based on physical models that account for source, path
and local conditions are probably beyond reach of present engineering practice, the writer
believes that a fair degree of understanding of the parameters and mechanisms that affect
ground motion amplification and uttenuation can be gained by means of simplified
analytical models that consider alternate patterns of cnergy liberation and propagation.
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The sig”niﬁcance of models as related to reality and to deciston making in engincering is
dramatically illusiruted by the applicability of the vertically-traveling-shear wave model to

" the study of ground motion amplification in the valley of Mexico: this s the site on earth

where that model has been most beautifully supported by instrumental cvidence, and
owever, the shallow depths and lurge epicentral distances of carthquakes usually observed
there imply that practically all ‘cncrgy must arrive in the form of surface waves. It | i5-casy to
wnderstand that the apparent conlirmation of the unidimensional-shear-wave model in this
case stents from the fact that the targe lengths of the incoming surface waves jead Lo the
response of the soft soil formation far away from the borders of the valley according to a
putlorn very similar to that of the shear beam model. The agreement is accentuated because
very little energy is radiated buck to the base, and because a significant portion of il is
radiated in accordance with the shear beam model. This form of soil response and the smail

ratio of energy radiation are responsible for the occurrence of dominant ground perieds. For
the same reasons, dominant ground periods determined by mecans of excitation applied at

- the surface coincide with those resulting from earthquake cxatation. But the conditions

that favor the practical applicability of the mentioned model in the case where a
pronounced contrast exists between the soft formations and the base do not appear in the
absence of that contrast, and conditions other than sediment properties may dominate the
local pattern of intensity variations. :

In an attempt at developing a unified approach to the combined intensity-attenuation and
local-amplification cffects for site underlain by stratificd soil formutions, Sanchez and
Esteva (1977) made use of available data for the derivation of attenuation expressions that
directly account for the systematic inftuence of local soil, while random deviations were
dealt with as equation errors. Data of carthquakes recently recorded at sites where detaiied
information was available about local soil conditions-(this means 50 horizontal components
at 10 different <ites) provided the basis for semiempirical attenuation expressions for
IFourier spectra at the ground surface. -These expressions are of the form
Hw) = G(w; R, M) g (w; 5), where F(w) is the ordinate of Fouier spectrum for frequency
w, G accounts for source (M) and path (R) cffects, and g is a function that accounts for.
amplification effects in terms of local soil properties (s). ¢ was assumed of the form
b (R + c)s exp(b, M), and g was taken as the amplification tunction of an equivalent
s:m,ic.-dcgree oﬁfrc;dom model of a lincar shear beam assumed to represent the soil layers -
above firm ground. A number of expressions were derived for seven values of w, in
accordance with three alternate dcfinitions of firm ground: the surfuce material itsell,.or

those with shear wave velocitics of 400 and 800 m/sec, respectively. The results were

disappointing: the ratio of observed to predicted ordinates of Fourier spectra was

systematically greater thanunity for the components recorded at the particular site where the

computed values of g were highest (i.c., where a thick layer of very soft matenals existed),

and the standard deviation of that ratio for the whole ensemble of sites and records was very

h.igh and independent. of the definition of firm ground. But Mohraz (1976) obtained-
sggniricanlly different intensity attenuation expressions for different alluvium thickness. A

similar study was carried out by Faccioli (1976), who classified ground propertics into four

culegories: crystalline rock, sedimentary rock (including stiff conglomeraies and very

compact sands), typical alluvial deposits with intermediate stiffness and soft deposits (loose

n;quis and soft clays). He succceded in obtaining empirical attenuation cxpressions for cach

of these categories, for which the stundard deviation of error is lower than thal associated

with previous expressions that neglected the influence of local conditions (Esteva und

Villaverde, 1973; Mc Guire, 1974). The systematic influence of such conditions is 1hus'
Lunfmncd as well as the inadequacy of the shear beam modal lo predict them.

' Two-dimensional models as shown in I'ig 11 can perhaps suffice for the qualitative study of
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the overall patterns oof wave gencration anl transformation. They should slso prove useful
for'the understandin.z of the possible influcnce of irrdgularities and discontinuites found by
different types of veaves along their path, and for the assessment of local variability of
Ihtenedtics s the nopehborhoed ot some peologieal or topographica! sccidents, Probably,
they can cven help st gaining some insight snto the general patterns of waves arriving at a
site, thus permitting the formulation of adequate amplification modcls. i here are instances,
however, where thr c-dimensional models may be required. One such case is the study of
the amplificd motiun recorded at one of the abutments of Pacoima Dam during San
Fernando earthqua'c.:; another would be the study of the response ol un alluvial formation
where torsional oscitiations might be of importance.

Given a train of incoming waves, predictions of the resulting motion at a site with
heterogencous prop- rties or irrcgular topography can be dealt with as a diffraction problem.
However, standard s nalytical formulation (Morse & Feshbuch, 1953) can only be applied in
practice to simpliiicd dealizations of actual conditions tseu, tor instance, Aki and Larner,
1970; Bouchon, 17:3; Trifunac, 1971b). For more general applications, finite difference
solutions of the wave equation (Boore, 1972), finitc element wuve-propagation
investigations (Smiit:, 1974) and dynumic response studies of fintte-clement models of small
iocal regions (Lysiwer & Drake, 1971, Ayala & Aranda, 1977) have been undertaken. The
latter formulation is very attractive to enpincers, because it permils direct application of
standard programs o.f {requency-domain or tiine-response dynamic analysis. But adequale
boundary conditions have to be defined at the edges of the region under study in order to
aliow “transmittal o incoming and outgomg waves withoul excessive energy losses or
reflections. When inzcoming and outpoing waves are of the same type and have the satne
direction, theoreticaily exact boundary conditions can be estubilished, expressed in terms of

equivalent damping anits (Lysmer & Druke, 19715 Tsai, 1969). Aproximate solutions have .

also beer formulated for the cuse of outguing body waves of known type and unknown
direction (Lysmer & Kuhlenmeyer, 1969) und these solutions have been extended to the
combination of incoaning and outgoing waves (Ayala & Aranda, 1977), but the general case
of known incoming waves and unknown outgoing wave types and directions has not been
sufficiently studied.

Despite these problemns, criteria based on the time-history analysis of finite element models
will probably gain wide acceptance in view of their ability to account for nonlinear soil
behavior. Butl despite the imporiance usually ascribed to unonhinearities when'trying to
explain discrepancies, between observed and predicted local amplification effects, it must be
recognized that theiir influence is often overshadowed by the overall patterns of shock
generation and propagation. It is this consideration that supports the usefulness of
frequency-domain stuadies as advocated above,

CONCLUDING REMARKS

Microzonation implies much more than influence of stratified soil formations. It implies a .

better knowledge of the fault mechanisms of earthquakes that sigaificantly contribute to
seismic risk at a site,. study of the possible influence of path characteristics on the types of
arriving seismic waves and hence on the manner in which tocal conditions will affect them.
More general analytical models for the study of all factors affecting seismic waves from their
source will have to be developed, adapted and implemented by engincers. But, as a
consequence of the complexities inherent in the phenomena under study, those models
should only play a role complementary to instrumental observations. Because path and
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mechamsm effccts have been shown to affect local varistions of ground motion, a large
namber of cveats will have to be recorded at every site of interest and its neighi)orhéod
before reliable conclusions can be drawn concerning those variations. Hence, small
magnitude shocks should be given increased attention, as they will probably cons!it’utc the
main sourcce of informution at some sites, in spite of their inabilily to provide information
dbout the influence of nonlinear soil behavior associated with severe shocks. Dceployment, .
n‘pcration and interpretation of the records of focul instrumental networks should aim at thc;
descripion  of earthquake motion varabiity throughout smail regions, and at the
understanding of the patterns of seismic waves giving place to that variability.

i
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The most widely used 1echniques for the siudy of one-dimensional amplification of veriically propa-
galing scaimie waves imvoive sulutivn of the dynainic equations in the'frequency domnawn with linearly
viscoclustic matenal properties. Material nonlinearitics are spproximately modcled hy iterative uso of
linear solutimns, adjustng values of modulus and damping until they are compatshle with computed
- devels of strain. The progaam STHHAKE is the best Xunown example of a code using this procedure,
Several relinemnents 1o the iterative scheme ariginulty proposed by Seed and 1driss are presented In
this paper. fn particular, it is shown that e scdunion tur tie layers underlyg the contral motjion
© can he ohtamed woane sigle step, when the mass matnx is disgunal, Use ol the shear stress in place
of the shear sirn as the comteolling parameter in detenmming material properties gives laster converg- |
ence and.identifies cases of pateitial nonconvergence. Trivial modifications are also propased to the
standard schemne that would enable the rescarcher (o study the amplilication or decunvolution of
Cteveriicslly incdent SIF waves with o code like SHAKE. These madifications consist simply In

cliunging the maxs density of the soil, and redelining the chazacteristic sizain,

Kuy Wurds: soil dynamics, carthyuake engineering,

INTRODUCTION

It as beconne a.standard practice among carthquake engin-
cers 1o wuse linear wave prapagation theory (o assess thie
elfects of local soil conditions on the amplnude and fre-
quency contents ol seismic molions in soil deposits, Usually
the soils wie ideulized as horizantally Giyered straia overlying
rock, end the incident waves are assmed 1o he plane waves
propagating in a known disection Huough the rock half-

space. Must of Lhe practical applicutions have been himited .

to the study of shear waves propagating vertically, 1.c. (o
the probem of ong-dimemional sl amphication, The
anady tieal solutian ta the soil anplibeation problem, which
was descnibed by Thomson as carly as 1950 was the subject
of intense rescarch in'the 1960537 More recent work lm
considered the .mlplllu.at:on of generahized body waves?
and surface waves,*

While it is theorctically possibie 10 perfuim true incre-

mentat an.niyscs in which the properties of the soll sre_

vancd .n.u:rdmg to the load path and mstanianeous levels
of strain.” such proccdures are schlom used in practice.
Inslud approximale lincar solutions are obtained by an

iterative scheme originally proposed by Sced and Idriss*

Each iteration assumes constani values of sall properties
duting the carthquake, but the properties are chosen at the
beginning of cach ileration so'as (0 be consistent with the
levels of strain computed in the previous neration. These
levels of strain are usually measured by a characteristic

Received March 1984, Discustion closos Sepicmber 1984,
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strain,'which Is either 1he peak ' or the ront mean square
value of the principal sheanng strain, While the lincar theory
and the iterative solubun do nol provide cxact Kiutions
and have @ loned ronge of apphcation, they provide

-aceeplable results lar engmeenng purposes.” SHAKE' i3

the hest known computer program usng these procedures,

IMPROVED ITERATION FOR LAYERS DELOW
CONTROL MOTION

The iterative algurnhm works.well For many um. bul it
can diverge when o lorge anphitude of motion is specified
at ot near the surlace of a deep deposit of soft sofl, The
failure of the iterauons to converge is tho result of 8 numbcr
of factors: .

"(a) The soil may be required 1o transmit a higher level
of motion 1han K can accommodale. There is necess
sarily a linut 10 the stress that can be sustained by a -

luyer of soil.

(b) The sal may be requm:d 1o trlmmll tec much .

energy at high freguencies. The motion specified at
the free surtace may have a (requency content in-
consisicnt with the properties of the soll and parti-
cularly the damping. :

A typal ampilification function from » depth 2
to the free surisce of u soil deposit with linesr
hysicrenic damping is shown in Fig. 1a.:]t can be
scen that the amplitude lcnd:-to zero for increasing

o:sl-nmwosous-os 52-00
© 1984 CML Publicallans
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not necessartly to a unique solution) for the soil above the
elevation .where the cootro] mation is specified. and, in
pariicular, it converges for the entire soil depom when the
maotion is prescribed at bedrock.

As shown in the appendix (and in more detail in ref. |3)
the solution of the iterative linear problem for a given layu
- below the elevation of the control motion depends unly on |
the properties of that luyer and the svlution tor the over-
lying layers. It is independent of the properties of the’
solutions for soils lying heluw the luyer under consideration.

T v —— v v v T e et g—
6 f FiG. 1a =
,\ L] I' Lo Medrock .
14
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, Iy - e
- bV w/r te reck outcropping
3 /
?
1
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Figure la.  Amplification functions: emplitude of motion

. at free surface for unir harmanic motion prescribed alf

depth

[ i | PO BN ) I
0T, F T4 3T "
. : 4

L]

.

- Flgure 1b, Deamplificaticn func!hmi: a‘mpllfm‘h' af motinn

al depth 3 for unit harmonic motivn prescribed at frec

surface

B

values of the parameter £22/C; where 2 is the fre-
quency, £ the depth and C, the shear wave velocity.
The function necded (o determine the motion al
depth 2 from a specificd motion at the surlace is the
laverse of this curve, as shown in Fig. b, This
function increases with $22/C, without bound. For
glven values of £ and €, there is a depth 2 31 which
any given value will be cXLLded

{c) The assumption of o lincar hysteretic damping,
independent of frequency is ualy an approximation.

Since material damiping is a functiva of amplitude, -

h gh frequencies assuciated with small amplitude
creles of vibration may have substantially less

damping than the predominant frequencics of the .
layer. Figure 2 illustrates this point by comparing °
fur a soil profile the mmplification function resulling .

from the lust cysle of o linear iterative analysis and

«the result of dwiding the Fourier transiorm of the . -
wotion at the free surfave by the Fourier transform

o/ the motion at the bottom of the layer, with both

notions having been computed through a nonlincar

aalysis in the ume domain {non-lincar trnnsl’cr
fanction).

Diver jenve may occur only below the elevation at v_t'_hi.ch ;.'
the ecartaquake inotion, also called ‘control mation’, is*

specifiec . Thus, the algorithm always converges {(aithough

- Soil Dynamics and Earthquake Engineering, 1984, Vol 3, No. 3

. Therctore, the iterative algorithm ¢an be applicd to that
_ layer without considering underlying layers, and this fact
_lﬂldl to the following improved procedure:

. Solve by the standard iterative method for all materiais

lying above the clevation of the control motion until

the solution has cunverged satistsctorily.

7.2, Without further steralions on the overlying maicriats,
salve for one layer below the control motion with

, iterations on the properties of that Iaycr uptil satis-

5 factory convergence s obunned,

. Repeut the pracedure of step 2 for e.u.h successively
lowor layer in the pratile,

.,»

In this way. one does not proveed to the next lower layer
until il averlying layers have converged. This modilication
rosulty in un algonshen thar s somewhat Gaster 1han the
_ classical scheme in which all tayers are analyzed sinultane.
oy, and it wenties explicitly the loyer in whicl Lhe
iterative procedure diverges without lusing the salutian for
the overtying layers. This chiminates the need to presciect
an arhitrary depih Lo the soil prafite when hedrock s not
clearly:identificd, or to cagage 1 a triat and error procedure
varying the depth ot the layer o the fregquency contentof ©
the input motion whoen convergence is oot achivved.
Lo

PROPERTIES DEPENDENT ON STRESS LEVEL

" The ierative lincar approximatioo to the noo-linear amplifis
cation problem mvalves computing values of damping and -
secunt modulus from sosne characteristic memure ot strain,
When the control motion is preseribed at the free sucface,
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Figure 3. Lumped mass idealization vf soll cohumn -

this canbe greatly improved by descrihing the propertles
in terms of charactenstie levels of stress instead. To under-
stand why this is so, consider 1he lumped mass represents-
tion of the soil column shown m Fig 3. Let 1, 4y be the
shearing stress and duplacement of the pth interface, and
Ppa Gy the mass density | shicar modules, and thicknens of
{lc Jth luyt.." The contsol munan 1s specified at Interface
(mass) b, Regardiess ol maternal propertics, equilibrium

requires that for cach frequency §2, m an .m.nlym In the . - )

frequency domain

n+iph iy =0 (')" |

5o the’ frequency variation of 7, (o1 11s tune history when
the inverse Fourier transform s apphed) and any charac-

teristic or average values, can he compmed dircetly from

that of &,. Il the secanl madutus and dwnping of layer |

were known in terms of £, ane counld cimipute their values ™
dircctly without iterations. Once the imaleral properties are.-

known for layer 1, a onc siep lincar solution of the vertical
wave propagation prohlem for layer 1 gives the frequency
variztion ol the acceleration i,

a,sﬁ.+ﬂn'r. (1) -
G, .

Equilibrium requires that

fra=1 =+ pahy) ty . (2v)

This is then solved for the frequency variation of 1y, and
the material properties are obtained fus Jayer 2. The pro-
" cedure is repeated for Jayer 3, and so on. The algorithm can
be summarized by stating that, for any layer /,

Sty + kl In JG] 1 (32)
-;(Pl—lhl-l + k) 8y - (m)
where pg and ky are zerp. The procedure is then:

717 7-

. Solve for 7, from equation (1).
2 Evaluate material properties of layer ] from 7.,
3. Solve for 4, from equation (3a).
4. Solve for 7, from equation (3b).
5. Repeat steps 2-4 for each layer in turn.

When 1he 3ol is not represented by lumped makses but by
continuous layers, as in tbe SHAKE program, equation (3)
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does not upply duccily, but the equivalent equation for the
LONUNUOUS Case in the Trequency domam i nearly assimple..
For matenals lying above the control mobion, the iteralive -
Lnear sulution must be ubtamed as belore, exceplt that soil.
properties are described in Lerms of stess rather than strain.

Curves of dumping and secunt modulus versus the
logarithm o) shicar stewin are casly replofied as curves
venus loganitiun nf shear stress. For example, the average
curves b shear muodulus und dainping versus shear sirain
for sands and clays (Figs. 5.0, 513, and 5.9, 5.14 of ref.
14) are replotied in Figs. 4 and 5. Senilar transfarmations
could be applied to other, more recent revisions of these
vurves {particolarly for clays).

One abjection tw tlus procedure is that the stress-stzain
curve may he peaked, precludmg @ unigue relation between
secant modulus and stress fevel. However, this is mmgaled
by ithe (ollowing facts:

I. The levels of stran are usually smal]er than those-
required to get past the peak of the stress=sirain curve.

2. The moduli do not represent the siress-strain curve
for the first application of tuad bat reflect the effects
of muny cycles of Tuading, which- tend to ¢liminate
peaks in stress-stran curves.

3. When a genuine peak exists, ftcrative linear solutions
may not be uniyue hy any incthod, The vse of shear
stress as the conualling parameter identifies a poten- -
tial problem i such 2 case. :

-}-4 : - 2
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Fig. 5. Domping versut tiress .



The proposed use of the sheur stress as the controlling
parzmeier permits achieving Convergence in a single iterauon,
a3'0pposed tu the various iterations that are necessary when
shear mrain 1y the controlling puramgrer. b specifically

ietilties cunditiung 1 which the séquied sheor sirem
exceeds the avadable shear strength. In addition it is more
logical from o geotechnical point of view since it allows to
sccount direstly for the shear streagth of the materiul,

NON-VERTICALLY INCIDENT S WAVES

The study of wave amplification in layered soils subjected
to nonvertically incident SH waves cun be accomplished
with the well known Thompson-Haskelt algorithm. It will
be demonstraied in the tullowing, however, how u simple
{but exact) sulution to this problem cun be obtained also
with programs such ay SHAKE by mercly redetining the
mass-density of the soil and the churacteristic strain, These
changes are as follows:
2

Pe ™ By [i - (gf) sin? o]

In which p,. p, nre the real and the cyuivalent soil densities
‘of the soil fayery; €, iy the shear wave veloaiy i the layer
* under consideration; €, is the shuat wyve veloeny in the
underlying bedruck; snd 8 s the angle ol imudence {w/r to
the vertical) uf the S# waves in the underlying ruck. Also

(4)

- H 2
r=j ALt +(-Si)1.m=aﬁf—+—'ﬂ-‘-' )
p G 7 -

# the amplidicmion function for the. maximum siraing
£1 = excitation frequency s b = layer thickness; and u - the
frequency respunse Junction (teamsler function tunes the
Fourier spectrunn of the input) for the displacement at the
middle of the jth layer, The subindices / and f + 1 refer o
the intesfuces bounding the filv fayer under comwderation,
The actual charactenstic strain Js then computed as in et
13, vla the KMS value of the strain obtained as an miegral
(summativn) in the lrequency domain*?

—_ #an 6
22T J‘ ©
2 peak input acceleration
Yehwe 27 TRMS N

X
3 RMS input acecleration

(the T factor 13 the durativn of the record, which is irrelevant
since it cancels i the above ralio with an identical term in
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the RMS acceleration). These modifications will be proved -

in the following,

1. Egubvalent soil properties
The propagation of piane S/ wuves in a horizontally
laycred soil is characterized by the wave squation (with
w=uy) -

¥u w1

—— e $) e .

a? a? ¢}t
Solutions to this cqualion representing plane harmonic

SH waves are of the form

u= [V exp(—inz) + Ay explinz)| exp(—ikx}

(8)

where k, n e the wavenumbers, Ay, A, are wave ampli-

)

tudes and an implied factar exp(/fl) has been omitted.
The wavenumbers satisfy the dispersion relation

o)

For SH waves propagating in the halfspace (ruck) with
an angle 0 w/r to the vertical, the phase velocity is

an
in which C, = lhn;r wave velocity in the underlying rock.
Hence ' . .

w v
km—ming .. (12)
r .
which can be used to solve fur n o
oy oy
: n'-(——) -() sin?@ (13)
GG
C\? T T
ne (—‘-l-) [I —( ) mﬂo] .. (4)
- G &
Dchnln_g the equivalent shear wave velocity C,’ﬁ:: ;
: “ C' e . . .
. Ci = —pamm—ma : 15
‘ CATCGIC, e 09
we obtaln S
. ' Q- T .
. : nm—— L (16)
* ¢ 4"
Equation (9} tronsforma then intu -
wela ( ;2 ) +4 (1"’ ] cxpicike)
u= —fi=2 exp.li —z}| exp(—
Y [ 1OXp c, 1exp c, )]"7" !

amn

The term In brackets is identical to the
one-dimensional wave eguation

: ] 2
t

which characterizes the problem of vertleally propagating
SH waves. Since the cxponental Tactor in (kx) is the same
in all layers (and can thus he Tactored out), it follows that
the uncdimensional solutwen with equivalent shesr wave
velocity- s identical o that o) the twodimemiosal wave
propagativa prablem with nonevertical incidence. [t remains

10 establish the cquwvalent properties g, G, that provide
the appropriste shear-wave velouny C,. These are abtained

from the continuity requuements fur the sheuring stresses
(Tyg) auruss the mieetices,

L

R
SR

iy

wlution for the .

The strain cumpanents (in e l'r:quency domain) P, T
Fysaro RN
Fy = 2 o — b (19a)
o, — -
= )

N ?—n -~ in (A, exp(—inz)— A4 exp(inz}| exp(—ikx)
z
(19b)

Hence, the shearing stresses in horizontal planes 1, are

Soil Dynamics and Earthquake Engineering, 1984,.Vol 3. No. 3 119



Sod ampfification: some refinemnents: E. Kaiesel and J. M. Rodsser

given by
Ty =Gy,
= Ay enpt tnry - Ay expling}] exp(—the)

(20)

By comparisan, the stress 1y, associuted witha one-dimen-
sional madet with properties C,, G, would be

r,,=-!——-(-',.

Ce
Hence, to sinulate the interface stresses of thes two-
dimensivnal model with the vne-dunensional modcl one
must have ,

=g, (22)
c. .

which requires G, = G, since n = 2/C,. It follows that

G, G c,\ '
L - [I ~(——'—) lln’D]
c

Ae= 7 C,’

o -(2f o]

Apain, the expunential facior in (kx} is common to aofl
layers, su that 1t drops out when establishing the continuity
,of the strcsses acrosy the mterfaces. Thus, a program like
"SHAKLE canld be used twiih slight modificithons) 1o study
_abliqucly sadent SH waves. It suflices 1o replace in each

(23)

layer the aclual propertics hy the equivalent soil properties

as described carlier.
Tlis simple (hut exact) procedure has various Inlcmllng
conseyucnges: .

(a} Io general, C,fC, < 1, Hence

p c?
0€1— — sn*9<l (24)
(oh :
50 that .
PSP, (25)

Since the equivalent soil profile Is lighter’, the amphifi-
catinn peok s for nonvertical incidence will evidence a shift
towards the Jugher freyuencies of the order of G, /C,. For s
s0i) depoasit overlying a nuch stiffer rock, C, € C,, 50 that
Ce = ¢y, and no shift, would be observed, For a halfspace
(du.p albiviam), C4fC, = 1, and Ithe pcuks (vnllcys} shift hy
# faciur /1 ~ \nTd = cosd, .

{b) For bedrock, G, =C,, 30 that _
B =(1 —3sin*8)p,
. ", c,

C"" D m————

VT—sin?0 cosd
The impedance contrast for a uniform soll layer on elastic
rock would then' be:”

(262)

(26b)

[A. exp (--ig:z) —Azexp (Je::z)] (21}

R,=

£.C. p,

CT— (GG n’8

PerCor

2:Cf1—3in* @

— r o
_ VI CICY s o R

V1 —sin’8
Hence, the effective radiation damping

]

) qn-sm's'

R

cos

7

(28) |

)

increases with lncreus!ns anglc of incidence. The amplifi-
cation pesks with rcspccl 1o rock outcropping. must then
decreuss approximatloy by a factor of cosé.

(¢} The amplificstion functions from a depth 2 in the .
soil 1o the surface are {nlmost) independent of the sngle of

mcidence, except for the shift in frequency axis v/p,fp,.
For exumple, if C,/C, = 100/200 = 1/2, then i
P |

—
Pe -\/-I - i #in?0
An incidence angle of 45° would then shift the apparent
period al depth z by a factor +/] -—(!Jd) = 0.935, which
dilers little from unity,
For the same reason, the peaks of the transfer funclions
with respect to rock (not oulcropping!) would essentislly
not change, but merely shift,

(d} The distortions in amplitude and fTequency may not
he negligible in clearly stratiticd soils {i.¢. alternating soft
and stilT lnyers),

Tor illustests fuether those poinis, Figs. 6 and 7 show the
amplification Tunctions with respect Lo ouleropping (elastle
mwek case) and bedrock {ngid tack case) for o soll profile
with the properties Listed on Tabie ). Tuble 2 shows the
angles of incidence af the waves i Lhe dillerent layers for
vanious angles of incidence m the rock, b should be noticed
thut even for an extreme angle of 90° in the rock the angle
of incidenca in the-top tayer is of the order of 5° (fe. an

5 "

] ﬂ
F O | .
o
=
X
= A
o
g
-« L

ol

T 1. F
;".}'1‘- FREQUENCY Py

i
Flgure 6, Amplification functions with mpccl 10 rock
ouicrepping jor varivus angles of Sli-wave incidence
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F&um 7 "Amplification functions with respect to bedrut
for varlau: anglcs of SH-wave incidence
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Table 1. Soil properiies

Depth Shear wave Unit welght

Layer (ft) veolocity (fi/s)’ (Ibafft"

L 1o 714 100

2 150 897 120

3 10 1200 o12s

4 500 1300 123

3 400 1500 138
Rock 8000 - " 150

Table 2. Angles of wave prapagation through the layers

L 4, 4, L) 4, . &

0 0 0 0 0 0

10 1° 50 1* 40 [ li g 1* 10 0* 38’

20" 340 ¥ .25 palti g 1* 45

b i) 518 474 4 rr 2° W
AT T8 6 I 5 LY ¥y

45" T 40 64U 6" Us’ 4" 15 s

s0° 81y T [T 458 ¥ 58

60" . 9 20 g0 row § 40 415

0° 10° 10 8 s 8 ns 6 450

go* 10° )¢ 912 8 30 6" 200 .

80" 10* 50’ 9 25 8 40 6" 30 L [id

almost verticat incidence). Because of the larye difference in
propertics between the soll and the undedymg rock, the
shift in the frequencies ol the peuks 1s very smatl. Thus, the
effect of the angle of incidence an the winphilication with
respect (o bedrowk iy negligible, dlustrating the wnpuossi-
bility (or great didlicuity } in ussessing thie angle ul incidenge
of the waves treun secords obtained at vurious depths, Un
the other hand, the etfeet an the amplilication witl) respect
Lo outcrapping canh be substantial,

2. Characiensiic sirain
If nonmear effects are slso to be computed (at Jeust In

an lterative sense) lor the nonvertically modent SHf-waves’

amplification problem, then suine moedilication in the
charactersuie stewm used are necessary to acvount fur the
second strain component that exists i this case, 1T the
underlying bedrock (Lalfspace) has no matenal dumping,
then the wave nuwmber & iy reab and the winphoudes of the
straing in the sod do not change in honzoatal planes. This is
true even f Lhie soil itsetf has dampag {lowever, inosuch a
case, the equivalent mass density g, woull be a compex
number. On the other hand. il the haltspace has material
damping, the incident and reilected waves are aticnualed in
the horizontal direction ol propagation and the maxhpum
strains would depend oo the abscissa. Hene, in this case,
onc vould obtain only approxnnate sulutoas fur a given
cross section and the matenal propertics would no jonger
be constant in horizonial planes Nevertheless, for practical
application, the dampwg w the undertying rock can be
neglected, so that neither the change in peak strain aor the
variation ol sail propertics with the abscissa need be con-
sidered.

The displacement ficid and associated strain components
are given by equations (Y} and {19) respectively. Choosing
the origin of cuordinates at the imddle of the layer, one can
determine the wnplitudes Ay, A7 i terms of the interface
displecements uy, u; ,, (having vertical coordinates z = k{2
and z = — Af2 respectively)

- h h
u - [A. exp (— in?)+ Ajexp (m-z-)} exp (—ikx)
- (0a)
‘ Ry A R
Uryym [A L exp (In-z-—)+A, exp (--mui—)] exp{—tkx) _
. o @0b)
From here, we obtain
. ! . ..
Ao
exp(—inh) — exp(inh}
I * h " h .
x.[u, exp (-— in _2-) — Uy EXP (in -2-)] exp(:k._x)
(3ia)

A: ﬂt
- exp(—inh) = explink)

h h
x [—u’ cxp (hr-z-)'i— Upyy uup-(—hl E)]cxpﬂkx)
+ {31b)
Al the middle of the laycr, we huve then, -
Fya = = in{A, = A3) exp(=ikx)

—in ' h _h
[cxp (iu )+ exp|—in -
exp(—inh) = cxplinit) 2 2

] (HI—HIQ |)

n nh .
cus ‘*'(n,—h‘l,.) {32)
sin nh 2

10 amadl, then cosatif2) 2 1, sinnh & nh and

Wy —u !
r, =4 A (33)
i
Also,

u = (A, + Ay) expl—ikx)

iy e (-3) e ()]
a - s wee doxp | == | —exp it E
exp(— tnh}—cxplinh) P 27 - 2

alug+uy, )

in nthf2 L o
220 !‘—)(“[+“[+l) ’ (34)

sun nh

which for thin layers reduces to

'uE}(ul+u,....) - (35)
. The strain components are then '

—ik —iflsind Il!.“'“’.” o

ey =3~ (uy + 14y q) = 3 (363)
Hy— . .

[y = A" (36b)

h
and the trequency spectrum for the maximuin strain is
Mo L, P+IT, PR
up =gy o0Vt fuy 4 upy ! Gn
h c} 2
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" APPENDIX

The analytical solution of the soil amplification problem.
was cutlined by Thomson as coarly as 1950 and was the

Soil amplification: sume refinemenis: E, Kouseland J. M. Rodsset

which s based on Parseval’s relationship

.fv’dr=f(v§,+7’y.|)dr

o I(II“,,I‘HP,,I’)dn c

L.
LN

| - . : ' .
- jl"d.ﬂ. RTINS

Since fexp(—ikx)| = 1, 1t follows that the snplitudes of
the strains do not change with x. The nerative cmnpuminn
would then be performed as follows:

1. Define the equivalent soil properties in euch layer.

2, Salve for the (absohite) displacement frequency
respupse funclions in tho usual way, (These represent
the amplitudes al x = Q).

3. Compuite the stralns or stresses wilh the modified
formula.

4. Madify the shear modulus in the standard fnlhlon.

Linplementation of the above procedure in a program such
a5 SHAKL should require only minur programening ¢ffort,

[

subject of mtense rescach dutng the 196053 %' Maore |
recent stidies in the smplification ul';..cncmlucd bodyand
sutlace® waves ar¢ alwo avallable,

For o bongontally stratified soil deposit under plane

strain comditsins, the gencral sulution for sicady state hags */-

manic antion cen be written for a panticulsr layer' (see
alws Fig. 3).

where X, = (UT. STV is the vector of displacements and
stresses ai the fh interface and is referied to as the ‘state
vector’. Alwo, T is a transfer matnx depending only on the

_clastic gnd geamettic properties of the th layer under con-

sideration, the liequency of excitaton, and the directional
. parameters of the meidenmt waves The exact farm of the
transler matnx is ol hppartant in the present conlext (scc
for mstance rels) 7 and 15).

(4) Soil colwnn ahove control point (if any): frurn equa

tion {39), it fullows that:
X’ = (Tl T;T, "'Tl'l)xl

inf-t
=('m )=,

=y -
where { defines the interface at which the control motion is
specified; X, contains the displacements and stresses at the

free surface, Pariitioning F inta four submllnr.cs. itis
possible to write

HE e

The boundary conditions are §; = 0 at the l'ree surfm and
Uy= UL, at the conttol interface, where U, s the control

'(41)

ot

motion, It follows finally o
' U= FiiU, (422)
By FilU, =8, - {42b)

Equatlons (42) shuw that the motion at the free surface
and a1 any other puinl between the free surface and the
control surface) is o function of 1he elastic properties of the -
entire wil column above the control surface; however, it is
independent of the properties and solution below the -
control surfuce. When the response of noninear material -
1 simuloted by iterating u senes of linear cases, cach itera-
tivn for the materil above 1he coatrol point Js independent
of the malerial beluw the cuntiol point. Hence, the iterated
solution for the culumn of sail abuve the contre) point can
be ohtained in the usual way, without consideration of
luyers underlying the control surface..

{b) Soil column below the controt pulm from equostions
(42}, it follows thut;

S o ["uFu } [Sal '(43)

defines the displacements and stresses at the control intes-
face. 8 s compued with the iterated soil propertics abovo
the control pomt (equation {420)), I the motion is defined -

. ot the free surlace, then 8, = 0. The solution for the first
= interface below the contrul :u:facc is shnply

KXot @ T,X, 3 (44)

-0 Nule that this motion depends unly on the solution of the

‘preceding wvertaee, usnd on the clistlc properties of the
“layer usder consderanion, Thercfare, the iterative algorithm

i‘“ can be applicd 10 that layer withon) ‘considerstion of the
- underlymg layers. Once the iterated selution has converged | -
{if al all), one proceeds to the next layer, using

Xeeao TonXenr . . - (49).

- and 30 on. Hence, only one layer Is considered ot @ time,

¥ and unnccessary computations for the overlying layers are -
Xiey = TiXy (39) -

svaided. In the classical schame, all layers (hoth above and
helow the contra! pont) are treated simuliancously, There -
fore. the upper tiyers converge typically 10 a2 tolerance
much sinaller than that specificd by the engineer, since the

. Jower sepions usaally sequire mare lteralions to converge,

On the other hand, the sevised pigorithm affords the
possihiity ol idenntying ‘problem’ layers and taking appro-
priute remedial action.

When the classical method of iteruting nll layers simul-
tancously diverges, it is usually found thal the diverging
layers are located in the lower part of the profile. The
divergence becames apparent when the compuier auto-
mutically staps culculations hecause of the numerical ovets
flow. Informytion on the behavior of overlying layers is
lost, and the engimeer must reformulate snd resubmit the
calculation fur a reduced profite. The entire trial and error
prucess can be yuite expensive in both manhours and com-

puter uime. The revised algorithm described here identifies | |

the crtical noncopverging layer directly, provides a full
solution for the overlying layers, and svoids the need for
trial and error reductions of the profile uscd in calculations.
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EFFECT OF LCCAL SOIL CLDITIRNS
UPOI EARTECUALE GROULD rﬂ:lCiS

by Fobert V. RhEitmin

1. INTAOJUCTION

It has leng teen recognized that lec2l soil conditfons can have
8 prafuund effect uson the damage caused by an errthguake.- Such an
effect was clearly evident In accounts of the great Liston earthguake
of 1755, and in the 2ccounts of alrmost every subsequeni major earth-
quake that affected a large city, The effect of s0il ~onditions upon
Garage Curing the 1506 San Francisco earthicuzie was well racognized
fn studies of that earthguzie. The topic recaived considerable study
folloaing the Kento (Tokyo) earthquake of 1923. The effect of local
sail conditicrs ypon earthquake dimage s hardly a new preblen. The
seismic codes cf rost countries specifically reauire different zarth-
quzke rasistence far different soil conditicns. Codes nogu in effe:{
in the United States contain no such requirc=aas,-but nct Because
soil condfifcns &ire thought to be unirgortani, The uriters of the U.S.
codes reccgnized the irportance of soil conditicns, but falt the probe
Tén was so corplex and poorly understood that adzquite code provisions :
Cﬁ:?u not te mritten. Without a doubt, soii c0nditlnn. wiil be incor-
porated |n.o U S. selsnmic codes fn thé very ngar future. f
ﬂuch of the earthquake damage to buildings built vpon poor soils
rtsult: froa cartial or cozplete failure of the sail. Such fallures
Include slumaing cf river banks, failure nfuater.ro1t}°1dtn1ng struc-
tures, Yarge Van¢slides, foundatica settlement and raurdatiun fai‘ures(
Seed {1970) has provided an excellent su=rery descripticn of cu»h fall-
ures. Hany such failures are caused by total or par:ié! Tiguefaction
nf Joose saturatgg cchesicnless soi!s. mThe possib!l1tj of such T2ilcres,
:specil\ly 1iquefactiun ‘allures ln anv given locale ar site requires

'v- R i

1ndividual study by ezperf;f& Appendix B ccatains a very brief discus-
sion of liquefaction.’ - ‘

This chapter considers the eflect of local soi1 condlZions upon
eartrquike ground mations, and hence uvpon the shakin; of butlldirgs,

© when there s ny failure of the soil.
"¢ oretical studies of this effect have been summarized in recent papers

_ bteing used in the cesign of tall buildimgs

vla

Field observations and the.

by Ghsaki {1969) 2nd Seed (19569). Much ¥s now known abtout the probe
lem, although by ne mnrans is there comolete understanding, There are
saveral ways {6 which this nrw knowledse zan be pul 2 sraziical use.

[

. One way {5 the cevelopment of site-conZitionod earthguske rotions for

fnput to the amylysis of important siruciures; this appreach s now
in San Francisco and Tokyo.
The second.way is to guide the cevelerzent of new building coce pro-

< wistons, This chapter deals primarily with the latter application.
" That is, the chapter will discuss how the pase shear coefficient C

should vary with sold conditicns. A piot of € vs. T, the furcatental
period of the buiiding, will be called 2 seisnic coefficient ¢iazra=.

Flgure 1 illustrates several dirferent forms of selsmic coef-
flcient diagrars inzorporating soil corn2itions. The simalest forms
are those {n Figures la and '1bi here all ordinates are multiplied by
3 facte, that is incepancent of period. That 1s:

C{T) = 5 C (T} A §
where § 1s a sofl factor and € (1) §s the seismlc coefficient func-
tion for a reference soi! condition. Ohsaki (1969) has tahulited
values of § required by the codes of 13 counf??ei.'”fabIE 7 gives
exanples “of suth factors. ranging from the very simple table used fn
Cauada %o the. seoawhat complex table in effect n Jepan,

Figures 1c through 1f show mere ccoplicated provosais fer intro-
ducing the effe:t of local sof) conditions into seismic ccefficient
dlagrans; now the effect of soil §s varied de;en*ang vpon the perfod T.

'S

1. Figure lc co:es from the new Chilean code, The curve of €

' vs. T varies in shape depending upon 2 parameter T . The
pararater T is re]ated to the characteristi: frequency of
the site of ti:e building being des{gned

2. Figure 1d shous a selsnic cocfficient dlagranm proposed by
Muto fn Japan in 1563. Both the maxirum sefsnic cocfficient
and the period scaie are ddjusted in accorcsnce with the

typc of ground, -
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3, According to the proposed curves shown in Figure Je, low
stifr bufldings having a small period T would be cesigned
for & Targer seisnic coefficient if on hard ground than

1f on soft ground. For tall flexible buildings, the re -
verse would be true.

4. Figure I1f shows the cede provisians daveloped for Mexico
City, so as to account for the effe.t of iha wnusually soft
and deep clay which wnderlies much of that city.

Thus, 2 great variety of rethods have been prososed for incor-
perating the effects of soils conditions into the seismic provisicns
* of bullding codes. A building officifal faced with the seleztion of
a sultable prevision, or an erngincer faced with implementing such
provisions, rust understand the basic thinking }yﬁng behind the vari-
ous proposals. To Ceveiop suca basic understanding, 1t §s useful to
consider four categories of soil conditions: )

I. Shallow sofl deposit with a distinct characteristic frequancy.
II. Deep cepostt of firm soil. '

I, Shallow soft sofl overlying deep dorosit of flrm soll.
IV. Deep deposit of soft sofl.

kN
Waile these four cases do not encempase all possitle sofl condi-
tions, they serve to bring out the fundamental considerations.

t

{7 2. ROLE_RND STATUS OF Tuf(RY

In order to undorstand adeguately the effect of local sofl condi-
tions, we rust combine interpretations of actual accelerograph records
together with thebretical anaiysis. Within the recent past, it has -
been necessary to rely very heavily upon thecry, since the field data
froa accelerographs.has been very'scanty indzed. B8acause of the .any
accelerographs which have been fnstalled within the past faw years
and will be installed within the rear future, there sscn should be
_many mare records involving a variety of scil cenditicns, Hivever,
theory will continue to be of vital importznce in helping to sort out

_and understand the potentially staggering quantity of .rather confusing

data,

ola

The theoFy of ground amnlification. as it extsts tcday 1s by
no means periect, However, in many cases p;edlctions from the theory
are in accord with observations {Seed, 1969). There now has bégn
consideradle experfence in the practical use of the theory, and we

cncerstand both its limitations as well &s how ft rar be usad. Used

with juggemsnt, this theory is a very useful tool for uncerstanding

-the effects of local scil conditicns.

© given by:

3. CASE I: SHALLOW SOIL DEPOSIT WiTH DISTINCT CHAPACTERISTIC

FRECUENLY

For a uniform soi} deposit !Fig. 2a), the fundzmental period is

T %% . {2)

where H = thickress of cdeposit
C

= chear wave yelocity

5

cates typical cemiinations of CS and H satisfying this congition.

Cqlmfsec) H(m)

—

100 (Very soft rlay or silt) « 12,5 -

209 {Loose sand, soft clay) ‘e 25 [ ™

‘ 300 (Cense sand, siiff clay) < 37.5 . P
450 (Compact sand, hard clay)e 50 ’

]
Sotl deposits with a depth greater than abaut 50 meters probably do

‘not belong in Case I. The soil descripiions in the table are intended

“1isear, the shear wave velocity and nence the furZamental jerfod degend -

to give a very gensral iZea ¢f typical shear wave velocitles in soilsy
for furtker discussion of the evaluation of soil properties for speci-
fic cases, se2 Appendix A and whizman (1%6%). Since the soil {s nan-

‘uzon the intensity of the ear:ihguake, decreasing as the intens1ty_fn-
creases.

[ ]
. The nature of this theory is cutlined in Appendix A.

b
o
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Theeretical Considnrations

~ The theory of soil arplification may conveniently be used to
{ndicate the expected effects of a shallow soil ceposit.

Azalification <nnctrun: An amplification roectrum i the ratio
of the Fourier a<plitude spectra for motions atop the sofl to the
Fourfer a=plitude srectra for rotigns of [He.under1ying rock. Thus

an amplification speciru® sheas how the varicas freguancy cc~sirents
in earthjuane moticn are emplificd by the soil.

- Figure 2b shows 3 typlcal amplification spzcirum for a shallgw
sofl ceposit. 1t is characterized by & predaminant peak, which occurs
at the period given by £Eg. 3. Smaller, unimportaht peeks mey occur
at very srmall pericds, The peak amplificaticn ratio is a functicn of:

1. The ratio of the sefsmic {mpedance of the 33il to the seismie
1epedance of the underlyling rock: )

(TCS,soit (3)
{yC, ! ;
S'rock
. where y denptes unit weight., As ciscussed in Appendix A,

this factor accounts for the Joss of energy bSack into the
underlying rock. The smatler this ratio, the greater the
arplification. Thus, for a given rock, the peak amplifica-
tion ratig fintreases as the overlying soil tecomes softer.

2. The internal camping within the soil: This damping ¥s de-
ternined primarily by the magnitude of the ¢ynamic¢ strains
which occur.within the soil, Thus, the stronger the earth-
quake, the greater the damping and the.smajler the amplifica-
tion, ’

Cae point finm the theory is worth ezphasizing: the amplification from
an outcropping of rock to the_Surfaée of soil is less than the azplis
ficatfon frem the interface between scil and rock to the surface of the
soft. Thus, cooparfson of potlons maasured ot severa) dapths may avers
estirate tre amplification between the surface outercppings of differ-
ent soi? or-reck. ’

6=

For cases of {nterest, the peak amplification ratio'between
soil and an outcrapping of underlying rock §s typically between I #=:
6, with the Targer values applying to the softer solls during sma .2~
earthguakes. .

Peak agerlo-ztiont For Case I, To lies with'n *the range of o~

precominant periccs in parthguske ground motions, Heace the a—pl -

* fying effect of a srhallow spil layer causes the peak acceleration ot

the ground surface to excead that at an outcrop of the underlying —<zk.
Figure 3 corpares computed grounc moticns for the case Correspord” =3

. to Fig. 2. As the peak of the a-nlificaticn spectrun fncre2ses, T e

" ratio of peak actceleraticns increases; however, the increase in ps..

. m———ll

acceleration is less than the peak amplificatton ratfo. For typiz:
cases the corputed ratio of pezk accelerations is fron 1.5 to &4, » =

" . the largerwvalues curing smaller earthquakes. In Figure 3, ncte aiz:

the obvicus chang2 in predominant frequency.

Response soectra: Figure 4 corpares response scecira ccasutes:
from the rctions o soil and on rock. At a perlod correspircing t:
the fundamental period of the sofl, the ordinates of the specira frum
soi) rmations are considerably greater than those for the spectra from
rock mations. Thus, a buwilcing whose fundamenial period §% approxi-
nately the same 25 the fundar2ntal period of the soil will respond =ach
more strongly if on the soit than {f on the rock.

& diagram formed by taking the ratio of the response spectra at
each period is very similar to the amplification spectrin, 3ithoush the
peak of the former is not so high as the peak of the latter.

© Field Eviderce

white there are many pieces of evidence which support the gereral
conclusicns of the thacry {see the papers by Ohsaki and Seed), 1t {s
not pessible at this time to present evicdence which totally substanti-

© 2tes the theory. In particelar, there are very few {nstances of records

frem instrurents placed over very different soils in the same.fmediate
vicinity. A sampling of the avallable evidence is presented fn the fol-
Jowing subsections.

o
)
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Atpliticaticn sprctra: Flgure 5 shous 2 comparison of actual
ard predicted 2a—plification speztra {Cobry, 1971). The heavy line is
an averace of grplification spectra for six carthcﬁakcs at a given
site, based on reasurerents mace &t different dopths in Japan. Lon-

sicering that there are uncertainties in the actual azplification
data introduced by the processing of the data, the theoretical curve
“follows the actual bekavior very well,

Pcak accelerations: There are a ruzhar of exarples within the

. Japarese llterature showing that peak acceleration increases as the
ground surfzce fs appreached, in accordance with the theory. As ob-
served {n rather srall earthquadles, curing which the internal damping
fs s-all, this increase s typically in the ratio of 3 or &, Figure §
shows pedk accelerztions observed, 'mcn*l" in baserents of. buildings,
at varfous depihs beneath the surface of the ground 1n Tokyo. It
should te erphasized that such an increase occurs in rock as well as
in soll, because the stiffness of soil decreases néar the surface,
partly because of s.patharing and ﬂe'fly becauee ©f Cazrpise in gver-
burden stress.

Resconse scectra: Figure 7 compares respcﬁse ipéctra computed
frem grognJ cotiorns reasured on soft soil and firm sofl during the same
: ear:hqua(e - In each diagran, the spectral ordinates have been norrale
{1ed to the peak acceleration, and hence the effect of soil conditions
skows only in the shape 2nd not In the erdinates of the spectira. The
shift in the pericd at which the spactra peak is the result of a=plii-

ficaticn by the soil.

Devage to tull¢inas: Kost of the evidence concerning the effect
of lczal soll corditions Is Indirect: in the form of differences in
dazage to tuildings founded over different soils (Chsaki, 1565; Duke
and Leeds, i953). small buflidings, whose funfamental period is in

.ﬂ the range from 0.2 to 0.5 second, generllly experience greater damage
when founded over soft soll than whea founded vpon firm soil. These
cbservations for the most part are consistent with the theary. However,
.sore of the differences in damage may have resulted from gpartial
fallure of softer soils {n addition to differences in ground mations..

. |
yRisher tho noal
rhlgher the De2
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Peripe::ive from field evidence: Considering the availzbls zome

parisons Letwzen prediciions and observations, {t may bhe conClucz - LYY
the thesry may b2 used to guice the cholce of scisamic coefflciest 2.4«
grams for pracircal work, Howevery 10 2l50'1s slear that more astioal
exgerience s necessary before greater accurzcy can be expected “~ro=
theory. N

Microtressr Siudiag

Xarnaf and Tamaka {1581) have prepoicd & cethed of microzoni=—g
_based upon reasurement of ambient vibrations, The measured vibrz:isag
;are plotted in the form of an amplitude spectra; in Kanat's orig =l

‘waru this spectra was constructed in an approximate way, but wmare
| recently Fourier aralysis has been used for this purpose. Figurz E
:sh;;s scoe typical rosuitsy for irfentification of the soil types. see

{Table 1. B3stn the period and the ragnituce of the peoak of the sz:itry |

- are used to determine the seismic zene; the ltonger the period anz the

thoe more favers

b‘.E axtprtad damaoa )...l.— s ..1..‘5

LA TORANSIY . ' —

Guaxa. Kanai has correlated the chierved period ang 2-plitude 12 the
feur types of ground considered in the Japanese seismic code,

This approach was speqificaliygdevelc;ed to predict the effezt of
shallow soil deposits wpon camage to buflcings having only 2 few sicories,

{for these conditions, e preuvciions made by Kanai's arnroach are

entirely consistent with the predicifons of amplification theory. Thus,
are 35 a scund reason why Karai's approach has been {n accord w=ith
exzerience during actual earthquaxes. -

Magvedey'e Nathod

The Russian seismalegist Mecdvedev (1652) has propesed a methed for

_jestizating the effect of ground conditicns upon earthquake intersity,

vased vpon two Taciors:
1. The ratio . ' ' .
(xCy) s01t - ' . (4)

e ————

! (YCD} granite

12



9.

where €, s the ¢1latattonal, or compressive, wave velogity, (:9
The wave veloctty for granite serves a: a reference agafnst
which 2 sofl is rated. The smaller thig retin, the more
severe the expected damige during 2n earthquake.

2. The depth to the water table. The shallower the water table,
the greater the expacted damage.

These two factors are combined in the equaticn

2

{~C.) rock
D - E-O.Gﬂl (5)

n=1.67 1ugw _——
. (‘CD) soil

where n {3 the Increzent fn-intensity umits on a scale equivalent to
the modifled Fercalll scale, and h {s the c¢2pth to the water table in
- mpeters, [£q.5 typically glves an ircrezse in 1 to 2 intensity units

fequivalent tn 2 2 or & fold increase {n 2zz2'arzslicn) 4

@

as corpared to firm ground, Medvedev's mattod was originzlly evelcped
for use in connection with shallow soil depcsits and byildings having
only a fen storfes.

Tre relatiorship between Medvedev's meth2d and asmplification
theory ray be understood by reans of the exz~ple 1n Figure §. When the
water table 45 very low, then the ratic CSICS is the s2ame for bcth the
soll and the rock, Thus ratios 3 2nd 4 are ezuivalent, end Medvecev's '
rethod and a-plificetion theory will predict the sare trends., The sofl
JAn Figure 99 has the sare CS 2% in flgure S2, end thys emplificzation
theory would precict the save behavior for boilh czses. Ralsing the.
water table reans that Co tncreases constdarebly in the soil, and thus
the first term in Mevedev's equaticn decre2ses  Kowever, this dzgrease
{s compensated by an increase {n the seccnd term, Thus, Medvecev's
two factors teken together give roughly the same result as amplification
theory. Moreover, the increases {n fntensity predicted by Medvedev
#re conyistent with increases in a;ce]era:{cn precicted by amplification

theory. . . o

-10-

For the temson case of shatlow sofl deposits, the precdictions aof
a=plificztion thaory are ganeraily in accord with actual exzerience
¢uring earthguakes and rmireover are in accord with the s.emi-empirical
rethods ef microzoning proposed by Kenaf and Medvelev.

Fig.me 10 su—rarizes the effect of tocal sat{ and —ck conditions
upon resganse spectre {sey for 5% c:-oing) et 2 given ¢ tlince from the
epicenter of an earinguake. witn ‘ncreszsing sofiness ¢ ihe earth
material, :hé peak of the specire tncreases and shifts —o 2 larger
period. Thus, the response of lew st3ff burleings 15 s~-crgly affected
by soil coacitions. On the other hand, a shat!cﬂ s01l =zzzosit has
Tittle or nc effect upon ithe response ‘of the fundawenta” period of Ea!]
buildings having Tong natural periccs {although the shallcw soll will
affect the response of the higher modes of such a bulic-=g).

Based upcn current krowlecge, a seisaic coefficien: diayrem such
as type (b} in F1;u?e 1 sheuld be used to account for ¢ fferences in
near surface earth r:térials witrin a sxall region., Trit 1s to say,
the sofl factor S should b;‘\nde:enfent of period, The-e are several

reasons for this recemmeriitton. -

1. Because of uncartzinties fn bath the funda=menzz) pericd of the
soil and :HE precomingnt perises {n tue fmout zround ratlon,
it {s cifficule to precict the precsTirant pe--<C in mation
&t the top of sotl  Use of consiant s for T - 0.5 sec.
covers these uncertainties.

2. Use cf conszant § for T » 0.5 sec. recognizes that the con-
trisetica of whe higher modes will be afiectec &y sofl con-
ditlens, end provices.exirs coaservatism with regarc to the

design of tall buildings.

With further research, it mey be possible to use a redusec value of §
for T > 0.5 sec. = .

6o
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Table 2 gives recormended sofl fectors, These factors are based
unan both theery and experience, and consider possible settlement prob-
lems in acditten to amplification effects. In the 2nd column of the
teble, hard crystatiine rock found at considerable depth has been taken '
as the reference; the soi1l factor for a soft sofl {s 4. HC#EVCr,.it
generally s more practical to use surface exposures of rock es 2
reference (3rd column), and then the soll factor for soft seil is 2.2,

In some Tocalities, it may even be desirzble to use firm soil 25 a ;

reference [4th column), in which case the soil factor for soft soll :

s only 1.6. _ ’ ‘
DEEP DIPOSIT OF FIRM SOIL

4, CASE 11

— - 3

Several areas that have experienced major edrthquakes are under-
lain by more than 100 meters of compact alluvium. los Angeles, Caracas,
Yenezuela, 2nd Santiago, Chile are prime examples, )

Theoretical Consicerations

- .-

Arplification spectra: Figure 11 11lustrates. the géneral nature of !
the arpiification spectrum for this case, How several peaks occur within .
the range of building periods of practical interest.

The fundarental perfod s greater than in Case I, and tends to R

cofncide with the pertcd of taller structures. Because the shear wave -
velocity of compact alluviun fs rather high (300 to 450 m/sec} the
rediation damping 2lso s greater than in Case I, and hence the ampll-
tication at the fundamental paak generally is less than {n Case I.

- Nonetheless, this amplification can be quite important.

The higher order peaks typically occur at periods less than 0.5
second; that {s, within the same range of periods far which amplifi{cation

- occurred in Case 1. "Radiation damping fs less important for these higher

mdes, and hence when {nternzl damping ts smalls.as during small earth.

_ quakes--the peaks Correspoading to these mede$ may be nearly s high

a3 the fundamental peak.

e

oA

-motion,
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Pezk acceleratlions: Figure 12 -%ows ¢orpuled accelerstion at
eround su-fase, for conditions corresponding to Flgure 10 {the input
1s the saze as 1n Fig, 3, but with & peak acceleration of 0.03g),
Feak acceieration 1s increased:

typical tncreases are factors of 1.%

to 3, with the larger values 2pplying to smalier earthguakes. This
ircrease 1s caused %, it higner -cdes of the so1l; the-e modes have
grplification peaks in the range of the precominant periods of the inpdt
The fundamenta} rode does net cause an increase in peak
acceleration, but does amplify the lonjer perlod components of ground
motien, ' A

Response soectra: Figurej3 compares response spectra for moticny at
the surface of several different deptns of ctompact alluvium, Crsnging
the depth of the alluvium has relatively Y1ttle effect upon the general
position of the spectra for T < 0.5 second, However, incredsing the
depth of the 3lluvium has a very significant sffect ugon the sgectri
el larger periods worresponding to taller butidings,

Field Evidence

_ There fs, to the author's knowledge, no adequate dir2ct confirmation
of these theoretical results, although Guteiberg {1957) has shown that
deep deposits amplify the long period corpanents of ground movion, Actusl
acceleragrach records from neardby sites with veEy different cfﬁlhs of

alluviun rust be obtained befcre scdego2te confirmation 15 possidble,

Observations of damzge Lo building} during the Caracas earthquake
of July 1957 da provide strong indirect confirmation of the theary (Whit-
man, 1569; Seed et al, 1970},
a1luvium whose capth gererally is iess than 100 meters,

Caracas 15 underlain by a cospact
However, uader
one portion of the city the depth is as much as 300 meters, Analysts-of
the patterns of damage shows:

1. For bufldings having B stories or less, the pcrccntag;‘of
—-— bulldings damaged {s marsz-or-less constaat for a1l parts of
the sity. ' S

€3¢
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2, Buildings having more than B stories, and particularly those
having more than 15 storfes, were much more heavily damaged
fn the part of the city over the very deco alluvium than else-

where 1n the city,

. These observations show clearly that a great depth of alluvium signifi«

cantly amplifies the eirthquake threat to tall buildings.

Syrmary

The theoﬁy. together with the evidence from the Caracas earthquake
shows the need to guard against the strong shaking thzt can occur when
the fundamental perfod of a tall building coincidas with the fundamental
period of a ceep sofl deposit, Thus, the fundemental gerind of the safl
when differences In depth of soll, rather
than differences in the nature of the soil, are of concemn, it appears
that a setsalc coefficient dlagran of type (c) in Figure 1 15 suitadle.

must enter intc the code.

An exﬁ;ple 1s the fcllowing formula from the Chilean code:

C~ %

[ 2 \T[Tu. J
1+{1/7,)2

(s)

T The sofl period Td must be determired fron 8 combinration of experience,

careful dnalysis of earthquere records and theoretical siudies,

Usually

1t {3 rot possidble to determine T0 by measurement of microtresors, since
the high frequencies present in ambient vibrations mask the low fre-
quencies associated with the fundamental period. When using Eq. §, T,
should 2lways be at laaft 0.4 even 1f the fundamental period 1s smaller

than this Yimit,

8. CASE IT1 _ SHALLOW SOFT SOIL OVERLYING DEEP DEPOSIT

Theoretical Constderations

OF FIRN SOIL

.

As yet, this case (which 15 sketched 1n Fuzure 14) has not besn

8 theoretical standpatnz. The effect of the soft
shalilew dgposlts enter through the higher medas. and the—response of
these hicher modes 15 quite senstiive to the c23z1ls of ‘the analysis.-
especially the assurptions concerning damping.

studied completely fron

whtch have been computed

However, {n & general way it ray te szid <-:: Case Il {s a com-
binatfon of Case I 2nd Case 11, Thus the funczmzatal mode of the deep
compact allyvium w111 27pl1fy long period mat12-5 while the higher mades

-iés

are not entirely satiz“:ctory.

of the deep alluvius will also amplitfy shorter z=riod motions. The

shallow soi} deposits will further atplify the s-Zrt peried moticns,
With respect to the effect upon bulldings, the #s1lowing can de expected:

1, Buflicings with T < 0.5 second, Dazmaz= will be greﬁter if

these bulldings are founded upon the s=ft so{l than 1f they
rest upon firm alluvium.

The depth cf the firm alluvius
beneiwn 2 bufliding has little effect =zon the damage to that

buiiding, Tnus conclustons applicar' e to Case | auply.

2. Butidings with T » 0.5 second. Cz-z23: ~!11 be greater 1f a
building 15 founded over a great dez:in of firm alluvium than

1f 1t rests upon & shallow depth of this alluvium., The

effect upe= ke
Case II apply.
/

Dazage in Yaldivia and Concepcifn during the 1960 earthjuakes has -.
been studled extensively (Duke and Leeds, 1553, and siubseguent studies
at the Universyty of Chile). - This damage was greatest where there was

soft soil ¢t the surface,
1and 2 story buildings.
consistent with Case {.

based upoan Kanai's and Hedvedev's methods correlated well w

damage patterns.

presence or sosence of soft sofl near the surface has less

damiyu. , Thus conclusions applicable to

’

The great majority of this damige was to

Thus the behavior during these earthquakes {g

Hence 1t 15 not surprising that predictions

tth the

“%e theoretical results

g P

Jt\s
o
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At both of these ¢ities, there ex{st deep deposits o¢f fim sofl,
Using azpltfication theory, attempts have been made to ce-relate dams
age to this total depth.
having perrods greater than 0.5 second, no such corralatizs was possinle.

However. since thers were very =« buildinyg

Moreover, since the theory for & soft shallow layer over a deep strff
- Tayer 15 st{11 not retiabie, the theory often did not shc~ correctly

the effect of the shallow layer, '

Thus the experience from the 1960 earthquakes showed tne effect

of shallow soft deposits but gave no tndication as to the effect of

varytng cepths of the compact alluvium, However, the effezt of the

deep alluylum must not be fgnored when establishing microregicnalization

or building code provisiens for future construction, begcante mcre and

rore tall bulldings certainly will be constructed in these 2nd other

clities wlith similar sell conditions.

. SuTmary

A selsmic coefficient ¢fagram for this case mist rec: pnize both the |

effect of shallow soft deposits upon buildings haviag T « 2.5 second
and also the effect of deep soil upon buildings having lor yer periods,
These requirements might be met by combining Eq;. 1 and 6:

) R COS TeT
C» -~ 0
21/, (7)
s
[+] . 1'(T1T°)2 T :_ TQ .

The soil fector § would be chosen based vpon the shear wave velocity

of the near-surface solls, white To would bring in the effect of the deep
_depesit

Boston for example, where very poor t0i1ls at the surface cwerlie deep

Such & code provision mignt apply to many cities, such as

deposits of clay. Such a provistics probebly should be use< only for
T < 1.5 seconds. If the fundamental pericd of the sofl 1s greater,
specral provisions such as that cescribed 1n the next sectzon are

- wirrented. As before, the minimum To 1s 0.4,

315

6. CASE Iv DEEP DEPQS{Y Cf SOFT SOIL

Theoret=zal Constderations

Figure 15 shows an 2mplification spectra
This specirum 15 similar to that

Arnlifscation spectra:
for » deep depostt of very soft clay.
in Fig. 0. with one important difterence:
2t the fundanental mede s distinetly gre2ter thza that for the higher

now e peak amplification

modes, This change occurs becsuse, w1;h 4 deep czpostt of sofc sork,
radiation damning 15 less Importent eénd strains {2nd hence Internal

damping) are larger.

Resncnse spectra: Figure 16 compares respc-se spectra frem motiens
—r e T . "
measured on tcp of the so01] with that frem motic=s 4t an outcropping

of the underlying hard sail. There {3 an increase In the ordinatey at
Honever, the remarkable feature 15 the very great increasc

Now the peak of the spectra has

low periods
{n the range fram Z ta 2 5 seconds.
been shifted toc a much larger period.
Peak acceleration: In the case corresponding to Figure 16, peak
acceleration on.top of the sofl was twice that on the hard outcrepping.
1In other cases which have been investigated theoretically, peak accelers-

tien s degreased_'

Fleld Evidence

The classic example of this case fis the scft ceep depositlaf clay
underlying Mextco City  The examples s Figs 1S and 16 apply for the
sofl conditions in Mexico City, and have teen confirmed by actual

accalerggraph records

It has often been suggested that a deep soft deposit can actually
cause a dec-eate in peak accelerztion khile there is Hitle or no
f1eld evidence to prove thts, such might occur during a strong earth-
guake when the internal damping within the soil would be 1n?}eased.

-

Do
w



Sumriry

Far this sttuation, 1t 1s appropriate to yse & sefsmic coefficient
diagrim of Type {f} in Fig 1.
very small pericds than for sntermediate periods. Koxever, at this
time use of such 3 diagrem 45 Justified only for sites whers thers s

consicersble actual esxpertence which has been stysled In detadl.

7. PILE FOUNDATIONS

The evidence currént1y available suggests that piles usually do
not alter the ground motions at the base of & building (Ohsaki, 1963).
This 15 because piles generally are flexible enough to follew the
horizontal mottans of the soal {for example, see Yamamote and Seki,
1970)  However, piles ouy improve the abilfty of the building to
rtsist the effects of the ground motfen--by reducing both static
. settlements {thst may use up some of the reserve strength of the
bullding) end dynamic rocking moticn, Because of the need for lesg
conservatism, the soil factor S might be reduced somewhat for ptle-
supported buildings.

Large diameter calssons m2y be stiff encugh ta resist -following
the cotions of a soft sofl through which they pass (Chsaki, 1969).
Then the amplifylng effect of the seil-caisson system will be rore
Hhe that of 3 firm soil rather than a soft sgil. Thus for ca{ssone
supported buildings, T° used 1n Eq. 7 could be somewhat less than the
fundarenta!| period of the soil.

Unfortunately, at the present time there are no sound rules for

deciding just how much S and To might be modified in accordance with
these consfderations.

RESPONSE SPECTRA A'D TIME MISTORIES

The ecphasis fn thts chapter has been upon code provisions to

Now the setsmic coefficfent is less for

o

.Q

«1B.

reflect soil condit'ons  Howewer, there 1S & growing trend toward

requiring dynsmic analyses for talY or important buildings.

The principies discussed tn connection with Cases I, 11, lnq 1%
can be used to sugGest the possible form for & general destgn resporse

" spectrum 1azorperating so1! coaditions:

Saos Tx To _
T
0 [
[3 2 [(5.1) L,
L

N
T : To
ts the spectral acceleration and sm

—
(L]
.-

{s the spectral sccelers-

where Sa
This equation s plotted in

tion for the reference so11 condition,
The sol factor S, ;hich brings 1n the effect of the near-
eight be less than In Table 2, since use of dynamic

for example, the following

Figure 17.
surface sotl,
antlysis masar latg ne:d for conservatism.

values might be used:

Ground condition S
. Exposed rock 1.0

firm soll 1.1

Soft sell 1.8

The effect of the near-surface soil upon speciral acceleration decreases
for 7 > T,. This 1s in contrast to Eq. 7 where there was need to

account for the contesbutions frem higher modes:
analysis 1§ performed, the response of higher @odes Is introduced

when 2 dynamig

J¢

directly

For T » 3 seconds and To » 1 second, £q. 8 becomes too conserva-
" tive  Tezcan (1972} has recently presented & more general approach
to development of response spectra tncluding sgll effects,

Time histories whose spectra lie above the spectra given by Eq. 8

-
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0 Table 1 )

T =19

would be suitable as Input for dynamic analys's. Great caution Should
be followed 1n vsng Individual time histories generated by the : . EXAMPLES OF SOIL FACTORS
theoretical procedures described in Appendix A, since there are un- '

certafngies both In the validity of the procedures and the selection

of soll properties, If such procegures are used to generate slte- ‘ _ .

conditioned time histories, 1t {5 very essenti»l that a set of time f : Canada Argentina
histories ba developed by varying the input assumptions. ’

t . General 1.0 . Hard “18
- t 1.5 Hediun 1.00

9. FINAL COISZENTS b Soft _ coft L2
i

The four cases which have been discussed In this chapter cer-
tainly do not cover all possible so!l conditions, and many problems . ’
remain to be solved by further theoretical resedrch plus analysis

Yery soft 1.50

i ' Japan
of accelerograph records. For exarple, the line of demarcation !
between Cases 1! and IV 15 not at a1l clear. However, the current Ground/Structure Wood Steel Reinf. Conc.
understandtng of the effect of Tocal soil conditions is almost equale- . ’
and parhags even equsl--to the curreat undorstsading of the nature : I Rock 0.6 0.8 0.8
and explitude of earthquake ground rmotions for average soil con- \ <:a ) Il Diluvium 0.8 0.8 0.8
ditfons. That {s to say, the effect of soil conditions can be i A I Alluvium 1.0 .o - .0
evalusted with almost 81 much confidence a3 can the reference IV Yery soft ~ 1.3 1.0 1.0

seissic coefficient Co.

.
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. 7 S
Table 2 . ' : ' : . I. .
. ) - : . . h " \)
RECOMAENDED SOIL FACTORS TO ACCOUNT FOR' _ . c ‘ Ca) o c %) -
EFFECT OF NEAR SURFACE SOILS - o R Sof¥ =il

Fiem sail

i RoekK

Reference ground condition

Ground condition th;d rock £xposed rock Firm soil

Hard crystalline rock . ] .
at depth (Cg » 1200 w/sec) 1.0 " 0.6 ' 0.4

Exposed rock with nin- .
{nal weathering | 1.8 1.0 C 0.7
{g » 100 n/sec) . ’

Firm clay, compact

sand/gravel, deeply 2.5 . 1 ‘ 1.0
weathered rock .
(cs = 350 mn/sec) ) ’ LT ".‘ o
Soft clay or silt .
(Cg = 120 e/sec) X 22 - L6
! SRR WRE 1 VARIoUs TYPES 0F S=ismic CoEFRICIENT
A : . C . Diactwams

e v e —— s} - e PR
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Preface
The purpose of these rnates is to present scme of the r-thods
now available to fnclude the effect uof local sell conditicns in .
the derivatfon of design earthquakes or respense spectra.

The dynamic characteristics of 2 soil daposit can be expressed
by 1ts Transfer functicn representing the amplification experi-
enced from bottom to top by a sinusoidal steady state moticn, The
dorivaticn of amplification curves using both a ccntinusus and
a discrete soluzfon is presented in Il arnd the relative advantage
of each pethod 13 discusséd.

The general prcblem of considering an actual earthquike record
and Tiltering 1t through the sofl is discussed in 111. Finally,
approxirate sirplified methods are presented to obtain directly
response spectra whick Include the effect of the sofl from the
krewledge of a response spectrum on firm ground or at bedrock..

-{1i-
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FUNDAMENTALS OF SOIL AHPLIFICATIOH’

by
J. M. Roessen ‘

«

1 -=~INTRODUCTION

[.7 Staterent of the Problem.

During the inftial phases of development, Earthguake Engineering
- was mainly coencerned with developing methods to estimate the response
" of 8 structure to giveh dynamic loads. While theie 2re stiil many prob-
léms to be solved in the area of Structural Oynamics, particularly 1n

o : the nonlinesr range, 1t fs somewhat disturbing to cbserve the large dis-

e

L3 Rl

fcrepancx tet~een the sccurdcy soucht by scme methods of analysis and

the uncertalirty in the nature and macnitucde of the 1oads to which the
structure will be subdectec,

This inconsistency hes been recocnized

tn the last years and 20 increasing amount of effort {s now befng de-
voled to study the characteristics of earthaquake motions as & function
cf magnitude, distance to the epicenter and local soll conditions, The
purpose of this research 1s to arrfve at simple, but realistic methods
to represent the characteristics of the cround motion at a particular
. Site.
‘use of desion response spectra.

Determination of the approprizte eprthquike motions at any given
site involves two fundamental steps:

1. Evaluation of the seismic risk c¢f the reglon. For an ares with
frequent strong earthquakes this step may be relatively ezsy and engl-
neers may already know that a certain city s pericdically subject to
earthauskes of some avérage magnitudes with eplicenters at some average
‘distances. For regions with relatively scarce earthguzke history, the
determination of a desion esrthquake becomes much rore complicated and
requires in ceneral geologicel and selsmological studies, which attempt
‘to fdentify possible sources of earthquakes or-active faults, -

E ¢ Massachusetts Institute of Technology, March 1969

T ment.

Among these methocs one of the most powerful ones 15 through the

=
The results af this step can take different forms, the simplest
one being & serfes of values for probable macnitudes and associated
epicentral distances. It {s possible from these ;aIues. using the for-
rules sucgested by Rosenblueth, to characterize each pessible destogn
earthquake by fts maximum ground acceleration, velocity and displace-
Newnark hzs derived 2 simple approximate réthod by which the
corresponding desfan spectra can be estimated, knowing these three char-
It §s possible then to draw response spectra for each
Alternatively

acteristics.
design earthquake and to find their average or eavelepe.
one can try to generate artificial earthguekes that would have the sam

average characteristics. 1t must be realized, however, that 1f this

- procedure 1r used it will nat be encugh to generate just one sarple
' earthquake for a glven set of values of magnitude and epicentral dis-

tance. Guite trhe contrary, a substantial nucber of szmoles should be

' generﬁted and used for each possible earthquake, caking the procedere
- extreme’ long and costly.

In any case the cor}esponding design earthquakes or response spete

" tra wil) apply to .an overall reglon for firm ground conditions.

2. Having obtained one or nﬁre'earthauake records which coul” occur 2t
the site on fjrm ground, cr better,a set of design response spectra, the
next step 1s to study how these motions would be rodified by the local
5041 conditions of the'part1cu1ar site where the structure 13 gaing to
be built. The effect of the sofl fs ¢oing to be one of filtering the
motions, {;Z:;Ssinc their arplitude in some ranpes of frecuencies and
-E;;reas{ng it in others. This problem is normally referred to as sofl
arplification &nd wil) be -the subject of the following discussion.

The particular problem under consideration can then be stated
as: Given a soil profile and a design earthquake or response spectrum
at bedrock, determine the corresponding ea?thquake or spectrum at the
top of the soil. ’ . .

~

It should be noticed that in order to be able to apply these
results directly in the dynamic analysis of the structure, 1% zust be

9¢
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assumed that {ts mats §5 negliaidlie in cum_parison to that of the under-
Tying scil. Otherwise a third step is invelved corresponding to the
“ problem of soil-structure interaction. In other words 1t will 1+t be

: gating vertically, and only SH {f they propagate at an angle, P wWives

_.possible to consider the structure and the soll as uncoupled systems. _ _ .. ._ ..
ever, neglected,

1.2 General Considerations, -

Earthquakt moticns may be deccmposed nto & series of waves which
propagate from the focus in all directions. Given an {nfinite medium
- -these waves are ba;h:ally of two types: dilatational or compressional
The first are normally called P waves, The
:'gecond can be deccrposed again by projecting the motion in two erthogonal
- directfons., SY weves correspond to motions in a vertical plane, SH waves
to horizontsl motions,
vertical, bo

- waves 2nd shear waves.

0f course when the direction of propagation is
th SH and SY waves would correspond to horizontal motion,

Wren the waves propzgating throuch a contlnuous medium find a free
surl’ac.'e. a new type of wave {5 generated, normally referred to as surface
or Rayleigh waves, If, {n addition, the medium is not homogeneous, but
there 1s & clear discontinuity at some depth from the free surface, a
second type of surface waie called Love wave, {s generated, WKhen there
are several surfaces of discontinuities in the pmpert!es. other types

of waves are created,

The overall problem of following an earthquake as it propaocates
from 1ts focus is of course a three-dimensional wave propaaation problem.
By assuming for instance a Vine source of relatively large lenoth or by
considering only the effects at scme distance from the epicenter, the
problem can be reasonably reduced to 2 two-dimensional one for SY and
P waves #nd 2 one-dimensional prodlem for the propagation of SH waves.

The methods described here relate all of then to the selution of
the one-dimensional wave propagation equation., Thelr basic limitatians
are thus: '

4. . ) «
1. Only shear waves are considered, clther 1 or SY 1f they aré.propa-

propacating verticaily could be considered by replacing the approprla N

constants (modulys, wave propagation velocity). Surfice waves are, how—

2. The different layers of sofl are assumed to be parallel and exten:-
ing 1n the horizontal direction for & distance several tices larger o
the total depth to bedrock.

In spite of these Yimitations, the solutions oblained by these

T methods seem to provide 8 useful 2nd reasonable estimate of the filier-

- ing effect of the sofl,

Two-dimensional wave propagation prodless cia
now be solved by the use of the finite element method.  These technigue:t
offer a prorising future. Their application is, however, stitl Vimitez
and there are several gquestions which stil} have to be solved before
they can .e used with confidence.

The filtering erfect of the soil can be measured In two ¢iffer.

ent ways:

1. By considering a steady state harmonic oscillation of the soil and
the underlying rock and determining the ratio of the srplituce at the
free surface of the sofl to the amplitude st bedrock or at the outeres-

ping of rock {without any soil on top). This ratio will be a function

k|
of the freguency of the mtion. and if there {s damping, 3 corplex furze
tion, It is rormally referred to as the Transfer Function of the 0il.
Its modulus is the amplification function, amplification ratio or amplfs
fication spectrum, &
2. By considering a given earthcuake record {time history of accelera- -

tion} at bedrock or at the outcropping of rock, and determining the
correspending accelerogram at the free surface of the soi].A The result
in this case is not only & corplete tima history of accelerstion at the
free surface of the soil but also, 1f so desired, time histories of .
shear stresses and strains at any poiat within the soil. 1t provides
terefore a much mr"e corplete solution, but it raquires consideradly
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pore cosputer time. Furthermore, because of the reasons previously men-
tioned, the corplete analysis would have to be repeated for sach sarth-
quake sarple, and it would make V1ttle sense to do ft for just cne rec= .
nrd, ) ’

- " Both types of resylts can be obtained using two different mathe. _

matical models:

1. A continuous sn]utiqn of the differential egustion corresponding to
the one-dirensional wave propagation prodbiem,

2. A discrete solgtion replacing each lzyer of soil by a system of
Tumped rasses and springs and applying standard procedures of Struce
tural Dynasics. '

The continvsus model offers 1n ceneral more flexibility and bas an
econoni¢ advantage If the results are desired only at 2 few points. At
present the discrete model reguires less computational time when com-
plete histories of accelerations, velocities, strains and stresses are
necessary st meny points. Both models yleld éxactly the same results _ _
{except for srall discrepancies due to different round-off and truncae
tion errors) »hen:

a) Darping {s sssumed constant in all modes and viscosity for

*  each layer directly proportional to {ts modulus and inversely
propartional to fregquency, '

—b} The uncerlying rock 1s assumed to be rigid or in other words -
the {nput motion 1s considered at bedrock with the soil on
top, rather thzn at the putcropping of rock., For elastic
rock, resulty can still be made to agree {f an additional
darping is fnserted in the discrete model to simulate the
loss of energy through radfation in the rock,

In the following pages the basis of both formulations will be pre-
gented, consicering first the case of steady state pericdic motions
{determination of the arplification curve), then the case of transient
mations. The application of these methods tw obtain filtered esrth-

* e -

quake Tecords at the free surface of the sefl s {smediate. On tha
other hand, their application to destan response spectra. modifying
them to include’ the effect of the sofl, is not so straichtforward. This
point and approximate solutions are discussed at the end.

I1 - STEADY STATE PERIGDIC MOTIONS

The Azpiificztica Functien

I1.1 Continuous Soluticn,

A. Uniform layer, Rig!d rock.

Let us consfder first a uniform layer of sofl resting on rock,
The eguation of motion corresponding to the one-dimensional wave propa-
cation >—oblem is ’

2 2 3

u u U
[ i—z-' 6=y tn=——y
F1 Y stax

where p = density or mass per unit.vuléme - %
v = unit weight.

g = acceleration of gravity

G = shear mxdulus

n = viscosity constant

uf{x,t) = displacement of 2 point in the soil layer

If the rock 1s rigid but a displacement uG(t) iz imposed at the
base of the sofl, the boundary conditions are:

U _ .
T3 Qatxs= 0

u-= uG(t) at a -1:|.

8¢ .
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and the initial conditions:

u=s0atta(

Wy -
'i-i'.OHtt 0

By callingy = u - ug the relative digplacesent, the equation

can be rewritten as:

2
2 2 k| "y
3 ) 3 13
] =G *n—-z—y--n-—z—
it X ix at it

‘with Infitfal Conditions

y-o.%{-o atte=(

-

and Boundary Conditions

y=0 at x = H
. -
3{- 0 [ A ] 0

1r ;rs(t) = 0, the free vibrations can be investigated. Writing

then .
2 2 k)
. 3 § F) E F]
] =G +n -—hl
H14 x u‘at

and trylng & solution of the form
y = Ux} * Vi)

wvhere - u {s a function only of x

Y i3 a pericdic function of t alone

U Y .2
GV + oY

i e .

L : ' - ~B~-
!, . " .
I

o
- . x
N .
Flo. £ o UnEarss  tayee,

..

- - .
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and the solution by
yix,t) = u{x)e™t

then T TrTon e
L U=Ecos px+Fsinpx -0C

F4

""'w’ith'pz--——-{—ﬁ' = - <.

. Inposing the boundary conditions
Ttk il oroLivie - .
F=0

— BT «
E cos pit = ¢

T . - p-pL0S px
T -

and yo- ole (gosex | 1)ei8t

eosTp L e

ub

S T et e aletos px ot
u-y*uc '"ccosp

and at the free surface of the safl the absolute acceleration becoses

1 e1nt_ T " et
cos pH

g -0

Since the base motion wag EG =- . nzc emt

N

T P Vg
The transfer function of the sofl for adsolute agceleration at
the free surface is then defined as:

- TF(;) - ‘E-o—:——m

o0

~12-

It should be noticed that 1f there 1s viscosity, p is & coplex
variable and therefore cos pH has to be interpreted as

172 (1P 4 em 1o

- .
or TF{u) » -1
RETENPE

The: fact that the transfer functicn fs complex Indicates that
there {5 both a changs in amplituce and 1a phase, If only the change
in amplitude s consicered the Anclification Fuaction 1s deffned as .
the modulus of the trensfer function,

. - 2
Alr) I:;?;r:-;:jsgr

.‘; + {n1/G) -1

1+ {nn/c)2

Calling c - -/!z—m /'é

Ala) =

/cos hzu cos‘a + sin -‘?u sinYB

For szall. values of n%
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The natural frequencies of the layer of soil are then given by

-1 (Zﬂ-’)cs
LA /,-_.E - ki

|
1
i
[}
H
}
gy | ‘ S——
2n-1}n - — ! .?
m e e - - !
N | | %
. ! ) - - //
and the natural per{ods | e -
- ' PR -
ﬁ;’,. e ! cem =" ' ,-"’
" =" - H -
"7 YpL TG b I _
G “ . H " /// /g ﬂ:mi!
where C’ o 13 the shear wave velocity of the sofl. { . T e
- . - B
The ¢ = - - .
orresponding rodal shapes are « t.s ‘ PR -
‘ ¢ - - ~i.
2n-1)n ) .-’q ,f T .- . /
U-;in.(_z__lx 3 & l s , : M=~ ~
n - C (\z”o’ nroe’z Tl Y
! ! - Lladl R
If the s0i) has viscosity n ¥ O in c:fief' to have harmonic motion R . o * - Bl
: H - - - -
.we rust have N b RV . o ".
T C : ~. S .
. & e u - “u \\ C_-_\U,f i e e
e oo - l e
'——“‘"_'C-:_f& ] . . -~ .1 .--"' .
A critical value of viscosity can be established fnr each rcde, i 77‘77‘777/77?7’7777777777‘77}:‘/", :;;7,/ A R R
‘In particular in order to have at least 1 mode | ; - Y/ & i .
LP-a v ’ i' . . _ - .
&H b . . .
— B! [
L PP '/{;— e o ; : 1
! Lol Modrl SHAPLDS ok e ] 7
It is {rportant to realize that 1f there {s any viscosity, the ] F/G_ 2 - - A GrnrorM LayeR
nurber of modes will be finite. {Higher mocdes will have darping higher ‘ . =L .o,
than eritical). e T . 3
Censidering now the forced vidration prodlem, 1t ts cenvenient . LT ’ i : . <
for & steady state periodic moticn té represent the base digplacement - . .
b | S
int [ . i - K . P d

'uG(t) =Ce
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1
and AMp) -
cos 8 +a sina
In particular 1f there 13 no viscosity a = 0 .
Ala) -

CSS 8
ang the amplification w111 become infinfty at 8 = igﬂilll which cor-

responds to ot = QE-'—U—‘-/’E -y

S . ne Ath natural freguency of the layer.

On the other hand, {f n 4 0, the emplification will not become
infinfty. Two cases can then be ccnsidered:

1. ff'the velue of o is constant as g increases, the first expression
will have to be used since n% w111 not e small any longer., As
frcreases A(n) tends to zero, which mezns that for very large input
frequencies the-top of the layer remains at rest. The ampifficztion
function will have only a finfte nurber of pezks corresponding to those
naturs] freguencies of the layer which have damping less than critical,

For values of 2 such that n % is still smali, the amplification

atg = Y nth naturzl freouency of the layer, becomes

Ao ) ot 1y 0

This shows that the arp11tude of the peak at the seccnd natural
frequency of the layer will) be g-cf that at the first, the amplitude
of the third will be 73 ete. .

2. If 4t is assumed that the viscosity {s inversely proportional to
th- frequency so that n U = tan & {5 a constent fer snaII values of
n G

4 .1

4
M) » taoare " (ol 78

with g= %—taﬂ & = fraction of critical damping *

. —— e

.

14

In this case the ampiftude of the second p=an: will be 1/3 that
of the ist, the ampiitude of the third peak /3 -, so on,

Comparing these results with those for a *.—=7ed mass ¢iscrete
system as normally encountered in Structural Dyni=—-z:5, we can say that
2 constans value of viscesity n corresponds to 2~ "'reasing percente
as2 of dazping in each mode, whereas a constant v vt of n C corre-
sponds to constant darping In all races.

F1gu}es 3 and & show the arplification cu=-= for 2 uniform sail

layer with the following characteristics:

. Depth h o= 100
Shear wave velocity (T 750 ft/sec.
Unit weight: v = 125 Ibsfeuz-.z ft.

8. Uniform laver, Elastic rock

Taking now two seis of axes, one with oriz n at the free sur-
face of the soil, the seccad with origin at the 1z: cf the rock, the
mtions in the soil and the rock can be expresse: as

«f{p_x_=- 2t}
1(psxs +nt} , Fs . s's

u " [s e
1pxp ¢ 88) ~t(px, = 2%}
v, - Er _ r® .
. ’ 2 °snz
where ) ps . S rY nsn
prnz ’
pr' Cr +anfl .

o¥
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fp, 8  -ipH .
ulxg= H) = o {x 0)-(EoF Je e g (e P e e T ) ot

e ,
. ; -18.
-17- ‘
The boundary cond{lﬂcns are now N
u _ - T . .
i eem e 'a'x_s"o 2 "s"°"'" . —_— e . - . e.
u lng = K = v lx; = 0) — :
Ius aur
‘G’* 1n‘Q} ?-l: (!s' H) = (Gr"' inrﬂ) 3;: (!r' 0) ' - '
The resylt is ; ’
{ 1
ES L FS l :" I . ;
' tp.x,  ~lpx { |
v =€ E“"'(E $S . . s S) . ‘
* s | SOl N
2 ! ,
. ts - 'Ps'H - -wsH . l '
.e T {1ep)ee (1-) - ) l
: B, ¢
|l N
. fp _H ~ip K
Yo f < ¢ s (1-u)+ e S {1ey) . 1 Zr' .
® r roip A =Tpn | Rock
e " (itp)e e {1-) H
i
vt py(6,* in0) L
sa) - fat
U‘(l’ 0) = 2E e 1 . |
|
L.

o

The ratio between the displacement {or acceleration) u at the ° .
free surface of the sofl, and the ¢isnlacerent {or accelerution) at the
{fterface between rock and sofl can then be expressed as

.

Fe e 2o o
TF » . .

ipH -1p & ) . - -
. g 2 e % Lo




a o NN

o NWIHLUIILTIGNYS !

- , R
. .
" . , .
Tt~ . . . _
. '
. -15- A6 .
N ., o |
B M.-r —
* L
* . .m | -M
. . ' o~
"X
—— e e e e e L. va ! g
e & . NS
. - ' W
st .. T Tt trmrrT T ./Jl..nmll.ll. . . _7 "...:...r W.-lnr.
Fi 4y Y - i \ .J.l.
p ~ S \
L. E ] M N . , —- gt
- N ‘\l-\l‘\. .N : H -.“ _ ol u~
‘ L IRy P Y3 . |
. i . T jny - 0 V] . R ) _ »
A "~ T w9 . .’ \\ ~
- > b x - .
lp Q - 3 n . lllolﬂlinul.lllil!l!l-l....-oouln .%of -oul.!u
. . ) & M l.ltol_l ) |*.:-,
..u * m [ . . ' -.'— p.f-
. M . w dy
) ] - 2 u 9 B RS
.lll.lllllllll‘nll M nVA v - i \q\.-h “f
- . = . A I
. - - w ' \.\\\sh 1a
- - M S ’ . - v
~ ' ¥ @ A T A | !
. - . ~ — - ~ I L.
. . . v g @ .M “ - B -lllolnlilnlilillallol-unll ' ] s
. . v Q - . I 9
1) X Y |
s k U "o T
- Pl (2 < D i} =g
. - Lt v d . o
P \_ Le - ’ ] _ ’
g La----- e AR A PP IS
S 1 Latiie
| e % . L
Y ~ov ! Y [ Ay 3 L ‘e
: 3 . A\l ResS RO SogL i
[N .Of. [ » n.H . ||||ln.|lk|_...lcfa .:
< 3 " k . ~ ) N
" o5 X / s
=& : = ~ "R >
e - N|l||¥ I..\J.\fM -.Inlv)%ﬂft.lnun s fm .m .
e L LR T T T T TS . s 9 ] , -7
' (1] o 3 l\ )
-~ T X vf R, Il.llllamhvllahll‘l\l\\\\ dee
-l —_—— i — _ *
. e .
— . - - ™~ L
L - N S N O - W TR S T . \
' J
. QlLyY NCILAOIZIENS " . . - 1
: D oz R T m N=

ACINLITICEITION G

ANEID

-
.

7

Zwidd P al

VRS

g -1>4
A NSV

COWT U

Koo

FiG. #.



I 3

=20

H '19" -
' . . -~ - N
which §s the same expression previcusly obtzined fo %, ' y i
| ? P y ¢ . r rigld roc 7 At the natural frequencies of the layern = v, €O psH -0
, . and sin p H = (.1 n .
If on the other hand one consicders the sftuation of the rock . P -1 c ‘
without soﬂ on top, t.he mtion at the outcropping of rock would be Alw ) = Y—z-" !
B —— o e— L -
: - S
: S uew2s, et - : - -
and the ratio between the displacerent {or acceleration) at the free Tt can be seen trat this a=plification ratio does not become
surface of the s011, and the displacerrnt (or acceleration) at the infinity even 1f the soll nes no viscosity. :
outcropping of rock would be ) Lo
F . If the rock has no viscosity n. " 0, and the sofl has a viscosity
s T 2 ; ne 50 that “sn/Gs 1t srall, cne cen again derive an approxipate formula
! ‘Psﬁ -1ph ! for the amplification 2%t the naitural freguencles & = o
: e " {leu)se {1-u) n
v L
T T T Mog) = L - : S
: Yo's g, 2n-1) Ve Ts%n
A second amplification functien can thus be defined by consid- | : ';rs- Es
I s
ering the elastic properties of the rock. This function ¢ives now the ! For the case of constant wviscosity ng
ratio betueen amplituces of motion on top of the sofl to the amalitude
of the mtion that would be felt on tep of the rock 1f the soil were s . Alo) = Yoy, 1-
not there. . B ng
: ! . : 1+ 50 -——1(§n-n
- 3 $ cr
- — Aa) .1 57 e = psii i
; IE {1+u)r e {I"J” 1 . f‘.sﬂ
! : \ ané for the case of constant z- "
1 I
. . i
In this case if there i3 no viscosity n_=n_=0 O | v 1
! : T } Aug) = === °
! ¥ ¥ L
| s 5 .‘rr.z.Zn-I,-
| f 0 i ' 8
s e Pr® T, . ) Ys's
H _ r !
| : i
! psGs Gscr (N G Yscs . Fionas b exd 7 show arolificition functions with elastic rock
- - - - B S———
¥ Prc,. Erc’ c,.n,. ) Er"r Yeln for the tams uniform laver of sofl dreviously considered "r * 140,
' t
| _ 1o = asn0),
& . 1 i
- i Ma) - H+ 1y H T=r mrin difference betwe:n tot* casry 1y the fact that the
+ 1y - .
I lcos Ps wsin piHl rock considered zs an elastic Palf stice is dissipatine energy by
l o i radiation.” foth solrtlins 7re tien adnroxirately related by the
| P -
. i 1]
| ] ‘)
1 = . ! *

Gy
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expression
L vgCs R
E(U, ]-rcr I][nj .

where Altq) 1s the amplificition function with rigid rock__ _

Az(n) {s the amplification function with elastic rock.

This formula can be reproduced by adding to the first case an
equivalent radietion damping, functicn of freauency

g e2._ 88, 1
cea v v T Zn-T
. v.C w
or Bt L
q Yr'p ¥

since n % ® 26 this represents

~
G 4. Ysts o M1

. n « 223 a -0 ¢ o——
eq Q eq T 3 'rCr 52

C. WiItilavered Svstem,

Wren the soil deposit 15 made of several layers with different
properties {Fig. B) one can define for each layer § :
hJ « thickness
FJ = shear mocdulus
vy = unit weigﬁt
i Cj = shear wave velocity
oy » viscosity coefficient

=24~
1 ’7" o ——— -
=y
l hal R‘ »
x5
oy *
l N
Xy
i i ‘ ‘ . .
£ R - . -
— ey .
.. '
Rocx ¢ EL4ETIC NELF SracE
MULTrPLe FTRAJR OrCR ELLATTIC Rock,
Qq
- ..
., ..
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w?f-
2 The amplification function with rigid rock !ratio of displacement
p§ - E__El? _ - : or acceleration at top of soil to displacement ar acceleration at
+ - . .
5t - < bedrock) is then ~ -
. . . e e B 2E
and . 1 2
A](ﬂ) ° E;;‘ - Fn+1 " }aogl
pj(Gj+ 1ﬂ‘n) ' :
] - . -
vy pJﬂ(GJHﬂnjqﬁf . Tne amplification function with elastic rozk {ratio of displace=
) ’ ment or acceleration 3% top of 01l to displacement or accelerdtion st
Displacement in each Jayer with reszect to a local set of coordin- the outcropping of rock) is
ate eaxes with origin at the top of the layer can then be expressed as 28, |
. , . Az(n) - L]—_ - -.J_.. [»)
1(prJ+ at) -i(pjxj- nt) lzfnnl jal
vy ® £, e + Fj e ) .
The explicit expression for the amplifica<izsn function in terss of
By establishing compatibility between each layer and the next, the soil properties becomes foo long even for teT layers. However, the
ong can write rumer{cal corputaticn procceding from layer to “ayer is simple ard adapts

{tself very well to be programred in a digital cz=guter,
FI = E; {because of the free surface condition) B :

191,11 ”’1"1 ‘ ) 1t {5 possible to have any kind of viscos*ty (constant or an ar-
ZEZ - E][e ('l*ut) +e {l-u])] bitrary function of frecugncy)in any layer. C-= the olher hand for the
' ‘ iplh’l -ip]hl purpose of comparing the resulis with those obtained by other rethods
ZFz - E][e (Lul) ‘e “"’u‘)] - ) (madal analysis of the discrete model) a case =“ich becores tasy to

1p,h -1p.h interpret is that 'ltt- which /G 15 egual for-all layers.
26, » E{14pde 2% e Fy(lop)e 2% - -
3 2 2 2 2 n
ip.h -iph Then 4§ —JG- is constant, indepencent of freaquency, the resulting
2F3 - EZ“'“Z)e 2? + Fz(l-uz)e z2 ampﬁf‘.cat‘!cn function will have in each natural freauency a percentage

of ¢ritical damping increasing Tinearly with the frecuency w. The rage

. fo h, -tph, nitude of the amplificaticn in the nth natural freguency will thus be
and 2, " E (100 )e + F{1-n)e . proportional to ”"2\.
1p h - “Pan . :
nn+F (k. e n .
24 E1-u e TR 1t -G-’- *n =28 is constant, the resulting amplification func-
. . . . . . " tion will 3 have a censtant percentaga of critical domping in all the
By replacing into the expressions for Ey, Fy the values of EZF2 " codes. The magnitude of ‘the amplification will thus be proportional
in terms of E]. then these ones Into the expressions for E4. FA and ) ”"n' . 7
$0 on one can finally obtain . AR T el o .-
H
fae1® G ]
- Fpay = By

8V
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T

produce the effect of.the elastic.rock

vy
Y average - -"f"h'i
- B
: ’ h
s average = -ﬁu
In, :

and writing 1 . Ysave Ssave 1
. ] C *

or adding an equivalent radiation damping.

c
« Yeave Crave
"y

" jrs

a
eq []

(Thc‘comct forzwla would be

)

Asfa) o

1.9
14—?..6_“. -.-..L;
“r el ¢

shere ‘b.is the shear stress at the base of the sofl
y, the base displacerent . '
"b the base acceleraticn.

. Figures % and 10 show the arplification functions for 2 multie
layered sofl profile with the following characteristiess .-

While 1t {3 not poss!b'{e to fird an exact sizple formula to re-

.~it.has_been. found that good _
results can be obtained by taking sore average propertfes for the sofl
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Bl et Ed —
e L, - ) ' Layer Thickness -  Shesr Wave Veloazity Unit Weight
- ' Ko. . ft./sec. = w./re.}
- = 17 10 TUTT T 718 e 100 s
4 150 897 Bras s WY 120 - *
- 3 n © 1200 1 125 -0
B 4 560 Y00 125 .
o 5 409 1500 ’ 135
p " Rock ' ' 8000 2 180

In both cases 1t has been assumed that tine ratio n/G is the
same for a1l Tayers. It should be noticed that for n = 0 the maxje
P : rum arplification does not occur at the first nztural freouency but
- at the third one. This effect s more evident when different valyes
.. of damping are considered for each layer, partizularly in the case

Yo of soft layers of soll over relatively hard strata. Figure 11 shows
. the arplification cyrve for a soll profile which would correspond to
- o the conditions at El Centro, Californta. [t cam be seen 1n this case
) that the amplification 'curve is basicaliy the product of twy funce
tions: one corresnonding to the mlauv:iy hard dottom 6f 11,000 fect
with a _fundamenul frequency of about 0.1 cps, the other correspending
to the top 100 fee'i"_of soft sofl with a fundarental freauency of about
1.5 cps. The amplification due to these top 16D feet is larger than
that due to the remainder of the soil &nd the raxirum peak in the
corbined amplification curve occurs in the range of 1.5 cps, It is
. fmportant to notice that this simplified approach, lufping several
layers of sofl with similar properties into one layer with average
. properties and reducing the total system té just two Vayeri which can
be considered indopendently, can often be successfully appifed for pre=
' liminary (tirates. Of ccurse to be adle to treat the two resulting
'. layers ‘Independen?'ly. muitiplying the corresponding amplification
. . . . functions at each point, it is necessary to bp able te treat them as
. . . ot uncoupled, or what {s the same, the mass of the top layer should be
considerably smaller than that of the bottom layer.

v 40'0')}‘
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ARPLITICS o n -
~ N o Y S
—iUTTT v r . 11.2 Discrete Model,
= é-_.:___: ' . A The basis for the discrete model {s to replace each layer of
‘:.--:‘ ) - . 301} by 2 serles of lumped rasses connected by a spring end dashput.
—_——rv .
t‘"—_—- .. The resulting system (Fig. i2) is of cecurse a familidr-one for engin-
ey . - )

;; eers working in Structural Cynamics. .
e ; For any given layer of thickness hy, shear madulus &y, unit
- : weight vy and viscosity coefficient nge replaced by "j disrrete masszs,
: T ) one would have

h - . - 1 11 - !-‘-l
: N L& Thal 2 ng ;
' . » - .Y h
: - » - - -l. .-i
. . A M HJ My = oo Hnj § Ny
. - o Of course at the fnterface between two layers the total 'iuﬁped
. mass would be
. . . li . ’ L . 1 (’T1h! . YI*1h!+1)
. . ; . . 79 ny ey ‘
o - i - ' - 6y J - LT
1 -
: : Ky = kp = k3= el m Ky -J;_i _ )
. 3 3
: : oMy
. - and C1-C2-t3 “"_"E'} .
) _ where €, are the dashpot constantis. . [y
’ 1% is thus possible to write the eguation of motion for each
) N mass ferming a stiffress matrix, damoing matrix and a mass matrix
S *iiagonal). The solution of the protles falls then within the clas-

gical methods of Structural Dynamics and requires no further explana-

tion here. 1t is important to natiée. however, that 1f the dashpot
- constants are arbitrary (n/G varfable from one layer to antcther} 1t
{s necessary to solve the problem by physical integration of the
eguatfors ¢ molion.
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In other words it s not possible in general to find an ezvivee

e . lent systes with madal camping. If on the other hand the dampin:
. . ) .. . ratrix can be expressed as a polynocalal expression of K"H or K X
of the form
S e e ' rertn.)
c= o 4, k(4 k)"
- reo .
rermen .y .
or Ce- ! e, H(K"M)r
reo
corresponding values of modal damping can be found and a normal madal
’ aralysis can e performed with damping in the {th node,
rmn-1 ‘
Zre
H . 2B,w, = T d u
1 rim T 1
. ’ mne-1
‘ _ or By * ;— I e, z"“
. M r=m
'Wﬂm

FIG f2. EQUIVALENT LUNPED ME2S SYITCH

It can be shown that for the free vibration problem as the rum-
ber of mzsses increases the natural periods and medal shones tend to
those given %y Lhe contimuuus solution. - It has Lren found that & pere
fod 7 §s reprcduced with sufficient accuracy if the numder of rasses
is

A

_5(7%;

shear wave velocity.

Knowing the natural periods or frequencies an&’t.he correspond«
ing rodal shapes, the participation factor of each pode for a base
sotion is s

For a rultilayered soi) this conditicn sheuld be verified for  &JU
each layer independently and for the total deposit with an average oo
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4

[y = (-0

for a uniform laver,

In general the participation factor can be found by the normal
procedures of Structural Oynamics, 1f M §s the mass matrix and b
the nth efgenvector :

— e .- .

where 1 1s a vector with 211 components unity,

1f on\.is the component of the eigenvector at the free surface
of the soll calling 9 " Tn*ni

the amplification 'function can be written as

i=1 I"?"?'Z

n - 7
o 2 2 222
An) = {[ 9 filuy - a%)etsiuia ’:l \ [’\!
=¢-n%) ‘45Eu3ﬂ£ . 1]

9,28u,2° az
(ul*ﬁ ) ‘45iw1ﬂ

or altematively

n 2, 2 4 3 2
(W - )
Moy ] e f) !
- |

n
+ 1]2 + { I] 5128140 ,
l 2.0, .8 27 1= o
i=1 (ul-ﬂ } *4Siuiﬂ . (u‘-n +45iwih

1f a1 the modes are considered both formulas give the same
‘results. If only the first few modes are included the resuits will
differ slightly in the high frequency range.

-

Results obtained with these forrulas {taking sufficient nurber
of rasses.and modes) agree with the amplification curves obtatned

-w{th the contimuous -modet <for the case of rigid.rock, -Adding to the .

values of modal damping 54 the equivalent radiaticn damping previous-
1y suggested results for elastic rcck are again reproduced.

-36- t

For all practical purposes it can-be considered-that the. cons
tinuous and the discrete model will both be applicsble.to determine

"amplification functions and will yieid the same results provided rodal
demping can be specificd and an additional racdiation damping is added -

to the lurped system. The continuous rodel 15, however, rore flexible
since 1t allows for arbitrary variations of darping from one layer to
anziser, Furthermore, it recuires in general less computer tire.

The discrete rodel has the advantage that it is easier to visualize
since {t redstes the prodlem to a ¢lessical case-of Structursl Dynan-
{cs.

111 - TRANSIERT MOTIQNS

The arpiification function has several important properties®

a)} It gives a clear graphical picture and qualitative information
on the effect of the soil. A simple look at the wurve {s sufficient
to determine in what ranges of frequencies the soll can have a seri-

‘pus damaging effect, and in what ranges this efinct would not be

{rportant or might even te beneficlal.

b)Y It is incepandent of any given earthcudke and it represents there-
fore a property or characteristic of the spil itself,

¢} For some of the methods trai will be des¢ribed here, the ceterm-
ination of the zrplification curve is a necessary first step to
determine accelercgrams or response spectra at the top of the sofl,
For cther methods, however, this step may be bypassed. -._‘

In spite of these features the amplification curve is by no
reans “he ultimate goal of this'ty;e of studles,. From the point of
view of the structural designer the main objective s to have & set
of response spectra waich agply to the surface of the sofl or less
freguently & set of earthquake records which cruld characterize the
rotions to be expected. From the point of view of the soils engin=

" eer 1t fs dmortant to be adle to estimate the ragnitude of shear

€S
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stresses {n the sofl during an earthquaké to determine the factor of
" safety against liguefaction and to guide in the selection of suitable

-38-

1f on the other hand {t {s written as

values for modulus - and damping ratios. - - o

In order to obtaln these results several methods are still |
available using elther the continucus or the discrete model,

111.1 - Continuous Solution

Given a certaln time history of acceleration representing an
eadrthquake record at the ouicropnping of rock, or at the interface
between so0l1l and rock, the corresponding accelerogram at the free.
surface of the soil can be ¢btained by:

a) Obtaining the Fourfer transform of the input earthauake.

b) Multiplying 1t by the Transfer function of the soil.

¢) Obtaining the fnverse Fourier transfom of the resulting
function.

The Fourier transform of a function of time f{t) can be visu=
alfized as a limiting case of & Fourier series expansion. It is
given by the formula

=

F(-)-*l f(t}e""‘tdt-f f(t)e-""tdt (1F f{t) £ 0 for t < 0)
-]

f(t) s then sald to be the inverse Fourfer transform of F{a)

- m——

‘ f.(t) 1 Jt. FL.) {wt
. T "3 ds

It should be noticed that Flu) fs a complex function,writing

1t as .
' F(U’ - c(u) - 15(9)

tla) = If(t) cos vt dt (1s the cosine transfora)
3 . ) - -

${u) .= I'f(t) sin wt dt@s the sine transform )
o .

LS

Nt

i
£ = Sl v s

1Sty _
tle) :

alu) = tan”

E{u) represents the amplitude fourier spectrum, and s{u.} the
phase spectrum,
ing. Given two values of freguency, “peowpy the area under the curve

The smptitude spectrum has an important physical meanw

E{.) frox - to wy gives the amplitude of the rotion in this rance of
frequencies. A simple lcok at the Fourier amplitude spectrum {often
referred to for short as Fourier spectrum) gives irmediately an idea
of the renge of Treguencies where most of the arplitude of the mation
is contained. In fact Hudson has shown that this spectrum is a Yoner
- baund to the undarped velocity response spactrum ard in general a very
good agproximation to 1t {they would coincide 1f the maximum respense
occurred after the end of the excitation). Arias has also shown that
i1t E{u} 1s corputed for different du;ations of the earthquakxe, the en=-
velcpe of these spectra {5 an upper bound to the undarped velocity

response spectrum,

The amplitude Fourier spectrum is of course closely related to
the spectral density function S{.)

ERRRES
and S’(u) -E—E-L'i’l-z-

where T §s the curation of the excitation f{t)

- T

-
The area under the spectral density fuiction betwéen’t@h"fre;
- quencles o and w, gives 2 measure of the energy of the excitatfon in

that range.
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- ACCLLERATION
The Fourfer transform has not been used normally In Structural ) ! g‘al '; uln
Dynamtcs, Its determinaties 15, however, extremely fast and simple ' '\t 53' “3 Q’
with 2 digital corputer. Even 1f thrs method of ;na1ys1s ts not going . ' : : '
to be used, the Fourer trensform will provice significant informatfon . = L2 ' '
on the nature of the excitation and will help to answér';u_ch—aﬁﬁiian ; ' : : v
2s how rany rodes should be included in a madal analysis. R Y : . : :
3 m R
The transfer function ot the soll as d: ermined in Il {5 again 3 . D == !
2 complex function. The product of these two complex functicns can be ™ ! ’ *"’7 ! !
accorpl ished by ) w o= !
Miltrplying the Fourier amplitude spectrum of the {nput by the N ' : } . ,
arplification function of the soil, The result 15 the Fourier IR : i i '
arplitude spectrum of: the earthguake at the tree surface of the A '*1 T i: ; .
soil. : : § ; . ‘:‘___;_"'_:’ ' :
Adding to the Fourfer phase spectrum the change 1n phase curve % ! ';ic.::_:_:_: ' '
of the soil. The result is the fourfer phase spectrum of the f‘\‘ - “\;- : Q—::"’ '
cutput. : . o . :___!3 . '
. h oL
The 1rverse fourter transfom of this product will ke a323in 2 3‘ o\; . q"j ; :
real function representing the tice history ot acceleration on top 1 ' : '-’3 t :
of the so1]. Haotter that If the input represents the accelerogram g : E ?I—-'—:D .
8t the intertace between rock and soi! the transfer function cor- j G : ; '
respanding to rigid rock should be used, If on the other hanc the 8 ) 1 : - 1 '
fnput represents the sccelerogran which would be reccrded on the rock ) § E Gf? : !
without any sa1l on tap, the transfer function fcr:elesnc rock has to i u‘,n_ : Z:'_—:? :
be used The second approach seems mare logical  However, 3t the v ' . o= '
present u_r.-z. ihere 15 no clear way to determine what the earthquake : : :__:_':.".:7: :
records should be at bedrock with soil on top or &t the outcropping | . ) =i !
of —ock, since most accelerograms of real earthguakes have been obe [ ) ' c____:-'“ ] P
tained on ground {even If tim ground). L P R
o T
Figures 13 through 17 summarize the procedure as cutlined, (The ' i . 3 ’ "_"""5 !
phase spectra are not plotted). Figure 13 shows a record of the Taft ! h
earthguake and Figure 14 1ts aopiitude Fourter spectrum. Figure 15 C %
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shows the ampl1ficatton curve for a given so1l profile (the unifors

layer previously considered with rigid reck). The product of the

“Fourler spectrum of the fnput by the amplification function is shown
in Figure 17.

Once -the earthquake record at the

obtained, design response spectra can be obtained in two different
wiys:

a8} From the Fourier transform of the output (before {nverting it),

by multiplying 1t by the Transfer function of & .one-degree of-free-

dom Vinear oscillator, then Jnverting the result and finding the max-
{eum.

 frequency “n and damping B, is ..
. . T,
2 + 216,u, C
"{‘" ‘ 'T-—Z'—"'_

- . i : " - ¢ 218 n“n” . .
b) By integrating through & step- by-step procezurs, *%e rquauon
of mtion of & one-degree-of- -freedom system

.
'

. 7- 2 - . . .,
’ M zuﬂ‘l‘l’ ' “n’ ’- Vs . 7 S

where I..-l’ is the acceleration time h‘lstary'zoﬂ top of sotl, .}

The first procedure 15 normaily referred to 2s integration

in the frequency domein whereas in the second case the solution {s
safd to Le carried out 1n the time domain

wWhile the first method
would represent @ consistent continvation of the procedure followed

yp to that moment at the present tire the second seems more econome
1cal as far as corputer time 15 concerned.

Figure 18 shows the pseudo~-acceleration response spectrum )
for the Taft earthquake filtered through the uniform soil deposit,

The response spectrum of the Input {3-2lso shown tn ths same figure,’
Figure 19 shows the retio of both response spectra for 2 wnd 51

surfaca of the soll has been

The Transfer function of the one-degree-of-freedom systeam with :

5
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_'damp1ng together with the amplification curve. The similarity betweer
these curves §s of course striking, and their relatjonshlp will be
. further discussed later, )

« 1I1.2 - Discrete Model

In the discrete mdel the sofl is represented by a close-coupled

. set of masses, springs and dashpots, The equations of motion can be
- "ur1tten in terms of relative displiacements

M+ Cylyym 3p) ¢ Kylyyoyp) - - MY

Hz.Yz + C](.Yz“ y‘} + cz()’z‘ "3)* kl(yZ'yl)* kz(Y3'73) " - HZ UG

Nn;n + cn-ltyn' 'n-'l’* Covn * l‘n-ltyn'yi'--'l)' kY, =~ % Y
or fn métrix form

ME 4 CF 4 XY = - MU,

where H] CI -l‘.1
K . £ GG -G
K= “J_ Ce
. o < GG -G
’1,, .c!i-l Cn 1 M cn
~ k‘ . -kl 1
*k\ k]+kz . -kz A ' 1 .

X e ky. Kytky K3 langre |1

e R LB

8G
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Replacing u by the accelerogram of the earthquake at bedrock
znd integrating numrica!ly this' set of difl‘erential -equations, one - == .-
can obtain the time histur_y of displacements, ve!ocity or sccelera-
tion at any of the masses, or what is equivalent at any paint fin-the
Once u, absolute acceleration = y + GG {s cbtained at the sure
the procedurs to determine

soil.
face of the soll as a function-of time,
response spectra s the sare as that descriqed for the centinuous madel,
second approach, U

The integration of the set of-differential eqdations as put-
Tined above 15 normaliy referred to as physical 1ntegrat10n of the
equations of motfon, This’ procedure is the only one which can be used
4f the properties of the soll are consfcered non-linear. On the cther
hand, for Vinear systems if modal damping can be specified {2 {s norm-
ally preferred to carry out the _sn-'ljutilon ‘bx 'mn‘da‘.r supe_rpo-.it..ion.

If w are the nalural circuhr frequencies of the %oﬂ deposit, ,
by 18 rodal shapes (eigenvectnrs). nor-.aHzed so, that. ’iP"i « 1 and
T, the participation factor of the ith mode

i L pug

T
Ty = oMl e (H391|

P

* |“2’12’ . ,"n’in)

the solutfon can be expressed as

-
v
'

Y=

:‘ri"‘itt) AR . T " .- e

e

ai(t) 1s' the solution of the one-dtgru-of ~freedon eqaation )

where ‘
2,5, L
" -l‘ * 281”1.1“‘.1 & “- :{G(t)" _
" In partfcular at ‘the surface"ol‘the sofy . o
- ’ ) . .k “_ o
Ys T ’1’1’11‘ +iig 191 2 Uc. S
. ) L T
s re o -

«50.

The advantage of this type of solution {s that ft requires only
the solution of a one-degree-of-freedom equation for each mode, once
the podal shapes, participztion factors and natural frequencies are -
known. Moreover in general only the first few modes contribute sig-
nificantly to the solution. For the case of the uniform layer, previ-
cusly considered with the continuous 'solution the coefficients 9, are

first mode g, = 1.27. e et
second mode g, = -0.416 )
third mode 9; " 0.24
Only three rodes are encugh {n this case to obtain a good solu-
tion. The maxirum ecceleration {n the first mode Is of the order of

0.27g, 1n the-second of 0.15g, and in the third of 0.05g.

. Response spectra obtained by this method show good agreement with
those obtained by the continucus sclution, although not as perfect as

in the. case nf the ampliffcation function, The discrepsncies are, hows

| ever, very sma]l and are easy to understand 1f the large nurber of come=

Each method has its own round-off
and truncation errors and t.hey will affect each procedure differently.
For: al) practica] purposes the results can,

putations {nvolved 1s considered.

however, be consicered equive
alent.. . . .,

 hgain If the effect of the elastic rock has to be included, 1t
can be done by adding the equivalent radtation damping in each mode,

If the only result desired is the time history of acceleration
at the free surface of the soll {or at -a”small number of points) the
cont.inuous ‘selution _has an advantage both from the point of view of
flefdbilify {being able to consider different values of derping in
each layer) and from the paint of view of time of corputation, On the
ol.her hand, “4f the time history of acceleration and stresses-{s desired
at many points the modal sclution becores more economfcal, Damping .
‘l’r}:_tﬁé_ s0il does not really come from viscos{ty but from nca-linear

LI T

-
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hysteretic dissipation of energy.
and damping are functions of strain,
be performed only the discrete model with physical integration of the s =
equations of motion would be appliicable. 0ften, however, the system
13 considered Yinear, assuming values of shear modulus and damping,

Correspondingly both shear modulus
If a non-linear analysis 1s to

determining histories of strains, computing new values of rodulus and . —ia
durping and cycling until convergence of the process is obtained. For

these preliminary runs the discrete model with modal analysis’'{s con-

venient and it provides a faster, more economical solution. Once

appropriate velues of modulus and darping have been obtained, the con-

tinuous model can be used for a final series of analyses with different

values of dauplnj in each layer. (In the rodal solutions the values ' I
of darping are averaged and expressed as modal damping, constant {n 2il
podes),

1¥, DERIVATION OF RESPOMSE SPECTRA

The methods previcusly outlined are mainly intended to consider
an earthquake at the base of the soil, filter 1t and obtain the resulte-
fng time history of acceleration at the free surface. While it is pos-
sible to obtatn then design response Spectra on top of the soil, the
procedure hss for this purpose several difficulties:

a) It requires as an Input an actual accelerogram, be ft that of a real
earthgueke, scaled or not, or an artificial earthquake obtained by 2
simlation process, While the erea of Earthquake Simulation has seen

s considerable progress fin the Tast years, 1t §3 still harder to derive
the tine history of an earthquake corresponding to & certain magnitude
and epicentral distance than it {s to derive a response spectrum.

b) In order to obtain reliable results the analiysfs cannot be done for
Just one fnput earthquake, but should be repeated for several fnputs
representing samples of earthquakes with the same average chsracteris-

tics., The resulting response spectra should finally be smoothed by

drewing an average or envelope, The process becomes then too long and \
L}

expensive, :

.rived from response spectra at bedrock or on fimm ground.

-§2a

It would be therefore desirable to have simple and approximate
ways by which smooth response spectra on top of the soll would be de-
Figure 19
shoved the amplification curve for 2 given sofl profile and the ratio
of response spectra for 2 and 5% of structural damping._ The similar-
ity of these curves is apparent, In fact, {f the Fourfer spectrum
were exactly the undamped velocity response spectrum, tﬁe amplifica-
tion curve should colncide with the ratic of response spectra for no

damping,

There are, however, several important differences between these
twd curTves:

1. Tﬁe arplification curve tends to rero as the frequency !ncresses
or as the period becomes very small. The ratio of response spectra
on the other hand tends to a finite valus which 1s the ratio of the
maximur, acceleration on top of the soil to the maxtimum acceleration

of the {nput. (This ratio can be estimated from the design response
spectra at bedrock if the modes of the soil are known), The ratio of
response spectra fis therﬁfore highly dependent on the fnput earthquake
in the high frequency range {or for very short periods, $Say T smallap
than 0.1 seconds}.

-

2. "The amplificetion curvs i3 » function of the soil properties only,
The ratio of response spectra on the other hand will depend on the
soll properties {periods and damping), the amount of structural damp-
ing and the selected earthgquake input.

3. The ratio of response spectra is in general smoother than the
ampitfication curve with lower peaks and higher valleys and it becomes
smoother as the structural damping fncreases. For damping values of
20 or 25% the ratfo of response spectra is practically constant over
2 long range of periods. On the other hand for very small values of
structural damping or for undamped spectra, the ratio of the response
spectra should be close to the amp]ificafion curve except in the range

of very small periods, : g

&, It should also be.expected that the agreement between the-arplifi-
cation curve and the ratio of response spectra would be better for

.
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high yelues of damping in the sofl since this would tend to eliminate
the transients and fumish a motion closer to a perfodic one,

In order to determine the zaplicability of the amplification
curve to reproduce the ratio of response spectra, the ratio between
both curves b has been obtained 2t several ro.nts for uniform solls
with varying funcamental periods and damping, sudject to different
garthquakc frputs, The earthquake records considered are £l Centro,

Taft and flve artificlal earthquakes with a Tajiml type spectral den-
sity function,

Figure 20 shows for one of the cases studied the amplification
curve and the ratio of response spectra for E) Centro -and Taft earth-.
quates, Figure 27 shows the average ratio of respense spectra for
the five artificial earthquakes, together with the 9%I confidence
Tevels (:Ean'O 20). Most of the points of the curves for El Centro
and Taft fa)l within this band, It cust be therefore realized that
even within sarples of sarthquakes with t'- same properties (megnitude
and epicentral distance) 2 substential varfation is co be expected in
the ratlo of response spectra,

Figure 22 shows the effect of the nztural perfo. of the sof}
and the arcunt of derping in the sof) in the value of b at different
points, For T = ZTI {1st natural peried) the ratio {s practically
constant, indepencent of Tl’ For T e T‘ it h2s again 1ittle varla-
tlon for perlods larger than 0.3 seconds, For T « 0.5 7, the varfa-
tion 1s large for periods smaller than 0.5 seconds and for 7 = } T
for perfods smaller than 0.8 or 0.9 seconds. It should be noticed
that in all cases the variation s small for values of T larger than
0.2 or 0.3 seconds, If it is accepted that in this range {say 0 to

0.2 or 0.3 seconds) the maximum acceleration at top of the soil con-
trols the response spectrum, the values of b can be considered only
s1ightly depending on the natural period of the soil over the range
" of application. ' ’
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Figure 23 shows the effect of stryctural damping 1n the valyes .

of . It can be notfced that as 1t should be expected the value of b .

{2 closer to unity as the damping in the 5011 Increases and the struc- .
tural damping decreases, While the effect of the structural damping ——— 0——-.
As large in the range 0 to 201 1n the normal range of structures {say

G to 51} this effect may be considered siight, particularly compared = -
to the variatfon from one input record to another within a family of
earthquakes, .

Curves 11ke those shown fn Figures 22 and 23 have been ch*ajned E
for ¢lfferent values of T/T]. Using these curves the follewing sro- '
cedure 1s suggested to derive the ratio of response spectra fro= the
arplification curve.

- 1. At esch one of the peaks (T = T % T Tw %-T] etc.) find

the value of b from the curves and abtain the corresponding point :
-(mltiplying the arplification by the factor b). A horizontal seg- 1
rent {3 then drawn passing by each one of these peints and E;tting '
the peak of the amplification curve 1f b 15 wmalle, than 1. '

2. At each one of the valleys (T = %-T‘. T= % Ti etc.) the ratio b !
{s obtained from the curves and a point 15 drawn, .These points are
then joinad by smooth curves to those resulting from step 1,

3. At T = 2T,, the v2lue of b {s again found or can be taken approxi-

nately equal to ¥, For T » 2 Ty the amplification curve can be used,

This point 1s then Joined to the point Ymmediately next to T, by a

smooth curve $f the curve {5 plotted versus period or a straight line s
1f plotted versus frequency,

4. In the range of small periods or large frequenctes the response..
spectrum kas to be controlied by the acceleration-pi top of the soil,
The ratio of this acceleration to the maximum fnput acceleration can
be obtatned, At & perfod of 0.1 seconds {or a frequency of 10 cycles
per second} this value may be taken as the ritlo of response spectra. .
Between the value at & perfod of 0.2 seconds and this value 2 straight i
11ne may be drawn {f the curve is plotted versus period or a smooth | .
transition curve $f plotted versus frequency,
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While all the cases considered to derive the curves for the
values b have corresponded to a uniform sofl profile and further test-
1ng 1s necessary for miltilayer systems, it §s believed that such a
procecure could also ba epplied for the tatter taking the T‘ as the
period at which the maximum amplif{caticn occurs rather than the first

fundamental period.

Figure 24 shows an example of appiication of the method. Curves
of the siendard deviation o have also been obtainsd, Frcm thess curves
it is then possibie to draw not only Lhe average ratio of response
spectra but also conficence levels.
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