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l. Sisrrología y Tectónica de Placas 

(Teoría del rebote elf!St ice) 
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SIS.üLOGIA Y TECfO:-l 1 CA DE PLACAS 

''' 

La ciencia que e~;tudia lo:. aspc:cto~ relaciona<lo~ con la ocürn:ncia <le tt•m-

blores de tierra o sism.>s es ll:tnmla Sisnnl."gí:t. bta t·~ tnia ciencia j<,\'en 

ya que gran parte de sus métodos c instrwnental fueron de:.arrollado" durar¡-

te este siglo. 

A pesar de ésto, la Sisrrología ha logrado a1·anccs notables. Qui:fi una de 

sus más valiosas contribucio-nes al entendimiento cie nuestro planet.:. lo ·c·J:1S 

tituya su aportación a la llamada TECTo;..;IcA DE Pl.ACIIS. 

Para esbozar esta teoría considerelllJS en primer lug;;r la estructura intcr.n 

de la tierra . 
. . : .. . . . .. . r:-

En la flgura 1 podemos ver esqtcmtlca:rcnte su constJ:uc¡on. _._, 

. . ·núcleo terrestre está probablemente compuesto de fierro y níquel. ;:¡ ;;-~~r.

to terrestre tiene una COJl1í>OSición a base de s1licatos ferro¡n.:¡¡;ncsi:iucs 

mientras que la corteza está cor.;puesta por silicatos obunc!antes .G. ¡¡0;;:sio, 

sodio y calcio. El cascarón más extemo de la tierra, el cual cor;¡¡¡re;v:óe la 

corteza y parte del manto, con un espesor de aproximadamente 100 l~ parece 

comportarse corro un cuerpo ríguido "flotando" en el resto del r..a."lto en c!cn-

E 
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_de pueden presentarse nnvirnientos conn si se tratara de un fluido. 

··;4" 

conducta semejante a la ue un fluic.lo tiene sentido solamente en tiempo~ ge!2_ 

·lógicos, es decir en tiempos del orden uc millone~ Je años. 

El cascarón exterior llam.•do litósfcra no e~ continuo sobre la superficie 

de la tierra sino que está fonr~•Jo por diferentes "placas" en contacto ¡¡;¡;1. 

con otra. 

Las placas sufren IIDvimicntos relativos debidos a fuerzas de o~·igen aCr.! 

no completamente conocidos, aplicadas a lo largo de las mismas. Estos ~~~-

nns esfuerzos producen en algtmos de su5 márgenes .la ~ub< 1 u-~ción de t:n:l 

/ 

ca bajo la otra y en otra> la creación de nucvn 1 i tii~ fera (Figura :?) . 

do a estos movimientos los continentes han variado su posición re! a ti 1·a 

través del tiempo geológico y se cree que en un tiempo .estuvieron toCos re-
1 

unidos en un gran continente 11 amac.lo Pangea. Esto nos explica el ajuste 

que existe entre, por ejemplo, las costas de Sudamérica y ]\frica. ¿ r.uá 1 ('~. 

la ui5tribución geográfica Jc estas p}¡¡cas? J.a !'igur:J ~ ¡¡r¡,; J;¡ !'tllc:;tra. 

La5. ~onas de creación de nueva 1 i tós fera se presentan corrrJ cordi !le ras ·;¡:, · 

marinas y las zonas de subducción fonnan a menuc.lo trincheras subnuri;-.as .~e 

Océano 

-
Asterosfer.J. 

Fig. 2 
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gran profundidad. Podenns también notar c¡u .. , Jil~ <lifcrcntcs·pJacas IóD coi1: 

ciclen con los continentes y los océanos, sino c¡ue pueden tener cortc:J con 

tincntal y oceánica. 

No se sabe con certew que causa Jos c,;fucrzos que producen Jos nnvimiento;; 

.de las placas pero se cree que éstos sori producidos por transferencia con-

vectiva de cálor, de la misma manera como ocurre cuanrlo se hier.·e agu;:¡ o 

cualquier otro líquido. El fluido más ccrc;mo a la fuente uc calor se e'"-

pande, se vuelve de esta manera menos denso y tiende por lo tanto a o'.Jbi r 

a la superficie donde es enfriado y despla:Jdo hacia el fondo po~ nuc\-a5 

parcelas ascendentes (Figura 4). 

Este tipo de corrient.cs de convección pu('dt•n existii' en el manto tene.;trc 

aU!lque no debe por ésto suponerse que el mism:J se encuentra en estado dé' 

fusión como las lava-;. Ya se ha mencionado que ésto sólo tiene ser.t ido en 

tiempos muy largos. Una manera de visual izar ésto e~ considerar un é:iert<e 

.; 

Fig. 4 
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vollmcn de roca. Si aplicanvs a ésta tm·esfuer:o· tcrisional por u;¡ t!•:::::>o. 

·corto la roca vuelve a su posición inicial. ·Si por el contrario apltc:!r.Os 

el esfuerzo por un período prolongado de tiempo la roca qued~rá deforrrnJ.1· 

permanentemente (Fig. S). En este últim !=aso la roca "fluye" y se parece,. 

en este sentido, a un fluido, ya que en éstos las dcfonn.'lciones son pcnm

nentes. Esto mis explica también los pl egami en tos t]Ue observanvs J~ucl:;.;s Y~ 

ces en las cortaduras hechas en las carreteras. 

1 

] 

El f~SfUf'f7.0 S<.: df·J"¡.::u 

durantt.' un. t if .. ·l!l!•CJ :;Pr te. ... 

-
!:1. esfuo::-rzo se· Jr·~! .:;a 

d~rantc un tir~~~~n }.!r<V· 

ApJ icación d(· esf-. .. H:rzos 

Figur,) S 

__..... . . . .. -~ .. -'·· 

--' --.Jl 

Forna f l r.a! 

¿Cuál es la relación de ésto con los temblores? En pnrrcr lugar notarem.1s 

que en una. zona de subducción el movimiento de tma pL;ca bajo la otra se 

realiza venciendo las fuerzas de fricción generadas en el contacto cnt re 

ambas. A lo largo de este contacto, llamado zona ele \·iadati-Benioff í\•,'!J), 

el movimiento d;; una placa con:ra la otra tiene. Jugar dicontinu::uncntc, f>O'" 

"brincos". Es ésto prccisa,nentc lo que genera los t cm.':> lores en es;;.s rcg ic::_ 
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\ 1 
; una mesa coro se mucst ra L'n 1 a Figura 6; 

tensión 

fricción 

l'i g. 6 

Si colocai!()S LU1 peso pcqueño en la canastilla ('] hl•,:¡uc no se mveri. c\i:hi•:.:· 

"a·la fuerza de fricción entre el bloque y. la mes:!. úmfonnc aL!l'K·n::tXo c"l 

peso la tensión en el cable continCla acumuli:1clo~e hasta que ·_iguala a la fui::.!:_. 

ia de fricción, a partir de ese rrcmcnto el bloque cmpe:ará a mve-rse. 

Análogamente en la zona W-B se acumula graclualrnc:1te hnsto que rc1::>3Sii U"1 il-

mi te, en ese ·memento comienza a presentarse un fnllaJniento en algún 

llamado foco desde donde se propaga a tocb una su;wrficie (fi~. 7). 

Fig. 7 
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F..ste ~mportami~to puede· ser observado .cu.arido el· contacto entr.e plaC:l!·· .:::. -.. 

1 · flora en la supcrfidc de la tierra cooo en la fiwx>sa Páll¡¡ <le San !lndré:' 

en California. De hecho, fue en observaciones hechas en esta falla qtiC P!:: ' 

·do deducirse este mecanisJllJ que es conocido coim la ,TEORIA DEL REBOTE ::¡;~. ·. 

TIOJ. Esto ocurrió durante el s isJllJ de San Francisco en ,1906. La Fi¡;ura 

Sa muestra las dos placa~ durante el movimiento lateral que· prorluce la élf'!.!_ 

. mulación de esfuerzos. En la Fi¡,:ura ·Rb los esfuerzos n:ha..,<m ciertu lír"..i-

te y el fallamiento se produce en' lUl punto y se propaga en ambas di rec;:io

nes. La Figura Be muestra la situación tlespu6~· del temblor; existe :tl10r:1 

a b d . 

h 
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~--___¡. 
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~-T---~--J 
·l -Fh: 

-v.,.--..._ 
~ rn 

' -----____ , 
t--~-

1------.._ 
r------

l--- ---·-- ---] . i 
____ l=--_:-~~-:] 

··-

Fig. ¡; 

un desplazamiento permanece entre ambas caras de la falla. 

Aimque este proceso puede parecer intuitivamente obvio, en .realidad no lo 

es. Durante mucho tiempo se pensó que el fallruniento de la corteza era un 

'efecto de los temblores y no su origen.· CoJllJ fuentes de éstos se pcnsa~:a 

en intrusiones de magma o colapso de vol(n;tcnes por cambios de densidad de 

las rocas c¡ue componen 13 corteza. !ltmc¡ue estos >nccan ism:JS pucdt'n ocürri r, 

se picns::1 en 13 Gctual idad quP la nutyoría <le lDs t('rnh!Drt'S en l~s r·q~i<>lll'S 

de subducción se originan por el mec~nisno expuesto y son ll<lnl:ltlos "tvctú-

.·. 
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nicos". Otros tipos de sisros están asociados a fenómenos locaíes coro son. 

los volcánicos o algtmos otros debido p. ej. al colapso del subsuelo por 

·pérdida de agua, etcétera. 

GJDt\S SISMICAS 

Si desplazánns un diapazón de su posición de equilibrio y lo soltarrvs re-

pentin3Jllente percibimos su sonido característico (Fig .. 9). Lo rrJsm ~ucc:ce 

,) 

. Fig. 9 

en la tierra, henos visto que el. fallamiento ele la roca consiste 

te en la liberación repentina de los esfuerzos impuestos al terreno. De es 

ta w.anera, la tierra es puesta en vibración. Esta vibración es debida a la 

propagación de ondas como en el caso del diapasón. 

Ahora bien,· en un sólido pueden t ransmi ti rse dos tipos de ondas. El primer 

tipo de·ondas es conocido como compresiona! porque COT'.siste en la transmi-

sión de compresiones y rarefacciones como en el caso de la tr~.smisión del 

sonido, en este caso las partículas del medi'O se mueven en el mismo sentido 

en que se propaga la onda. El segundo tipo es conocido corro ondas transver ) 

sales o de cizallamiento; las partículas se mueven ahora en di rec 

ción perpendiCular a ' la dirección: de propagaCión de la onda. 

' ¡ ; ' 
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! 
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-La figura 10 muestra esquem.'ítlcamcntc la propagación uc ,estas ondas en 1m 
-:. 

bloque sólido. 

·Las ondas compresionilles y transversales han sido llamadas P y S rcspcct i-

vamente por razones que se verán m.'ís adelante. Son también conocida.< corro_;. 

ondas internas porque pueden viajar en el interior Je un s6lido elástlco. 

Adeinás de esta<; dos clases de ondas pueden existir otros dos tipos más lla; 

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

. . 

- /, . . 

-~;-.-:-•.-.-- . .-.... -"'--- . ..,._,.~ / ,.,.-

ttf~~~~~~~<~~~ ~~- ~' .:-;.:---, ' 

- . 

Fig. 10 

1 

-¡ 
1 

1 

, .. 



'.•: ' • '-. ''.: -·. :~. ;'¡ j. ' '. 
. _-. ~ .· .. . :.<' . 

10. 

' 
anplitud decrece con 'l.a profundidad. Se les ha denominado con el-nombre de 

')os' cientificos que deinost raron teóricamente su existencia: Raylcigh y 

·Love. ¡>. 

· Las ondas de Rayleigh se originan en la superficie de un sólido elástico, 

es decir, estas ondas no podrían generarse en un medio iitfinito y se cirac-

terizan por la trayectoria elíptica retrógrada que describen las partículas 

al propagarse la onda. Esta trayectoria ocurre en_el plano de propagación 

· de la onda (Fig. 11). 

Trayectoria de la partÍcu].l 

Di récción de· propz..ga·.:: ión de la onda 

I'ig. 11 

Por otro lado, las ondas de Love ocurrc!l cuandc. c·xistf' una intcrf:Jsc enr re: 

dos medios elásticos de distintos propiedades. rmo'O l:1s oncbs S, la~; o:1da.' 

de !.ove ocurren con un nuvimiento de las partículas pcrpe!lc!icular a la C:i-

rección de propagación, sólo que, polarizado t'n el pla:10 de la str,1crfi..:ie 

terrestre (Fig. 12). 

Fig. 12 

Dh·•cclón d• propaga
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observa expcrimentalmt:nte qtn· la vclo.:idad tk> la~ on<l:t~ e~ tal 'l'tt': 

donde V , V y VL son las velocidades de la onda P, S y superficiales resp S 

pectivamente. 

Las velocidades de las diferentes ondas depe:-~den ·de las características del 

medio; por eje~lo, en rocas ígneas la \'elocidad de l::~s ondas P es del or 

den de 6 lan/seg 'nrieri.tqs 'que en rocas poco consolidadas es de aproxir.ada.~:::_ 

te 2 km/seg o menor. ASí, 'las ondas P de un terremoto origi.:-~ado en 1:1 

Costa de Acapulco serían sentidas en la ciudad de .\féxico en .. menos <k :z mnu 

tos. 

SIS\UGRAJ'OS Y SI~GRr\'ii>.S. 

l.Ds mecanism::Js para detectar .los temblores fueron ideados a fines dt>l siglo 

pasado y perfeccionados a principios de éste. J\ctualrrente estos instrumen-

tos han alcanzado un alto grado de sofisticación, pero al principio básico 

empleado no ha canbiado. Si tomaros en cuenta que al ocurrir un temblor el 

suelo se mueve, entonces para poder observar este rocn'imiento tendríam::Js que 

estar en un punto fijo fuera de la tierra para no sufrir nosotros rrusmos ese 

movimiento y poder detectarlo; ésto obviamente es iiTq'losi ble. Sin embargo, 

es posible construir un mecanismo que pued;~ medir este novimiento relativo. 

El rnecanism::J consiste de una masa suspendida de un resorte atado a un sopo.!: 

te acoplado al suelo (l'ig. 13), cmnoo el soporte se sacude ál paso de las 

·1 

.i 
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· ondas sísmicas, la inercia de la masa hace que ~sta permanezca un in~t:u\te 

t-----.,-----f" 

Fig. 13 

en el misii'O sitio de reposo. Posterionncnte cuanJo la masa ~ale del re?O · 

so, oscila, El JI'OVimiento posterior del pfndulo no refleja el m:wimicnto 

del suelo, por lo cual se ha ideado un método para volver a la masa a su 

sitio original, ésto es lo que se conoce coro am::>rt iguamiento del aparate< 

El1 la Figura 13 se representa el amortiguamiento coro rna lámina st.nnerg1c;, 

. en un líquido (comúnmente aceite). 

Si se sujeta un .lápiz de la ma~a suspendí~> para que pueda inscribir sobre 

un papel pegado sobre m cilindro que gira a velocidad constante, se podrá 

registrar sucesivamente el movimiento del suelo. El instrumento, hasta 

aquí descrito, para detectar la componente vertical del rrovimiento del sue 

lo, se conoce COJI'O sismSgrafo veTtical y el papel donde se inscribe se lla 

ma registro o SI9.·10GRA.H\. Sisrrognunas típicos se muestran en la Figura 14. 

Los rovimientos del suelo también tienen corcponcntc horizontal y para me-

··~ 
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Sismucum:~ dr ¡,. r"101ción ~iunoliosic01 de T:acuba~·a corrr·•pondicnlr a lit m blur del 
iia 22 dr ftbrtro¿t' J !179, rrgi~1101do,. lHOJ h 16 '}}" ~·\oc01li z.,rlo t•n d "E.jC' \" ulc;.i n;co 
C:C.ntra1". Distancia (Ó) dt:" h. rll.ción dr T ..cub;~ya 120 km 

Fig •. 14 

·.dir este rovimiento se requiere de péndulos horizontales que oscilar. cor;o 

una puerta que 'tiene su eje inclinado (Fig. lSa). El sisll'Ógrafo horizontal· 

se representa en la (Fig. · lSb) . 

Los sisrografos que se emplean actualmente, en general tienen masas que pu~ 

den ser de unos gramos hasta 100 kg, mientras que los sismógrafos antigcns 

de amplificación mecánica solían tener grandes masas con el fin de vencer 

las fuerzas de rozamiento, tal es el caso d€'1 sisniigrafo horizontal Wiechert 

de 17000 kg de la estación sismológica de Tacubaya (apéndice A); el amorti-

guamiento se hace por corrientes parásitas o im5.nes, etcétera, la amplificE_ 

ción por medio de, paLgncas y gal\'anómetros y la inscripción en papel ahttre3-

do, papel fotográfico o cinta wagnética. 

·. 
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Fig. 15 

Los Sismómetros son los sismógrafos cuyas constantes físicas son conoci¿>s 

de tal manera que se puede conocer el movimiento real· del suelo calculado 

directamente de los sismogramas. 

Para determinar con precisión el epicentro de un temhlor se requiere del 

auxilio de varias estaciones sismológicas, uor lo cual los observatorios 

sismológicos requieren por lo menos de tres estaciones sismológicas o for-

mando redes de éstas. Tal como la P.ed Sismológica Mexicana. (ver apéndice 

B) que controla el.Servicio Sismológico Nacional, organismo encargado de 

la generación de datos e información sismológica. En ~léxico existen otras 

redes de proyectos específicos como RES>-IAC*, RESNOR**, y SIS'>lEX***. A ni-

* 
'** 

*** 

"RED SI~!IO\. ~lEXIC<\NA DE APERTURA l.DNriNFNfAI." operada por el Instituto 
de Matem.1ticas Apl icatbs y Sistemas de la UNNL 
"RED SISMJLOGICA DEL NOROESTE" operada por el Centro de Investigación y 
Enseñanza Superior de Ensenada., B. C. 
"SISIFHI>. DE INi,URMACION SIS}úfECTONI('..A DE HEXICO"' operada por el Insti-
tuto de Tngeniéría de ~al UNA.\L . · 
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vel mundial existen convenios para el intercambio de datos entre tos difc· 

rentes observatorio.s' fonnando así tod:J.s las estaciones la red mundial. 

.. ' 

DETERI-UNACION "DEL EPICENTRO 

Hemos mencionado que el lugar en que comienza· el fallamiento que produce 

los temblores es llamado foco. A grande!.i distancias el plano co~l eto de 

ruptura aparece coJIIJ un punto y lo llamaJIIJs focci; la proyección de éste so 

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

FOCO 

Fig. 16 

¿OSno determinan los sisrrólogos la ubicación del epicentro?. Ya se dijo 

que los sisrrógrafos amplifican e inscriben el movimiento del suelo en una 

tira de papel (o cualquier otro tipo de ooterial similar) que se llarra re-

gistro o sismgrama. En el sisrrograma .se registran en orden sucesivo de 

tiempo los diferentes tipos de ondas generadas por m temblor y que ani-

ban a la estación s.isrrológica, cono se puede .1.prcciar en la Figura 14. La 

ubicación del cpicPntro de tm temblor se hace analizándo sus registros e 

identificando los diferentes tipos de onda~; cono se muestra en la Fiv;rCJ 

. .. 
' ' 

' .. 

. ; 
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20. Se ha mencionado ya que la velocidad de la~ ondas P es m.1yor quc Lt 

de las ondas S. Este hecho e~ utili~a<lo en tuw de las tf:•cnicas m(,,; comu· 

nes de la Sisrrologia para tlctenuinar el cpil·cntro. F.n efecto, SliJ10!1f.!:ll!o:-; 

que. la persona A es más veloz que la persona B · (Fig. 17). Si rurJJas em

piezan a correr desde el punto O m el ~mto que están _iuntas a medió q\>:: se ale-'. 

jan de O la distancia entre ellas sera mayor.· Puede utilizarse la separa-

ción entre ellas en un punto dado para calcular la posición del ori¡:cn a 

_partir de ese punto. 

4------. -· · .. · --4L __ ·. -~ ___ L_ 
t = o t = f1 

t = t.2 

Fig. 17 

Sobre la superficie de la tierra, una estación puede proporcionar la úiotr 

cia al epicentro pero no su dirección de manera·quc son necesarias al coeno:o-

tres estaciones para determinarlo sin ambiguedacl (Hg. 18). 

En la práctica, la intersección de los círculos correspondiente." a l a5 tres 

estaciones no coincide en un solo punto sino comprende una región Dás o me·-

nos grande dependiendo de la calidad de los datos utilizados. La inforr.ta-

ci6n obtenida de estaciones adicionales es tratada estadísticamente en otras 

técnicas sismológicas para refinar la posición. 
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ESC.A.LA DE IIAGNITUD E INTENSIDAD. 

. : . . : ,: ,,-.. · 
.. · 17: . . . 

:. ', 

Fig. 18 

,. '•· .. , ..... , 
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.. ' ··, ·-
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Las escalas de magnitud e intensidad son utilizadas para cuantizar o mc·iir 

los temblores.· La escala de magnitud está relacionaea con la energía libe-

rada como ondas sísmicas; la de intensidad con· los daños producidos por el 

sismo. Ambas escalas son necesarias puesto que miden aspectos diferente> 

de la ocurrencia de un tem.l)lor. Así la escala de rmgnitud está relacionaJ.~ 

con el proceso físico mismo mientras que la de ihtensidad lo esta con el 1:11 

pacto del evento en la población, Ías construcciones y la naturaleza. 

Com} es natural, tma clasificación de los temblores por medio de sus efc.:

tos, que son 'observables, fue el primer· intento de catalogarlos. Escala~. 

.: ! 
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. de intensidad fueron propuestas desde los !iltinns años del siglo pasado. 

En .1902· ~rcalli propuso tma tabla, que fue posteriormente rrmlifica.l1 en 

1931 y desde entonces se le ha llamado escala 1-bdi ficada de Mercall i (¡!'\). 

Esta no es la única;pero si la más frecuentemente usada en nuestro continen 

. te .. Consta de 12 grados com puede apreciarse en la Tabla I donde se mues

tran tar.lbién las características de cada grado. 

Podems ver que lu escala de intensidad es en grun mc<lida subjetiva. 'iu 

'nos da información sobre la energía liberada en el temblor puesto que por 

ejemplo un sisriD pequeño puéde caúsar más daños a una població;;, si ésta 

está cercan·a al epicentro, que uno giiuide pero 'A iil.~yq'{ uistJnci:a:- · 

Así pue~. e~ n~c~sario ·. ca,talogar temblores de aci.u:rdo~ con los proc~sos fís.i e 

cos de la fuent:e; pero t¡unbién de maner:l tal que puedan ser medidos. f1.?5cic 

el punto de vista físico sería conveniente clasificar los temblores de acuer 

do con la energía que disipan y aunque podríaroos hacerlo, no tmemos .'..'GtT'J 

mentas que puedan medirla directamente. 

Resulta entonces necesario en~ontrar una mctotlología para poder prec1sar no 

sólo el epicentro del sismo sino la magnitud y fecha del misrro. 

·Poseemos sin embargo sisrmgramas y éstos pueden ser utilizados para cata lo-

gar temblores de tma manera racional como se verá a continuación. 

De dos temblores ocurridos ·en el mismo epicentro y registrados en el mismo 

lugar, el mas débil producirá uri trazo pequeño en el papel y el más fuerte 
• 

un trazo grande. Para un mismo sisrro y .estaciones que se ale_ia.'l gratltL"l1nc:n-

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

II. 

' '. t ,., 

'¡9 
.· \. 

. Ti\lll.J\ I 

Microsisro. 
Detectado por instrumentos. 

Sentido por al~,'unas personas 
(generalmente en reposo). 

. \ 

.... 

III. Sentido por algunas personas dentro 'de edificios. 

IV. Sentido por algunas personas fuera de edificios. 

V. Sentido ca.Si .. po:r todos. 
....;;-.----: , __ • ___ ~~- • _~,.-- --~- --. ·- ~ ...... •• -.. -.;-: ... ~ . "-- .---- ,- ';..·- -. ·- ¡ . • ,_ -- ~- ·- --- -~- -'-- .. - ._, ·--- -· ..... , . - ._,. _____ ,..< ••• -·- _._,._- ."":- '-'i.' --- : --- '-·:-.-· ,, --

. VI. Sentido por todos. 

VII. Las construcciones sufren d¡¡ño n.clera<lo. 

. VIII. Daños considerables en estructuras. 

IX. Daños graves y pánico general. 

X. Destrucción en edificios bien construidos. 

XI. Casi nada queda en pie 

XII. Destrucción total. 

* Una escala más tletallada ap;~recc en el ApénJjcc D. 

·. ,·. 

,. 

. ·.- ,..._ . .,.,_ --.-,..:_'" ::._ . 
1 

-'1 
.1 

1 

1 

··! ,., 
'1 

1 

1 

1 

1 

1 

' 1 

i 



,. 
' .: 

.- ,_,_. 

., 

'. . -· .... , : ';•. : . 

.. , 

fl•mp• •~ Wi"w'•• 

. r· .. ·--~ j. 
!;13WOO.IIA .. II"_fii"IC03 ,3: . .11'"1.ilt• . i . 
I"UUlO' SO&III( lU CUII'f'AI 

·····i ····-!··-··· ·i· ~-~:····V 

o 
Df. ~ISTANCIA·TI[WI"D 

!? 
M • 

; .. . 
1···-------·-·'t-~ .... -'~ 
;<, 

¡-
• • 
á 

.• 
- __ .l ___ J. __ --

--~ 

Fig.19. 

,. 

Si se grafican los v:1lores rlel log:1ritmo rle la :unpl itud <le la traza contra· 

la distancia; se obtienen gráficas COJTD las mostradas en la Fig. 20. En 

esa misma figura, la curva más baja representa un temblor más pequeño·. Re-

sult.a.entonces lógico tomar ctt3lquiera de estos >'isnns coroc, el sisno patrón 

l · __ j: ___ _ 
2 

1 . -3. 
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-1 

400 .)('Q. t..OO km 

Fig. 20 
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y :Isignarle la m.:~¡:nitud cero, los dem:ís pueden ser meJi,to,; a partir de c:;tc 

midiendo la separación entre ellos para cualquier Jistancia del epicentro. 

Se tiene.entonces que: 

M = log a - log A
0 

El te::-.blor patrón, cle magnitud cero se define como aquel que teniendo SL' 

epicentro a 100 km de distancia dr:ja una tra:a Je una micra en ~ sismógn · 

fo \l'ood-Anderson elegido también como sismógrafo patrón. 

Se tiene ahora una fórmula que nos proporcion.-¡ un 1·alor relacio~nJo c0:: e, 

"tamaño" del sismo e independiente de los daños q¡¡e pu<:cb ocasionar. ::s te 

mismo valor ha sido relacionado por los sismólogos co:1 la energía libe:-·1-.'..:1 

por el· sismo. Existen diferentes fónmllas que relacionan la encr¡;í:1 cc.n la 

magnitud de un s1smo, éstas varían porque la amplitud medida en el ~i:o:ro-

grama puede ser la de cualquiera de las distancias fases (P, S, supc!':'iciJ-

les) que son registradas. 

Un temblor de magnitud S. S li bcra una 

UJ~ eA~losión atómica*, es decir unos 

energía del orden de: magni tuci ¿c. i a Jc 

"O 10" ergs. Sin embargo, la cnergL ér 

UJl sismo de magnitud ·s.s no es tres veces esa cncrg'ia sino la equiy:;Jcntc',1 

la de unas 27,000 de estas bombas atómicas, ésto es, la <-·ncr~ía :nuncnta :1-

proximadamente 30 veces por cadn. grado·. Esto. puede verse más clararncntc en· 

las fónnulas c¡ue relacion.'1n magnitud y energ'i a; éstas son de la fonna: 

log E = a + b~l 

donde a y b dependen de la f onna en que es ca 1 cu l:lda· ~l. 

Notc:r.os que' la cscal:1 de magnitud no ti ene 1 1mi te~; s i.n crnh~rgo, no se tnn 

* como la cle Hiroshima (20 Ktn de TNT). 
,' 
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encontrado temblores mayores tle 8. 6. Esto cstfi re! ac ion~do mn el hecho ,Jc 

que la corteza tiene un límite de 'rupturu rms :tll[r dl'l n~ll ya 110 jllll'<i<-11 ;,

cumularse m.1s esfuerzos. Un eje~lo de un temhlor de c~ta.magnitud es c>l 

de Alaska del 28 de marzo de 1964. 

Notelll)s también que pueden existir temblores de magnitud negaüva, puesto 

que el sislll) patrón (de magnitud cero), es elegido, hasta cierto punto arb.i 

trariamente. 

La determinación de magnitudes ha sido mejorada en las \ll:tima.s décachs uti

!izando la disponibilidad de más información y lll)delos teóricos. Sin errh;;r, 

go el principio básico es el mislll). 

En el Apéndice C se detallan al¡;unos de los sislll)s mexicanos más destructi-

vos. 

LA CQ>.;SfiTUCION DE LA TIERRA. 

En el primer apartado de este artículo se consideró J a estructura de la ti e 

rra. ¿Cólll) fue posible conocerla si las perforaciones más profundas no ale~ 

zan sino unos pocos kilómetros?. La respuesta· está nuevamente en la SÚmolo 

gí'a. 

De igual manera que un médico puede saber s1 existe fractura en los huesos 

de un accidentado por medio de rayos X, el sisrriilogo ha deducido la estruc-

tura de la tierra por medio de las ondas s ísmica.s que viajan a través de e l1 a 

como los rayos X a través del cuerpo humano. 

Supongarws que ocurre un sislll) en un punto dado si la tierra fuera con,,Iet~ 

·mente holll)génca los rayos viajarían en líneas rectas del foco al observ-:1dor 
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(Fig. Zla). 

Los sisrrogramas observados serían relativamente si1r.ples. Los científico·; 

han hallado qtE los rayos no viajan en línea rect:J sino que van curvámbse 

hacia la superficie debido a que la velocidad .de las ondas aumenta con la 

profundidad. (Ver Fig. Zlb). Además de ésto se encuentra que éstas sufr-on 

·refracciones y reflecciones que sólo pueden e:>-¡Jl icarse si la tierra está 

co~uesta por las diferentes regiones de que se habló en el prir.JCr a¡¡a.r:3-

do. Los temblores resultan ·entonces, tener un aspecto positivo y es és:<: 

el de damos a conocer el interior de nuestro pLmeta. 

MANTO 

(a) (b) 

Fig. 21 

SIS~!lCIDAD. 

En los últinus 80 aflvs se han podido registrar todos los temblores más :m

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

cualitativos de la sismicidad de la tierra, así se ha obtenido un csquen~1 
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global de la sismi .dad mundial. El mapa de la Fi¡;ura 22 muesna la distri 

buci6n geográfica e! sislllls. Se puede observar que la mayor parte ele en<'r· 

g'ia s1smica se liht ·a en las costas del OcC•ano Pací fi(o rcÚi6n que se cono-

ce cono cinturón d< fuego .dchido a que en esta zona ocurre también gran_ :11··· 

tividad volcánica. !ay otras· regiones, conu el Atlántico medio y el cintu-

l'ig. 22 
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rón Eurásico pero con una actividad sís~ica menor. ~tese que est<~.fran· 

jas coinciden con los límites de placas de la Figura 3. Existen también 

.regiones donde la actividad sísmica es casi nula o d<'SCPnoci<la. 11 es1:1~ 

regione5 se les suele llamar ·escudos. Desde luego qu'.' los países que se 

sitúan en zonas sísmicas serán m~~ afectados por los sismos. 

SIS\IICIDAD GLOBAL. 

. Observando la actividad sísmica mundial se puede estimar el nrJccro de- te1~:· 

blores de cierta magnitud que ocurren en un año. Se ha v.isto que por 1~. 

menos ocurren dos grandes terre!IDtos actualmente (ver Tabla Il). Por nt r~ 
'• 

parte están ocurriendo varios cientos de miles de tenólorcs de magnitud i:1 

ferior a 3 que pasaTJ desapercibidos. 

SIS\1ICIDIID DE ~1EXJ CO 

TABLA. 1 I 

PR<MDIO A\'UAL DE TE'·IBLORES 

MAGNITUD 

7 
6 
5 
4 
3 

:-.U-ERO PRO:\IEDIO 
2 

20 
100 

3000 
15000 

150000 

A fines del siglo pasado se conocía la historia acerca de la actividad sís 

mica de ~léxico desde 1400. Posteriormente con el desarrollo técnico sisrro 

lógico hacia 1910 se inauguró la red sismológica mexicana (ver apéndice A). 

De esa fecha a la actualidad se han gencr2do s.t srmgra:r.as que se consenran 
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. en el Servicio Sisooló¡;ico, en la cstac~ón Sisnnli:'igica de Tacuhaya. 

Durante los últim::>s 70 años se han registrado y localizado, uti.l izamlo los 

. datos de la red sism::>lógica mexicana, sisrros ocurridos en la República. 

~k!xicana hecho por el cual actualmente se conoce bastante bien la si.>micidad 

de ~léxico (Fig. 23). 

P!IDO.'UTORES Y REPLICAS 

Los sism6logos han observado que inmediatamente después de que ocurr" m 

·gran ·temblor, éste es seguido por temblores de menor magnitud ll ar.•I,~)S r[>

plicas y que ocurren en las vecindades del foco del temblor principal. Se 
piensa que la ocurrencia de éstos se debe probablcrixmte al n:J.jlL~tc mr·(::i!-.l 

co de la región afectada. Inicialmente la frecuencia de ocurrencia 

de pero decae gradualmente con el tiempo dependiendo de la r.ngnitud Jcl Te-m 

. blor principal. Por ejemplo para· el temblor de OaxacJ. del 29 de no\·icr.l~:·e 

de 1978 de magnitud 6. 8 inicialmente se observaron hasta 200 réplicas de 

magnitud mayor que 2.0 diariamente y fue decayendo esta actividan dl;r3..'1te 

S meses aproximadamente. El estudio de las réplicas de un gran tenblor se 

ha aprovechado para estimar las dimensiones de la región focal. 

·Frecuentemente algunos temblores grandes son precedidos. por temblores de 

. menor magnitud llamados temblores premonitores que comienzan a fracturar la 

regi6n focal del gran temblor. No es fácil determinar cuando un temblor 

queño es un prerronitor de un gran temblor ya que se suele conftmdir con cual 

quier otro no relacionado. En la generalidad de los casos se sabe que m 

temblor es premonitor sólo en el contexto de la activiclad posterior. 
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PREmCCION 

¿Se pueden predecir los temblores? l.;t respuesta. a est:1 prc¡~tutta <lt•pen<k de 

lo que Se entienda por predicción. Año tras año poJerrrJS leer en los perió

dicos la5 declaraciones hechas por adi\~adores, mcdiums y otras gentes por 

el estilo, sobre la futura ocurrencia de temblores en algún lugar del plan~ 

ta. Estas declaraciones distan mucho de ser predicciones. Sera \'ÍStO 

(Tabla II)que en promedio ocurren cerca de 120· temblores de ;;¡agnitud mayor 

a 6.anualmente. Se conocen también las .zonas sísmicas del planeta, de ma~~ 

ra que por ejemplo el afirmar que· durante el año de 1981 ocurrirá un te~blor 

en la costa occidental de MéXico no contiene infonnación no\·edosa ni útil. 

En la última década el desarrollo de la sismología ha llevado a los sismólo 

gqs ·a la convicción de que éstos pueden ser predichos . La i n\•es ti gac ión en 

este aspecto es relativamente nueva a pesar de la cual se han logrado resnl 

tados prometedores. 

Existen esencialmente dos manera e, de atacar el probl cma.. En t.ma de ellas 

se estudia la variación de ciertos parámetros físicos debido a la acwnula- · 

ciónde los esfuerzos cuya relajación ocasiona el temblor. Así por ejemplo, 

se ha observado que la región focal sufre una dilatación· que altera la vel~ 

cidad de las ondas que se propagan en ella. Otros de los parámetros que se 

alteran son por ejemplo resistencia del terreno al paso de corriente eléc-. 

trica y el nivel freático. Todos estos factores pueden ser medidos y corre 

lacionados con la ocurrencia final del temblor. 

En otra de las formas de enfrentar el problema se ha estudiado .la sisterrklti 

· cidad en la ocurrencia de l.os temblores. Se ha observado que los epiccn-

tros a lo largo de tma zona de subducción no se distribuyen al azar sino ~i 

guiendo tm. patrón geográfim y ,temporal. Puede entonces estudiarse la his-
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toria sisnüca de una región, estimar los prrioclo-; de rccurrcncia (k tt·~>hlr.>· 

tes de cierta magnitud y evaluar de esta rwnera 1 a posibilidad de ocurren· 

cia de un temblor. 

Este breve bosquejo trata solamente de poner de manifiesto que los sismólo

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

ra predicción de temblores. CU:lnto tiempo tomará el desarrollar un sistema 

eficiente para predecir temblores es difícil de precisar pero seguramente 

será de algunas df.-cadas. Indudablerrcnte ésto requerirá del desarrollo de 

nuevas metodologías tanto teóricas· coiJD instnE.lentales. 

¿QUE HACER CU\\JI'O OCURRE UN TINBLOR? 

·Existen varias medidas que deben tomarse en caso de ocurrir un temblor', pe-

.ro ante la enünencia de tm suceso de esta naturalC'·,:a, en regi(Jncs s'bmicJ-

mente activas es mejor prepararse mentalmente para una eventualidad. Por 

otra parte conviene buscar las condiciones adecuadas de seguridad de los si 

tios donde ·se pe.rmanece más tiempo coiTD son: la casa, el trabajo, Ia escue 

la, etcétera. 

La se~1ridad de las casas en caso de temblores se garantiza construyendo a 

éstas segfu¡ los códigos de construcción antisísmica de la región, si en los 

centros de trabajo se observa poca seguridad en las instalaciones pedir que 

sean reforzadas. En México las escuelas, y en general, obras civiles son 

construidas tomando en cuenta el código de construcción pero si se observa 

alguna anomalía conviene reportarlo a las autoridades competentes. Debe e-

vitarse el colocar objetos pesados o peligrosos como lámparas, etcétera 

en repisas y lugares elevados a no ser 411c estén bien suj.etos, 

' ., 
' 
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Cuando ocurra el temblor, es conveniente tomnr en cuenta lo si~uiente: . . . 

l. Conservar la calma y tratar de serenar a las personas que nos rodean. 

Evitar dar gritos ya que éstos infunden pánico, y éste es el origen, en 

muchos casos, de más fata1idades que el temblor misi!D; 

Z. No desplazarse precipitadamente en interiores, es ncjor buscar sitios 

que ofrezcan seguridad (debajo del dintel de puertas, debajo de mesas ro 

bustas,· lugares con techumbres livianas, etcétera). 

. . 1 
3. Tener cuidado de no permanecer debajo de objetos col~antcs u ob_i cte>o rr~il 

colocados. Alejarse de las vent•mas ya que los Yidrios se rcJ~K':1 ce:: 

las sacudidas, tampoco permanecer cerca de objetos que se ¡-.uedan dC'spla-

zar o derribar (coTID armarios altos, vitrinns, muebles con rudas, etcé-

ter a). 

4. En las escuelas, los ooestros deben conservar la serenidad y tratar cíe 

dar confianza a los alumnos·, pedir a éstos que se alejen de l:::s vc;-¡t:mas 

y, de ser posible, protegerse debajo de las mesas o los dinteles de las 

puertas. Si están en los patios de recreo pedir que permanezca:' lejos 

de los edificios. Estas explicaciones y un simulacro deberían cons ti

tuir práctica ordinaria al inicio de ·cláses en todas las escuelas. 

5. En otros centros de mucha concentración se aconseja no salir pn.cipitaC.~ 

mente ya que ésta es la respuesta de la w.ayor parte. de personas y se ha 

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

seguros· debajo de cstructnras reforzadas. 

6. Se debe tonnr en cuenta que los temblores no duran mucho tiempo, pero a 

veces ocurren otros. De manera que debe obra1'sc con cautela al fin:li de 

.uno. 
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QUE fL~CER DESPUES DE OGJRRIR lli TE\IBLOR 

Después de ocurrir el temblor se debe revisar s1 hubo daños y accidentados 

· y proveer ayuda si es necesario. Posterionncntc revisar si las diferentes 

instalaciones eléctricas, gas, agua, etcétera no sufrieron daños. Si es de 

noche no prender fc5sforos para alumbrarse hasta no estar seguro que no exi~ 

·ten fugas de gas. No use el teléfono si no es para transmitir un mensaje 

de mucha prioridad. 

En las escuelas antes de rrovilizar a los alumnos conv1ene inspeccionar el 

estado de los lugares de acceso: puertas, escaleras, bnrandales, etcétera. 

Posteriormente evacuar la escuela para una revisión Jetalbda <le sus insta-

laciones. Esto misnn se debe hacer en caso de c<li ficios altos. 
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APENDICE A. 

HisToRIA DE L~ SIS>OJDGIA EN MEXHXJ. 

La República Mexicana está situada en una de las. regiones sísmicamente m1is 

activas del mundo conn se puede apreciar en la Figura 24. El estuuio de la 

actividad sísmica en Néxico es relativamente reciente, sin embargo su obse2:_ 

vación tiene antecedentes rerrotos. Sabenns que los prirreros pobladores de 

México se percataron de la actividad sísmica y volcánica en estas regiones 

y posiblemente hasta existieron personas dedicadas a estudiar estos fenómc-

nos. 

En la época de la colonia la descripción de Jos· temblores la hicieron pnn-

cipaill.ente los ITOnj es en alg1mos conventos y se encuent ra.'1 <U1otadas en al~ 

nas obras de Clavijero y Sahagún. Con el uso generalizado de la iTS"'rcnta 

se reportaban datos sisiTIJlógicos eri los periódicos de la época con dc5c:-ip

ciones a veces pintorescas y exageradas. Posterionrente los temblores e:r::!r. 

obsen·ados por naturalistas, publicistas y por el público en general, pues· 

en todos los folletos antiguos se encuentran notas sobre tenblores, cuyas 

áreas se enpezaban a delimitar a medida que las comunicaciones se estable-

cían entre pueblos. 

Cuando se instaló la red telegráfica en la República ~1cxicana los tclegra-

fistas suministraban datos referentes á temblores y se publiéaban mensual

mente en boletines~ 

La medición de los temblores por medio de instrumentos se inició a fines 

del siglo pasado, en la época de Maria'1o Bárccna, se instaló en _el Observa

torio -~';ctcorológico Central un -sismógrafo del Padre Scchi. Por ese tiempo 

Juan Orozco y Berra se dedicó a observar estos fenórrcnos y formar estadísti 
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cas, reuniendo importantes datos de temblores desde tiempos precolombia~os, 

coleccionados con cuidado y puhlicados en la ~ociedad científica Antonio 

Alzate. Sin embargo es ha~ta el S cll: septiembre de 1910 que por llrcrcto 

Preside(lcial se crea e inau¿:ura el Servicio Sismlógico Nacional. Este ('

vento se erunarcó dentro de los festejos conmemora ti vos del primer centena-

r1o de la iniciación de la Independencia Nacional. Dicho servicio dependía 

del Instituto Geológico Nacional. 

La red inicial consistió del Observatorio Central de Tacubaya y estaciones 

ubicadas en Oaxaca, ~léri.da, Zacatecas, }.'azatlán, Guarblajara y ~bnterrey. 

Se eligieron como seTL~ores los sismógrafos Wiechcrt de período corto. ?.6si 

camente, estos sismógTafos con algunas modificaciones y mejoras continúan 
., 
operando. 

Haeia 1929, el Instituto Geológico Nacional pasó a ser el Instituto de 

Geología de la ~AM y el Servicio Sismológico formó parte de este nue\~ 

Instituto. En 1949 con la creación del Instituto de Geofísica, el Sen·icio 

Sismológico pasó a formar parte de este Instituto. 

El Servicio Sismológico vuelve a cobrar vida hacia 1965-1967 cmnclo se· ins-

talaron estaciones de mayor sensibilidad en Tehuantepec PBJ), Vista Henrosa 

(VlfO), Comitán (m~l), Tol uca (OXM), León (LCG), Presa Infiernillo (PI~l), 

Presa ~hl Paso {?.>1M), Ciudad Universitaria (lli'l), Tepostlful (TPII) y 

Popocatépetl (PPM). También-se instaló por 1970 una red de estaciones en 

el Noroeste, con el fin de obsen'ar la actividad sbmica del Golfo. de 

California. Este conjunto de estaciones ahora es controlado por el Centre' 

de Investigaciones y de Educación Superior ele Fnscnada, Baja Cal ifomia 

(CICESE). 

Actua.lrnente el Servicio SismJlógico cuenta con una red de 14 estaciones 
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(Apéndice B) siendo el Ob~cn•atorio Central de Tacuhaya la ,,.~tación mfJ!

. pleta y donde se recibe la información sisnolú¡:ic<J <le toda ]¡¡ red. 

en m 

Desde 1910 el Servicio Sisl!Dlógico ha generado inintern.u;1pidarnente datos 

que hoyforman el archivo sisl!Dlógico del país .. Ellos constituyen por si 

. misliDs un valioso acervo formando tma fuente de información muy' iJl?ortante. 

El Servicio Sisl!Dlógico ha jugado un papel importante en el desarrollo de 

la Sisl!Dlogia en México, pero adem:''lS tiene tma función social y económica 

palpable. 

DESARROLLO srsmwcrm. 

En la última década han progresado los estudios de Sismlo;;:ía en ~!éxico y . ' 

se han venido formando distintos grupos de trabajo que afrontan los é\ifere!:!. 

tes problemas de SisliDlogia. Existen en la Universidad Nacional .-\ut6n:Jma 

de México tres de estos grupos de trabajo. El grupo del Instituto de 

Geofísica, que además de realizar labores de _investigación tiene a su cargo 

el Servicio Sisl!Dlógico que es el vocero oficial de la lli•\N en la divulga

ción de los parámetros de los temblores. El Instituto de Ingeniería enfoca 

su trabajo principalmente a problemas de riesgo sísmico y w~neja tma red de 

estaciones telemétricas (SISI!EX) y el Instituto de Investigaciones Matemát!: .. 

cas Aplicadas y Sistemas, que tiene a su cargo el desarrollo del proyecto 

de la Red Sísmica de Apertura Continental (RESt-t.\C). ExiSte otro grupo de 

trabajo en el Centro de Investigaciones y de Educación Superior de Ensenada, 

B. C. (CICESE) que enfoca su estudio a la actividad sísmica asociada tanto al 

Gol fu de California COTID a la falla de San Andrés' igualmente operan la Red 

Sisrrológica del Noroeste (RESNOR);_ Los diferentes grupos tienen corr.mica

ción.y frec:uente~rente se realizan simposia donde se dan a conocer los avan-
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ces en el estudio de la Sismología. 

Existe interés en algunas instituciones de enseñanza superior en el intc-

rior de la República por el e5tudio de la Sismología y, recientemente, es

tán enfocando sus esfuerzos por consolidar grupos de trabajo propios para 

el desarrollo de esta disciplina en sus localidades. 
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APE~JJICE ll 
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ESCALA DE I:--ITE.'<SIDADES SI~~11 C<\S 

Escala de Mercalli lllldificada en 19.31 por llarry O. \~ood y frnnk Nc\.Ull.1n. 

J. Sacudida sentida por muy pocas personas en condiciones especi3lmen
te favorables. 

II. Sacudida sentida sólo por pocas personas en reposo, cspecialrr~nte 
en los pisos altos de los edificios. los objetos stLspendidns dcli
cadamente pueden oscilar. 

III. Sacudida sentida claramente en los interiores, especialmente en lo' 
pisos altos de los edificios, muchas persona.~ no la ést i= com un 
temblor. Los carros eJe motor estacionados pueden m:::verse li¡;erame:::_ 
te. ·vibración corro originada por el paso de un carro ;:>esado. Du:-~ 
ción estir..able. 

IV. Sacudida sentida dur:m'te el día por muchas personas en los interic
res, por pocas en el exterior. Por la noche al.c:ur:as cespierta.'1. 
Estremecirriento. de vajillas, vidrieras y puertas; cru_i imiento dl' "''.!. 
ros. Sensación collll de un carro pesado chocando contra un cdi ficio, 
los carros de motor no en 1rovimiento se balancean clara:nente. 

V. Sacudicb sentida casi por todo mundo; n~uchos despiertan. Algunas 
piezas de vajillas, vidrieras, cte. se rompen; noco5 casos de agrie 
tamiento de aplanados; objetos inestables caen al g'.ilas veces. Se -
observan perturbaciones en los árboles, postes y otros objetos altos. 
Detención de relojes de péndulo. 

VI. Sacudida sentida por todo mundo; mud1as person:J.5 atemoriza<l'!s huyen 
hacia afuera. Algunos muebles pesados c~bian de sitio; pocos'cje~ 
plos de caída de apla;1ados o daño en chimeneas. Daños ligeros. 

VII. Todo n;un,do huye afuera. Daüos sin importancia en edificios bien ¡ole 
ncados de buena construcción. Daños ligeros en estructuras ordin:c-=
rias bien construidas; ~1i1os considerables en las débiles o ~al pi2 
neadas; ruptura de all;tmas chimeneas. Estimado por las personas -
conduciendo carros de'motor. 

VIII. Daños ligeros en estructuras· de diseño especialmente bueno; consid::_ 
rable en edificios ordi.r1arios con derrtir.lbe p:1rci:1l; grande en estru~ 
turas débilmente construícbs. Los muros salen de sus armacuras. 
Caída de c.llimencas, pilas de productos en los al:nacenes de l:1s fál:r_i_ 
cas, co1UJ11Ilas, momnnentos y muros, Los muebles pesados se vuelcan. 
Arena y lodo proyectados en pequeñas cantidades. CaiTbio en el nivel 
.del agua de los pozos. Pérdicl'l de control en las personas que guSan 
carros de rrotor. · 
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· APENDICE C 

SISM:lS IHPORHNTES. 

Quizfi uno de los fenómenos naturales que más ha impresionado al honbre .· ha 

sido los terremotos. Su inquietud ha hecho que desde la antiguedad trata

ra de explicarse las causas que los originan, pero no fue sino hasta los· 

últinos lOO años que ha ido entendiendo la natural.eza de ias fuerzas. que o 

casionan estos movimientos,. como ya se ha explicado. 

Los efectos de los temblores a la comlll)idad y sus edificaciones ha sido la 

cau.sa del temr a éstos. Esta es la razón por la cual la mayor o menor 1 i 

beración de energía de los temblores no ha tenido im¡:>acto social. Así el 

temblor de Alaska del 28 de marzo de i964 de magnitud 8. S, siendo uno de 

los pocos temblores que han liberado más energía en los últirros 100 años 

apenas es considerado socialmente, sin embargo el temblor de Tanshan del 

27 de julio de 1976, de menor magnitúd 6. 3 111::, y 7. 9 Ns se ha considerado 

cooo el terreooto m'is rrortifero de los til timos cuatro siglos y ha tenido 

un gran impacto social. 

Se pueden hacer listas de los temblores más fuertes, pero no nos daría una 

idea del riesgo a que están sometidos los pueblos as~ntados en zOnas sis~~ 

camcnte activas. · A continuación se mencionan algunos de· los temblores 

que han ocurrido en el mundo (Tabla I) y en la República ~.lexicana (Tabla II) 

y que más impacto social han tenido. 
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IX. 

X. 

XI. 

41 
2 

llüio considerable en las estructuras 'de distño bueno; las anr~td>.:!·-"~ 
de las estructuras bien pl;mcadas se ¡]c:;ploman; grandes daños h los 
edificios sólidos, con Jcrnmhe parcial. Los ccli ficio~ sal m dL· sus· 
cimientos. E1 terreno s.e agrieta notahl en-ente. Las tuberías subte· 
rráneas se rompen. 

DestTU:ción de algtmas estructuras de maJera bien construidas; la rr.a 
yor parte de las estructuras de mampostería y annaduras se destruveñ 
con· todo y cimientos; ·agriet~~iento considerable del terreno~ Los 
rieles se tuercen. Considerables desli :amientos de tierra en las 
fuertes pendientes. Eyecc iones de loclo y arena. Invás ión del agua 
de los ríos sobre las rrárgcnes. 

Casi ninguna estructura de rr.ampostcría queda en p1e. Puentes de~trtl.Í 
clos. Anchas grietas en el terreno. Las tuberías y subterráneas e;:'!? 
dan fuera de servicio. Hundimientos y derrumbes en :erreno SU:J\'C. ~ 
Bran torsión de vías férreas. 

XII. Destrucción total. Ondas visihlcs sobre el :crn·no. í'crturb;¡ci"~"s 
de las cotao; de nivel. O~jetos lanzados en el ane h:Jcia arriba. 
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--:, . . :h<.~ Magnitud Richter 
~" M.< 

agosto 16 8.6 
.. _, diciembre 28 7. 5 ., 

. . d1..:!embre 16 8.6 

' septiembre 1 8. 3 

·• ffi..1)'\) 22 8.3 .. • 
,. 

:licí~:Tbre 23 5.6 6.2 ... 

... ,,o 30 7. 5 

...... j u1 io 15 8.3 - ~:-, 

.,, . diciembre 26 7.9 

. febrero 29 5, 8 
-: 

. -:.-r febrero 4 6. 2 7,5. 

. 
a~osto 27 6.3 7.9 .. 

TABLA l 

Regi6n No. de Muertos· 

Oü1e: Valpua1so Santiago 20 000 

Italia: ~eg~io 

China: Kansu y Stransi 

Japón: '!'."Jkic, Yokoha-..•a 

Oüna : ~an ~ .an 

Nicaragua: ~~anagua 

Paqu.i5t!i."l: Quetta 

O>ile 

Turqu1a: Er: b..:a.i 

29 9HO 

100 000 

99 330 

20ú 000 

4 000 • 6 000 

28 000 

30 000 

1 O 000 · 15 OQ!l 

23 OtlO 

655 237 

Datos_ generales 

Conocido co:ro el terrenoto de Kwanto. Tu 
\'0 Cespla:amientos de -1. S ~y g"r:mJes iñ 
cer.:!.ics le preccc!ierun. 

Grru1cles fallas, se sintió hasta Pektn 

Miles Ce heridos. La ciudad de ~-Magua 
fl..!é casi totalmente destruh1a. 

Q..ietta fue totalncnte destruhla. 

Se .!ete-ct:u-on novimientos osci latot·ios 
c!e 3 ... ~ ~e despla:.amiento con :rovi:'l.ien· 
tos .:!·e;.üCatorios n~:norcs. 

Es '.:".) de los t .. ~m~lores •1l~ 1Ms IT!.!t:rtos 
ha ."JCa~i.::n:do a· pesar de ser poca su n"L"'l~ 
!l i '; 1..!=. 

S...• c1~ Clll:J en 76 000 d n.úncro de l'.cri
.!..':i. :a rr.:t;.:or inte:-ts idaJ se ubicó en el 
:11'~.1 ~-e-~:.:.:\co.· 

·c"r~:t · J~ 5:10 000 heridos y Jaf\os en el 
.:0:·;,'.~ .:e : a.:::J::.n. Este terrcnnto es pr•l!-:t 
'_•;t;>:'"\.·:~o;e- el ;~..1:i 1:t.'rtífero de los últiTTD5 
-i ~:.::;:~~~ ::el ~o: m.h fuerte quC r~~is!:ra 
t.; :-:i~t.:r:a !looie:l':,:l.. 

-···•,·• .... -·· 
UOQ ¡_p 

._;. 



h!Ch<J Magnitud Richter 
:.t> M..c:. 

':no, 11t1!"l' 31 7. 1 

: =·- •8, scpt íerrbre 
16 7. 7 

- ------· --------~----· ---------------~--

Región No. de muertos 

PertJ: 1 fuu ras 
Olirrbote, Yungaj so 000 - 70 00~ 

r r:i.n 11 OUO ' lS 000 

Datos generales 

Derrunbes, inundaciones. La peor cat~ 
trofe registrada en Pertl por uu terre· 
moto eh este siglo. 

~fuchos heridos y d..1ños cOns idcrables en 
Bozonab:.~J y ~rcas circunvecinas. 

-

____ :______~----'-'---:·_----·--~-
~-~-.' . 

·'.: 



.!--echo !'otagnitu·.! Richter 

· 1, .hnio -- 7 

;_:"., 
• jul. ic lo ?. 

.-.• :.. ".1' : u1 ÜJ zg 7.6 

. '·:6 ~ ago,:;to 2 6.:1 7.1 

'\lo.! ro .10 6.2 7.5 

-' .lj.,'OSto !M· 6;6 

6.S 

-:, 01.:tubrc 24· 6.5 

TASIA 1! 

Regi6r. No. de Muertos 

45 

Oaxaca~ Puebla ? 

Guerrero:· S.:i..-: '-:."lr~!' 55 

Oaxa.ca: Pinote;-a ? 

Colina 'so 

Qaxaca-'Puehl3 600 

• 

Oaxaca: 111.!=-._1 -~7 r. 50 

Datos gc!'lerales 

. Destructor en C;:!. Gu:1:6.:1 Jal.. ha siOO 
lUlO d~ .los te:-:bl.:·r~:;, -:.'!s fuertes que har.. 
ocurrido los (U r im:; WC años. Se repo!. 
taron 45 muert.;s e!\ ~1 D. F. 

~H les de heridos \' l3!".:ls roterLl tes en 
varios est:l .. !os. ~J :o!Jl.!ci6n Jtl.5s da~<~· 
da fue San :..!arcO!!, G!-:, • 

Se est im.'l que hubo '.':lrios rriuertos )• r.ü.les 
da heridos. Gran ..:les Jaños materiales en 
Pinotepa . 

300 heridos y ~ ?l~laciones afec.tal!as 
severar.~nte. 

Milt!S de h~ri das )' .ia'TI i ficados. Cd. 
Serd~1 destruida: ~,r~~ considerables en 
las ciudade:; ~e P....-e:-lJ, Ori!aba, Oax.ac:1y 
~5:-:x.ico. 7? pueb!c:S ~:a~~:~.os seriarrente.-

i 

Daf.os ~o•n l.o.':ic!->.a, -~J.~.:a. E..-.; -¡ui:tl. d 
tcmD1or q~K" 1n..'l~ 5-.: ::.'l e::.':u1hado en ~:P.::ic.o. 

ra.:rte:i d.1ño::; t":':. :·;,l ~·o;;:;i.Sn fr..:;ntcri:a dé 
los estadD;; t!e P~~::: .i-, 0axaca y Gucrrt•ro. 

· Principa lmer.te ~:: ~:~~; ~1.1pan de León·, 0.1x_. 
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Deriva Continental. Ésparcimiento del Fondo t1arino. 

Tectónica de Placas 

A principios de siglo el geofísico. alemán Alfredo 

Wegener propuso la teoría conocida como Deriva Continental, 

en la que se supone que las masas continentales han sufrido 

lar.gos desplazamientos horizontales que determinaron la posi 

ción y distribución actual de tierras y mares. 

~ . ·. 
\vegener se baso fundamentalmente en :.a. concordancia G.8 

algunas lÍnea:; de costa, como las· de~ América d•2l 3ur y Afri-

ca (figura 1); en datos paleoclimáticos y paleontoJ6gico~ y 

en la distribución de las cadena¡; montafiosas. ·Propuso la 

existencia de un gran continente primario al'cual llamó Pans~a 
1 

que en el transcurso de las edades geológicas se fracturó y 

sus partes navegaron sobre la capa resáltica del piso marino, 

hasta ocupar diferentes posiciones. 

Otros investigadores anteriores ya i-.. 3. tían avar.zado en 

la idea de movimientos continentales; sin eml:Brgo V!egener en 1 ~12 

presentó una consideráhl~ c~ntidad de eVidencias y una des-

cripcióh de las posiciones de los continen-res en las' diferen 

tes épocas. 

La teoría pronto encontró un gran número de otjeciones, 

principalmente por el mecanJ.smo propuesto pará explicar· el 

desplazamiento de los continentes así como por la similituCl 

de edades de los océanos, y la existencia de los cratones 
1 

continen-rales y de regiones de lentos lev~ntamientos y sub-

) 

·., 
' 
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sidencias entre otras. Pronto la teoría cayó en desuso. 

Con el advenimiento de la S~gundá Guerra Mundial las 

técnicas e instrumentos para la exploración m.<rir'a cxperi-

mentaron un fuerte avance, principalmente en los sistemas 

de navegación así como de registro del fondo, lo que fomen 

.tó la investigación de los océanos. 

En la década de los cincuenta, las investigaciones 

oceanogr&ficas se incrementaron enormemente. Se hicieron me-

diciones de gravimetría, de magnetometría, de flujo de calor 

de sismología de refracción y reflexión y se tcmal'on mues-

tras de sedimentosdel fondo oceánico. Todos es~os estudios 

aportaron información novedosa cuya interpretación hizo necE 

sar1a la revisión cuidadosa de la hipótesis de Wegener. 

Di~tz en 1961 y lless en 1962 propusieron la teoría lla 

mada de Esparcimiento del Fondo Oceánico_, para explicar sus 

observaciones sobre el lecho marino. En esta teoría se c::>n-

sidera a las dorsales oceánica!> como ce,ntros g<"neradorr,s de 

material nuevo proveniente del manto y trasladado a la supe~ 

ficie por corrientes de convección. 

La idea general asume que el valle medio de una do~sal 

oceánica representa una fisura, la cual se rellena por mate

rial del manto, probablemente peridotita, que al enfriarse. 

bajo los 500 °C sufre un proceso de serpentinización. Esto 

· 2 - r 3 · hace que d1sminuya la densidad de 3. 3 a . e gr cm y aumente 

su volumen, lo que provoca la elevación de fas montañas que 

rodean al valle. Este proceso··~amhifin justifica el espesor 

2 

1 

1 
.1 
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1 
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casi uniforme de la corteza oceánica report.ado por 'los est11-

dios sísmicos (Figura 2). 

La teoría explica además, la falta. de sedimentos an ti-

gúos anteriores al Cretácico, los espesores inferiores a 

1.3 Km, la distribución de edades (mayores al aproximarse a 

los continentes) la forma y localización de los guyots 

(.mesetas submarinas, algunas de ellas situadas a gran profu.!J. 

didad), la ausencia de la discontinuidad de Mohorovicic tajo 

las dorsales y el elevado flujo térmico sobre ellas, y €Y.Dli' 

ca la presencia de las fosas profundas en albunas márgenes 

continentales como zonas en donde el piso oceániciJ retorna a J. 

manto. 

# ~ ~ • ct' La interpretacion · d" las .anomallas magnet ~cas ~ r::ar;,po 

Total tomadas sobre las cordilleras submarinas empleando la::: 

inversiones de polaridad del Campo Geornagnético hecha por 

Vine y Mattews en 1963, proporcionó un fuerte apoyo a la te~ 

ría. 

Los años siguientes fueron de intensa actividad y desc~~ 

Lrioientos. En 1968 Isacks Oliver y SyY:es publicaron un articu 

lo ahora clásico, "Seismology and the New Global. Tectonics", 

en el que se. sintetizan la mayoría de las ideas que int8gra.n 

lo que es conocido como Tectónica de Placas o Nu'eva Tectónica 

Global. 

·Brevemente, la teoría considera que la tierra posee un 

casquete externo rígido de unos lOÓ Km de espesor. Este cas 

quete no es continuo sino que.· está dividido en varJ.os segme.!J_ 
. . ·. ,,\ '\:·~·t·':' . . 

tos (Figura 3) con movimi.eotoS·~i~~iat,ivos 
¡" .! '·,¡... . 

'1 ·:· 

e:1tre ~ 
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Los movimientos a que están somedid<ls las placas prod!:!_ 

cen en algunos de sus márgenes la suWucción de una de ellas 

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

creación de nueva corteza. (Figura 2). 

Aunque el origen de los esfuerzos que producen es<:os 

movimientos no es bien comprendido es muy posiLlc que ~~an 

'debido a la transferencia convectiva de calor hacia la supe!:_ 

ficie. Cualquiera que sea el mecanismo que produce el ces-

plazamiento, el contacto entre las placas es zona de acu~u-

lación de esfuerzos y el lugar donde se libera la mayoria ¿e 

la energia de la superficie terrestre. [n la figura 4 puede 

verse que las zonas sismica y volcánicamente activas de~inen 

los márgenes de las placas. Nótese ta~ti~n que los li~ites 

de las placas no necesariamente coinciden con las frorttera~ 

oc¡ano-continente. 

La distribución de hipocentros en un corte "transversal 

a través de una zona de subducción· ¡mede verse en la figura··· 

La región definida por los focos es llamada zona de \•ladati 

Bennioff en honor a los investigadores que describieron esta 

relación geométrica en los años 40. 
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Figura 1. 
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A Volcanes 

,1 Trincheras 

<Ejes éxtendidos 

figura 3. 

\c. H•""•" 

'• . ~· 
, . 

. ·" ~¡· ............. ·. 
'•' 

51 

1 

1 
1 

i 

:1 

:1 

1 



1839 

1855 

1858 

1859 

1889 

1906 

1910 

1912 

·1914 

192J 
26-
28 

1926 

1929 

1939 

1940· 

Algunos de los 3~0nte~tmiento~ m:is 
importantes en el Jcsarrollo de la 
Tect6nica Je .Placas. 

Se not6 la. concordancia entre las líricas ,te CO$t~ 
de Africa y Arnér1~a del Sur. (Hacon) 

· tdeas de convección térmica en el 11anto {llnpkins). 

Teorta isostática (Airy). 

Mapa mostrando el movimiento de los l:Ont incntes -
(Sn ider) _ 

Teoria isostática (Pratt). 

Concepto de la astenósfera (Fisher}. 

Pi"imeras ev id ene ias: de inversiones Jel Campo _!-t1.~ · 
nético terrestre (Brunhcs). 

Teorla de movimiento$. contin~ntal e~ (T:aylor}. 

Teoría de Deriva Continental (WegenCr~. 

Concepto de la astcnósfera (Barrel). 

Nuevo método Je análisis de"temb~orcs. llasnado Je 
mecan·ismos focales o plano de falla (~akano y 
Byerly). 

Concepto de 13 asten6sfer:t {Gutcnberg). 

Establecimiento de una Cpoca de pol3riJad lnvcrs:t 
magnét lc:t en el Pleistoceno {~1atuyama). 

Celdas de Convección en el :nanto t'Griggo;J. 

DeterrJinacio.nes de edades radiOmétricas K-;..r ~Evans). 

19-H M:ec.tnismos de r.lt:riva continental (Holmes). 

1946 

1949 

Descubrimiento Je los ¡.:uyots en el Océau,, f'<1clfico. 
{lless). 

llesctthrimiento Jc las zon~s ,¡~ Rrniotf {Rcrlitlffl. 

1950 Estudios Jc las \.:tHdillcras stthmarllla~ {Instituto 
Ser ipps). 

19 sz 

19SS 

19 Sfi 

19Si 

1 9 S 7 

1 9SR 

Comicnr.o Jc las m.cJ.lcioncs J.e f~ujo tt:rmko en d 
mar (Bullard). 

Empleo de lo~· ma~nct6metros de Campo tOral (·n e~
tudios marino~ (In~tituto Scripps). 

Descubrimie-nto de. las :.onas de fractura en -el 
Océano ·Pacifico (Menard y Dict:.). 

lnve~tigaciones te6ricas del origen dei C:.1mpo Mag,
nhico (Bullard y Elsasser). 

Ideas de fuentes térmicas "Hot spot~" (Wil~nn). 

Dc~cubrimiento \lel valle medio Jc la~ dorsale5 v 
rc~.:ont'C imjt•nt·o Jl· lo~ temhlorc!' qlll' en ello~ oc U 
rrcn {b.-in~ y tla:cn). -

0C1TlOStraciñn 'de Lt ner iva Cont incnt;~l COII dato~ 
Palcom•¡.:nhico!' flrwinr. ': Run(orn). 

levantamiento mariuo con .,;r:•vin.rtro \ll' ~u¡•(·r·fici·c.·.· 

M•o Gt·off_..,)..::n 1n1 <'rnaciona1 

Rc~.o·onllCimic.·nto rl1· Jin(·am•rlltn~ ma¡.:nf1 lt·n-. ~-n!>r1· la.., 
JClrC'\:llt·~ U.la:<onn). Ctlnl irm.ulo pul' V:H qutr,· \~l(d y 
P.1.asml y aff 19h1. 
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1960 

1961-
1962 

196S 

1960-
70 

1965 

1967-
69 

. 1967 

1968 

1969 

t:: • J 
,) ,) 

rri.r.lcras· pe-rforaciones del proyecto Mohtllc. 

Hipótesis de esparci~icnto dt· los fondos m3rinos 
(He~s). 

Interprctaci6n dC' lo~ lint'::tmicntC"S ma¡.:nfti.:o:' ·~m· 
P!e~nJo las ideas ~C'. ÍiWC'tsinne~ del Camp0 ¡;C'nma~· 
netlCO !" dt· c..;p~rctmtento J<..• lo~ fun.lu:' mJrir1os 
(Vine y Martlie..,:'; Murl<.')'). · 

Primera escala de tiempo r.:uantitativa Jl· tnvf'rSiCl· 
nes de) Ca.mpo Gcoma~nl·t ico us.1r~tlc ('1.1.-Hle~ de ~.Ar 
(Cox). 

P~oyecto Internacional del Manto Superior bajo la 
duecclón del profesor V.V. Beloussov. 

Concepto de falbs tran~formadas (Wilson) .. 

Model~ de una lit6sfera c~pa1 de ~aportar tcn51oncs 
COJ:'IO mecanismo de hundimiento en la:~ tTincheras ' 
(El sasser). 

t:oncepto.!' e implic·acioncs geométricas de las placas 
(Me Kenzie y Parkcr). 

Estudios sobre lils placa~ y SU!' tfmitcs O•torb:tn). 

Nueva Tectónica global (lsacks). 

Concepto de juntas triples (Me Kcn:ic y Margan). 
Relaciones entre la <..•Jad, 1.1 elevación topo!!,ráfi
c:a y el {lujo tl'r.n ico en los fondo~ o;,.eán icos 
(Sclater y Franch~tnu). 

19M Programas del JO tOES (Muestreo d(l 1:, t ;crr~' {lfofu!' 
da¡ 

1970 

1970 

1971 

Información Jcl proyecto Jc pcrfor::t(i·ÜII l'n mar pr~ 
funJo (Oeep sea drillin~ Projcct) Jc:1tr.o Jc los 
programas del JOIDES ((rom Occ.1nographic In~titotion . ..; 
Dcep. f:.arth Sampling). 

Proyecto Internacional r.eodin5.mica. Con la parth:ip3-
ción del Grupo t.lc Trahajo ~·:1. ::, Grapo.Lic E~t!rdio :\o. 
Z, Placa de Cocos, Comité ~oi("ano Jc Ct~odin±nica. 

Proyecto ClCr\R rcoopcrat ivc ln\·estig3t ions of thl' 
Caribbean anO Adjaccnt Rcgionsl. Parti~ip3ci6n Jc 
México. 

Proyecto IDOE (Tntt::-national necaJe O..,:c::Jno~ raphic 
Exploration). Participación Jc México. 
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Predicción de Temblores 

Como hemos visto, la mayorín de 16;: tr·:ml•lor•es ocur-r'••n 

en los márgenes de las placas como respuesta a la acumula-

ción de esfuerzos en esas áreas. Los esfuerzos son deLidos 

al movimiento relativo entre placas. Este movimir.n'to, que 

es del orden de algunos centímetros .por ,lf;o no ciirnl;i,, •.n 

plazos cortos de tiempo (geoló,;icarnente haLlando) por con-

siguiente es-posible estud.iar los margene~ sísr..icamem:e ac 

tivos en términos estadísticos. 

Los períodos de recurrencia de los teml:lores grandes 

(M~7. O) son altamente variatles (3 O - 100 años) por lo ta!2, 

to es necesario contar con un ·record histórico tan comple-

to como sea posible. 

Si el período de recurrenc ia es conocido, la pro ta t·i_ 

lidad de ocurrencia de un temblor es proporcionnl ·al ti<;r.tpo · 

transcurrido desde el Último. Este Último aspecto nos ll.!:_ 

va a lo que se ha definido como tramo de quietud sísmica a 

falta de una mejor traducción del inglés "seismic gap". 

El concepto anterior fue originali~ente desarrollado 

por Fedotov y Mogi: y posteriormente por Sykes y Kelleher y 

colaboradores*. Estos Últimos autores''' put·licaron un mapa 

de "gaps sísmicos" para el cinturÓn del Pacífic~. 

* Kelleher et al .. (1973). Journal of Geop hys ical research. 

v'ol "2.~<+ 7 l r~.:c, f'1¡fP 
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5G 
El mapa ha sido ·revisado recientemente por Me Cann 

y cola J:oradores•'•. Las siguientes figuras son mapas de 

"gaps sísmicos" para Mesoamér ica, Sudamér ica y el Car i te. 

Este tipo de mapas es muy util no sólo para evaluar 

el riesgo sísmico ~;ino también como .parte de un programa· 

. -de predicción a largo plazo. Una vez que .una rc[,lOn es 

reconocida como "gap", pueden utilizarse técnicas para d-=-

terminar cambios físicos asociados con la acumulación de 

esfuerzos. 

Los cambios fít;icos ol::servados se reL>cicnan al 

to de volumen, previo al temblor, llamado dilatancia. Aso-

ciado ~ 1~ dil~tancia se encuentran el ca~tio en la veloci 

dad de las ondas P y S, el'aumento de la resistividad elGc 

trica, el cambio en el campo magnético y el a~menro t!e gas 

rad6n en pozos cercanos así como ;:ambios en temperatura y 

nivel de los fluidos en los mlsrr.os. 

Para explicar la dilatancia se desarrollaron cos me-

deles que han sido llamados el modelo am(·rica.no y el model~ 

ruso. Ambos coinciden en las fases iniciales pero diverger. 

en la descripción del episodio final. 

real sea una combinación de amtos . 

. J (. '1 
>\ Me Cann et al. ( 1 97 9) . '-i k 

Quizá la situa~ión 

ll ...... , 
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Ondas Sísmicas 

y densidad j pueden viajar dos tipos de ondas ll;:J.madas "rlo;; 

. cuerpo" o internas: 

Longitudinales Vp :/' : 2~ onda (de primus) 

Transversalt>s Vs =F onda s (de secun•Jus })'Je<; 

arriba d"'spués de P) 

En muchos casos J. = ~ y Vp = V Vs 

En un sÓlido elástico estratificado con una supe:::-rc.-

cJ.e libre ·se generan además dos tipos de ondas super:'i::ia.-

les: 

Ondas de Rayleigh con velocidad CR y ondas de Lave 

con velocidad CL; puede demostrarse que 

donde v
5 

y V5 . 1 . 2 

dos estratos. 

CR < 0. 92 V s 

vs ·< eL 
1 

son las velocidades transversales de los 
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La velocidad de las ondas superficiales depende de' 

la frecuencia y sufren por lo tanto dispersión. La disper 
. -

sión i.e. la velocidad de grupo depende dA la estructura 

interna del medio y por lo tanto su estudio puede utili¿ar 

se para inferir esta estructura. 

Las fases arriba descritas quedan registrada¡¡ en los 

sismogramas (dependiendo de la posición del instru~ento con 

respecto a J.a fuente) sin embargo su estructura se compli-

·ca pues también aparecen fases de ondas r~>fleja.·:las y r·:ofrac 

tadas: 

Superficie libre 
- .. ~\. ·.· 

' "'· 
/ 

p .:1 
/ 

/ 

' '\," 
"·. c. ,_·~ .. ' 

~ . . 

v ·, 
' 

. i 

Superfici~> litrn 

,• 

/ ., 
/ 9. 

1 

Interfase . . . . -·· .. 

. l 
l 

;J 
J ¡ 

1 
/ 

• 1 
' l 

; lJ ; Í' 

•• 1 
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A escala global muchas de estas fases correspondici:

tes a reflexiones y refracciones en el interior del plane-

ta pueden ser identificadas;a continua e LÓn pueden verse la:; 
. . 

trayectorias de algunas de estas ondas y su nomenclatura, 
.. 

así como su distribución de velocidades con la profundicad. 
-----· 

,. .. 
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Las diferentes fases pueden identificarse en el registro con 

ayuda de las curvas de.viaje de Jeffreys y Bullen que nos dan 

el tiempo de arribo en términos de la distancia al foco. Es

tas curvas fueron dadas por Jeffreys y Bullen en los años 40 

y a pesar de la introducción de los computadores modernos han 

adquirido poca modificación. 

... 
" 

360 340 
so o. 20 

45 

"5 
e 25 
1 

20 

15 

10 
• 

5 

20 
340 

320 
40 

300 
60 

. _ __.._ 

~o éO 
320 300 

· .. ,. 

2eo 260 240 z;,c ;:w· 
so too 120 ~.:o ~ .J ~S'! 

80 lOO 
2SO 260 
4 (dc¡;-.es) 

--..-~---r----- -. r ,-. 
• ............. ..... , ... ;..o 

120 : ~ ~) ·. ( ·: 
240 -·o ...... ~· 

...:..:·_. ___ -

......... ··~ 1 

~ ',;. .. , 

-. .:; ;., 

..... : -:,:, 

. ,. ~ j 



~ El tipo de onda para determinar ML no está especificado es sim 

plemente la máxima amplitud y puel:e · ser de onda P, S o de super 

.J 

ficie. 

Otras magnitudes en uso comun además de las ~ (magnitud local) 

son la mb y la magnitud de ondas superficiales M . 
S 

La M fue definida por Gutenberg en 1945 para temblores super
s 

ficiales como 

·donde 

Ms = log AH+ 1.656 log~ + 1.818 + e 

~ - componente horizonéal del máximo movimiento del 

suelo (de O a pico en micrones) para onda superf~ 

cial de período 20 seg. 

2 2 1¡2 
A - (A + A"c) H N -r; 

AN - Max. amplitud N-S 

~ - Max. amplitud E-W 

Una f6rmula adoptada por la Asociaci6n Internacional de Sismo 

logia y Física del Interior de la Tierra (IASPEI) es 

M = log (A/T) + 
S max · l. 66 log~ + 3. 3 

para T = 20 seg la f6rmula se reduce a 

M = log A2 o 
S 

+ l. 66 log~ + 2.0 

y mb = log (A/T) + Q 

1 . ; 

; : 

:¡ 

1 

1 

:¡ 
•, 
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donde Q es un tl'!rmino que depende de t; y la profundidad. A es 

la máxima amplitud de la onda P. En la prhctica T es en gene

ral 1 segundo. También pueden usarge PP y Sil. 

En general ML' mb y Ms son diferentes pues se derivan de dife 

rentes fases. Ms y mb están relacionadas aproximadamente por 

mb = 2.5 + 0.63 M 
S 

La energía sísmica se relaciona empíricamente a M por 
S 

log Es= 1.5 Ms + 11.8 

Se ha demostrado, por otra parte, que para temblores grandes 

(dimensiones de ruptura de aprox 100 km) la escala M comien 
S 

za a saturarse es decir que aunque aumenta la energía no au-

menta la magnitud (M). Para evitar este problema se ha in
s 

traducido la magnitud Mw. 

Esta magnitud, llamada magnitud de mínima energía de deform~ 

ción (Mw), fue introducida por Kanamori*. La ~nergía total 

l'iberado en un temblor puede ser escrita como: 

Et ~ (/!] j) 

o- = (Oi +-02)/:z.. ~c11da frome,/;o ~ ~~rzrzo.s 
r:;, _ .· esfuer:.o ¡n¡c;a/ 
02 - ,, .fr.r¡a/ 
V _ p1slocac1on frOme.drc 
¡:¡ orea.. de rupfura.. 

.... -· . 

( i 1 

1 1 

¡1 
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Le energía total Et es la suma de la energía perdida en frie 

ción, Ef, y la liberada como ondas sísmicas. Entonces, 

et~4t·E.s 

E-s -= - fJ + ft 
= -aj ü A -t ff-üA 
= u A (ffí ~rJ2- or-) 

(Modelo de orowan). Entonces, 

Es = .v.. A (crí -crz..) 
.:J.. 

u 1\ .6\f 

"2....-

t\ 1:::. 'F b..I:T M o -u. -S: 

..t. :l.fl' 
La experiencia demuestra que el modelo es razonable. 

Ya que 
-4 = 1 x lO para temblores de intrapiaca entonces 

Así, si podemos estimar M (lo cual es posible si se conoce 
o 

·el área de ruptura etc) entonces podemos estimar Es ya que 

la relación magnitud-energía de Gutenberg-Richter, válida 

para longitudes de ruptura máxima de lOO km es 

loa E~ = 1. 5 fJ¡ s ~ ; ¡ . :, 
PJ' Es ~ ,.&¿¡ 1-!o '1 ·--' 

l6S fe,.,...Piores ruede J~.f.n1.-se. una. 4n.fuJ. M.v 

,.-1.5 M111 +ti. S = ~rt f.1c- tt.6 · 
o" M ~~o~ = :; _L,(t M o- \0.73 

~ 

1 

1 



Mw es aproximadamente igual a Ms para longitudes máximas de 

100 km pero para temblores mayores no sufrirá saturaci6n. 

Ejemplo: Tamblor de Chile del 22 de mayo de 1960. 
M = B.3 

S 

pero Mw "' 9.5. En la escala Mw tlste es el temblor más gra!; 

de del siglo. 
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ARTICULOS RELACIONADOS CON EL TEMA 
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La explicación racional del origen de los temblores 
y. aun más. su descripción por medio de modelos 
matemáticos que permitan su caracterización. es 
una de las áreas más activas de la sismología mo
derna. Si bien es cierto que quedan aún muchos 
problemas por resolver. no lo es menos que en esta 
área se han dado ya algunos de los resultados más 
notables· en la historia de esta ciencia. 

La tooría del rebote elástico 

La mayoría de las discusiones sobre el tema co
moonzan por hacer referencia a la teoría del rebote 
eli\st1Co. propuesta por H F ¡le id en 191 O a raíz del 
sosmo do Calolornia de 1906. Después de este vio
lento terremoto. se encontró que a lo largo·de unos 

"ll O. .lw•"' t.•,. ..... ,.r f-..'lindot• •• ~r~vntogador dellnstotu1o de Geofisocll y 
P'a'•tor,. Y f~eu'Ud Oe C••f\(•••.-•mbu inS11h.tcoones de la UNAM. 

juan manual espindola • 

Poco a poco se ha ido comprendiendo 
cómo ocurren los sismos 

hasta llegar a formular 
modelos matemáticos de ellos. 

4.00 kilómetros sobre la falla de San Andrés se ha
bían producido desplazamientos relativos del or

. den de 3 metros. predominantemente horizonta
les. Años antes. entre 1851 y 1 866. y luego entre 
1874 y 1892. se habían llevado a cabo levanta
mientos geodésicos en el área. Un tercero fue he
cho inmediatamente después de la ocurrencia del 
temblor. Del análisis de estos datos se pudo esta
blecer que entre el primero y segundo levanta
mientos había ocurrido un desplazamiento de uno 
a dos metros entre puntos similares a ambos lados 
de la falla y a una distancia de unos 30 km de ella. 
Otro movimiento similar ocurrió entre los dos últi
mos levantamientos. Sin embargo. un resultado 
singular fue que a lo largo de la falla misma no ocu
rrió desplazamiento alguno. sino al tiempo de ocu-· 
rrencia del terremoto. Reíd razonó que si el área de 
falla se comporta elásticamente. el lento movi
miento relativo a ambos lados causa un aumento 
en la energía almacenada y en la componente tan
gencial de la fuerza de fricción sobre el plano de fa
lla. Cuando se alcanza un punto crítico. el fractura
miento ocurre con un movimiento de restauración 
hacia una nueva posición de equilibrio al que sella
ma rebote elástico. Ya que es improbable que esto 
ocurra simultáneamente en toda la falla. la ruptura 
debe comenzar en algún punto de ella y de allí des
plazarse con una velocidad finita. la figura 1 
muestra esquemáticamente estas· ideas. 

Aunque los detalles de este mecanismo no fue
ron claramente expuestos por Reíd. lo esencial de 
la teoría quedó establecidode esa manera y es ge-
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neralmente aceptada en la actualidad. al menos 
para la gran mayoría de los temblores. 

Cabe hacer notar que las ideas de Reíd no son 
intuitivas. Durante los primeros días de la sismolo
gía. el falla miento del terreno se consideraba como 
un efecto de los sismos más que como una causa 
de los mismos. Si bien durante la segunda mitad 
del siglo XIX se tenía ya la idea de una fuente sís
mica localizada. todavía se suponía que la energía 
provenía de explosiones subterráneas. colapso de 
cavernas o. posteriormente. intrusiones de magma 
en zonas de debilidad. Por ello. la teoría de Re id no 
fue aceptada inmediatam-ente por la generalidad 
de los sismólogos sino después de considerables 
debates y cuando hubo resistido el peso de las 
pruebas observacionales. 

...... 
-...... 

-
...... 

...... 

A B 
Ftgura 1. La linea venical representa la falla. 
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Las soluciones de plano focal 

Para los años en que 'se propuso la hipótesis del re

bote elástico. el instrumental sismológico se había 
desarrollado hasta el punto de ser operacional. con 
lo cual las observaciones eran ya sistemáticas. En 
1900. Wiechert había construido su péndulo inver
tido y la Asociación Sismológica Internacional ha
bía sido fundada en 1903. 

Durante la década de los años 20. Perry Byerlee 
de la Universidad de California había notado que la 
dirección (o polaridad) de las ondas P en los sismo
gramas de las diferentes estaciones para un sismo 
en particular.· mostraban una distribución en cua
drantes.(fig 2). Las líneas que separan los diferen-
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tes cuadrantes son llamadas lineas nodales y cons
tituyen la intersección con la superficie de los pla
nos n~dales. Byerlee desarrolló una técnica para 
encontrar estos planos y es considerado como el 
padre de este tipo de análisis. El significado de es
tos planos se verá enseguida. 

La polaridad de un registro indica si el primer 
arribo de una onda fue una compresión o una rare
facción. y ella cambia a través de las lineas norla- · 
les: esto puede interpretarse en términos de la teo
ría de Re id como el afecto del desplazamiento rela
tivo a lo largo de una falla· alineada con uno de es
tos pianos. 

• [n un med•o elást•co pueden propagarse dos t•pos de ondas: las comPre
sionales (P) y las ondas trans11ersates 15). Las ondas P_se propagan a mayor 
veloc•dad y constJtuyen el pmn,er ambo en un s•smograma. 

COMPRESION 

. ,._ 

¡o 

La falla puede modelarse matemáticamente por 
un par de fuerzas actuando en sentidos opuestos 
(fig 3a). Este problema de elasticidad había sido re
suelto por Nakano en 1923. solución aplicada por 
Byerlee al problema de los planos nodales en 
1926. La figura 3 (b, e) muestra los patrones d'e ra
diación para las ondas P y S: éstos dan la intensi
dad de las ondas: por ejemplo. para ondas P la má
xima intensidad ocurre a 45°. Como puede obser
varse. el patrón de radiación de las ondas P con
cuerda con los datos observacionales. 

El problema .. sin embargo, no quedó resuelto 
allí. En los áños subsiguientes se encontró que el 
patrón de radiación para las ondas S no siempre 
correspondía al de la figura 3c. sino que en algunos 
casos semejaba al de la figura 4c. Pronto se de-

RAREFACCION 

~ EPICENTRO 

---------------H~;+v-------------------

RAREFACCION COMPRESION 

Figura 2. 
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mostró que era necesario considerar un doble par 
de fuerzas (fig 4a) cuyo patrón de radiación de 
ondas P es similar al del sistema anterior (fig 4b) 
pero diferente para las ondas S (f1g 4c). La con
troversia sobre el sistema de fuerzas apropiado 
para describir el mecanismo focal duró muchos 
años. 

No obstante. el sistema del doble par de fuerzas 
no es incompatible con la teoría de Reid y puede 
considerarse como el resultado de un colapso a lo 
largo de la falla. como consecuencia de una pérdi
da de rigidez. Considérese. por ejemplo. la f1g 5. 
donde un elemento de volumén está sometido a 
esfuerzos de cizallamiento: durante el sismo. el· 
elemento cambia a la nueva posición mostrada 
con líneas punteadas: entonces la línea AD ha su-

1 
1 
1 

ti 
. 1 ------ IT ____ _ . 4 

1 

. la) 

Figura 3. 
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ONDAS P 

frido una tracción y la linea BC una contracción. 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 dinámicamen
te posible ya que repre;'Onta un momento no ba
lanceado ele fuerzas. Además. la solución al pro
blema de una dislocación en un medio elástico 
conduce al par doble y no al simple. 

Así. después de este período de prueba de la 
teoría de Reid conservó su validez y se reforzó al 
correr del tiempo con las nuovas teorías de la de11· 
va continental y de la tectónica de placas. El méto· 
do de las soluciones de plano focal constituye ac· 
tualmente una de las herramientas estándar de la 
invetigación sísmica y se aplica incluso a temblo
res profundos donde no hay fallas visibles. 
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El mecanismo físico de un sismo 

Hemos dicho que Reíd no expuso detalladamente 
cómo ucurre la pérdida de esfuerzos de cizalla
miento en el plano de falla. lo cual es indispensa-

' ble para elaborar un mecanismo. Suponer un par 
o un doble pa.r de fuerzas· es una primera 'lproxi
mación al problema. ya que es sólo un sistema 
equivalente en términos de radiación. En la reali
dad. no existe ningún proceso que pueda crear 
estas fuerzas; lo que realmente existe es una acu
mulación de esfuerzos que se relajan catastrófica
mente. 

Por ótro lado.-quedan problemas que no fueron 
resueltos por la teoría de Reíd. Uno de ellos es que 

tal 

f•gura4. 

.- :s_" e 

72 

las caídas de esfuerzos observadas. son menores 
que las que cabría esperar de fracturamiento. To
davía más difícil es explicar lo que ocurre en los 
sismos más profundos (hasta aproximadamente 
700 km). ya que a esas profundidades la fricción 
en las caras de una falla sería tan alta que sobrepa
saría en mucho el límite elástico de las rocas. de 
manera que habría flujo y no desplazamiento. La 
respuesta a estas preguntas se ha buscado en la 
observación experimental. 

En los últimos 1 5 años se han investigado los 
efectos que sobre la fricción en rocas tienen la 
temperatura: la presión del fluido presente en los 
poros y la deshidratación de algunos minerales 
como la serpentinita. En general. se ha encontrado 
que todos estos factores facilitan el desplaza míen-

ONDAS P 

tbl 

',4.4fi 

ONDAS S 

lcl 
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to 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 fusión parcial o inestabilidad visco
sa. • Estos mecanismos podrían causar la caída de 
esfuerzos a través de un plano y. por lo tanto. el 
deslizamiento a lo largo del mismo. 

Algunos investig~dores proponen el cambió de 
algunos minerales a fases más densas con una 
consecuente reducción de volumen. Esto. sin em-

Por-•nestabil•daó ..,iscosa se ent•ende lo que ocurre con la roca_ cuando, 
sometida a grandes pres•ones y temperaturas. deja de comportarse como 
un material elástiCO y adQuiere prop•edades v•sco-elást•ca~- Estas lrans•c•o
nes son usualmente catastróf•cas 

a) 
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bargo. daría lugar a radiación del tipo de colapso 
gravitacional. De hecho. este t1po de radiac,ón ha 
sido·encontrado en algunos sismos muy profundos 
para frecuencias muy bajas. pero "sobrepuesto" a 
la radiación de tipo de deslizamiento que hemos 
venido discutiendo. 

Existen pues una serie de procesos físicos que 
pueden intervenir en los fénómenos dinámicos que 
llamamos temblores. En los párrafos siguientes ve
remos cómo algunos de ellos pueden ser tratados 
matemátrcamente. 

Modelos teóricos 

Como ha sido evidente en los párrafos anteriores. 
la complejidad del problema requiere que en su 
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formulación matemática se hagan una serie de su
posiciones que lo simplifiquen. La consideración 
de un medio elástico y de un sistema de fuerzas 
constituye una primera aproximación al mismo. 
Este modelo permite obtener cierta información de 
los datos observacionales. pero ciertamente no 
toda ella. y por otra parte. es válido sólo para dis
tancias muy grandes del foco, 

A distancias pequeñas. las dimensiones finitas 
de la falla. la velocidad de ruptura y otros paráme-· 
tras. influyen sobre la apariencia de las ondas que 
se registran en el sismograma. El modelo del siste
ma de fuerzas es incompetente para proporcionar 
información en esta región. 

Un modelo todavía simple que incorpora estas 
variables es el de dislocación. En este caso-se con-

0.0 
1 

2.0 
1 

' 1 

1 

1 
1 
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sidera una superficie en un cuerpo elástico 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 la dislocación crece con el. 
tiempo y lo aplicaron específicamente a la sismolo
gía. Los resultados han· sido·aplicados a muchos 
temblores; la figura 6 muestra la comparación en
tre un sismograma real y el sismograma teórico 
obtenido por Boore y Zoback para el sismo del 28 
de junio de 1966 en Parkfield. California. 

Incidentalmente, esta última es una técnica · 
usual en sismología: generar s1smogramas teófl-

. cos oue luego son comparados con los reales. para. 
estimar así la validez de los parámetros con que 
fueron generados los sismogramas sintéticos. 

N24E t 

10.0 
1 

--·-------- SISMOGRAMA StNTETICO 
SISMOGRAMA OBSERVADO 
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En el modelo de dislocación se suponen conoci
dos la longitud de. la falla, su velocidad de ruptUra. 
los desplazamientos relativos a lo largo de la falla y 
'su evolución en el tiempo. Estos datos son en reali
dad otras de las incógnitas que se quisieran deter-
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minar a partir de datos más elem¡¡ntales. Por este 
motivo. a los modelos de dislocación se les ha lla
mado cinemáticos. 

Para modelar en detalle lo que sucede en la fa
lla. es necesario en la actualidad suponer un meca
nismo para la pérdida de esfuerzos. Ya fueron se
ñalados algunos de los procesos probables. algu
nos de ellos no son en la práctica. tratables mate· 
máticamente. En la actualidad se ha dado mucha 
atención a la teoría de fractura. originada inicial
mente en problemas de metalurgia y resistencia de 
materiales. donde se estudia la estabilidad de una 
fractura en presencia de esfuerzos. Desde luego. 
también se hacen diferentes simplificaciones. pero 
se evitan muchas de las que se hacen en los mode
los de dislocación. Año con año se resuelven pro
blemas cada vez más complicados. Eri esta tarea 
las computadoras electrónicas han resultado de 
gran ayuda. 

Por otra parte, la colocación de instrumental ca
paz de registrar movimientos fuertes en las zonas 
sísmicas. también ha crecido últimamente. 

Con estos dos factores quizá tendremos en los 
próximos oños una mejor comprensión de los pro
cesos dinámicos que constituyen el mecanismo fo
cal. 
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Tcmpnrary nctwurk~ are oftt:n r!iil<~hii.\lu.·d aftcr :& ~uung earthquakc to ac.:curatcly 
monitor aftcr!'lhock ou.:tivity for pniod~ r~IIIJ~in~ frnm days to r'Ílonths. l~nrl~iblc .'>ei~

mographs (t.lurahle, li¡·.htwa:ight, ·hattcry-opt.:rat"t:d) which can be rapidly installctl are 
u~cd, Uccausc o( thc\c :uJvantagcs, portahlc sy.\tcm~ can also be packcd into rcrnotc 
areas. Thc instrurncnts are charactcristically la id nut in ~tune rypc of gcomclric cluster. 

IX. EARTIIQUAKE DESCRIPTORS 

Earthquakts are dcscribcd in terms or m.1¡;nitud~ and intcmity. Magnitude is a 
quantitativc or absolutc mcasuremcnt. dctcrmincd instrurncJHally, whilc·intcno;ity de
scribes an car1hquakc in qualitativc or rclalivc tcrms, based upon personal obscrva
tions. (Aitcmpts havc bccn made to quantify intensity paramcters: these are rcvicwcd 
latcr in this chaptcr.) Magnitudc is c:xprc~scd in Arabic nmnbcrs and intcnsity most 
oftcn in Roman numcrals. Quite ~ndcrstandably, thcir" mcanings ha ve bccn confused 
and misundcrsrood by the public. c!iscntially since thc time magnitudc ratings were 
assigned to carthquakcs along with the longcr cstablishCd intcnsity ratings. 

A. Magnitude 
The dcvelopment of a magnitude scal< in the U.S. had its beginning in the carly 

1930s when Charles F. Richter and Bcno Gutcnbcrg, both of thc California lnstitute 
of Technology (CIT), wcrc prcparing an carthquake catalog, whích indicatcd that more 
than 200 shocks pcr ycar were cenrcred in southern California. u To lc.nd greater cred
ibility_ to the raw frcquency dara. Richtcr. decided to attcmpt a ranking of carthquakcs 
(e.g., small, moderate,· and large) "based directly on instrumental indications. 
and •.. freed from the variations of personal estimates or thc accidental circumstanJ 
ces oi reportcd effects. •••l• The proccdurc was patterned aftcr that used carlicr by K. 
Wadati in Japari.u• . · . 

Richter started with two sets of a!'sumptions. First,. of two different si1.cd earth
quakes, originating at thc same depch and recorded by the samc seismograph, the 
larger cvent will generate the larger ground motion. However. if the epicenters diffa, 
the smaller quake could conceivably produce the larger ground motion if it is located 
closer to the statión. Second, severa! scismometers. at varying distances. reco.rd the 
same two carthquakcs. ff a graph is cmploycd, with che maximum ground motion 
plotted on the Y-axis vs. the cpicenter distances on th·e X-axis for cach station. two 
curves (one for each quake) can be constructed by connecting X-Y station coordina tes. 
The highest curve represcnts the Jargcst earthquake. 

These parameters then enablcd Richter to analyze observcd earthquakes occurring 
in southern California. Fortunatcly the CIT seismic nctwork. (scveh stationS at the 
time) was cquipped with standard \Vood-Ander!>on torsion seismographs. Thcse seis· 
mographs11

' were designed spccifically for the nctwork. They record thc horizontal 
componcnts of ground motion but not the vertical. All of the seismographs were cali· 1 

bratcd to the same constants: time = 0.8 sec, static magnification = 2800, damping 
= 0.8). This enablcd hori1.on"tal ground motion to be recordcd with systcm consistency 
and trace amplitudes to be plotted rather rhan computed ground motions. 

Figure 40 illustratcs thc type of graph dcvised by Richter for cstablishing thc mag
nitude scalc. For .scveral observcd st¡,ocks, Richter plottcd ma:~~:imum trace ::unplitudes 
on a logarithmic scale• (ordin;:¡lc) vs. lhe cpic~ntcr distanccs to each ~tation (abscissa). 
A series of similar cun.·cs evolved, approximately parallcl to cach othcr but at diffcrcnt 
amplitudc lcvels (thc higher thc leve), thc largcr the cvent). Thc parallclism mcant that 

• A lo¡arithmic scak ":u U"-C'd ht'\.":lU\C: traC'C: :unrliludes r.lnCt'd from 0.1 mm lo 12 C'm and heC'au ... c: !I>Uch 
1 scalc prOOucei.J numerical rc.,ult5. Alllogarithmt. in this h~ok rdcr lo lhc: hase 10 . 
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FIGURE 40. lllustration showing the procedurc- used by Charles F. Richter to establish the 
magnitude scale for local c:arthQuakes. (From Hodgson, J.~-· EarthquaJ.es and Earth Struc
ture, Prcntice-Hal\, Englc:wood Ctirrs. N.J., 1964. 99. By permission oC Prcntice-Hall, lnc., 
~n¡lewood Clifh, N.J.) 

lhc differences between amplitude logs for any two earthquakes was essentialty inde
pcr.:dent of distance (amplitudes stay_ ata conslant" ratlo). 

Richter thcn plotted a _standard or zcro carthquake. giving all obscrvcd-cvcnt plors 
a base or stand-ard for comparison (Figure 40). This standard shock can be eilvisioned 
as the sma.llest earthquJkc that could be cxpccted to occur in a gi,·cn area. lts placc
ment was arbitrary, but its slÓpc was approximately parallcl to the othcrs. This shock 
was assigned a trace amplitude of 0.001 mm on n \Vood-Andcrson seismograph located 
100 km from thc epiccntcr and a magnitude of O. lf the di~tanccs werc mcasured from 

··tbc standard quake curve to the other curves, thc diffcrcnces would be a mcasure of 
¡fteir respective sizes. 

A zero magnitude docs not imply thc abscnce of an ·earthquake. A very small shock 
might conccivably be rcc..·ordcd with a trace amplillH.lc !'.mallcr than 0.001 mm. In this 
case, the magnitudc numbcr wo\1\d be ncgative. Howcvcr. bccau~c of the limitcd mag
nification function (2ROO) of WGod-An,krson scismographs. ncgatlvc-magnitude 
events wérc not cncountcrcd. 

Bascd u pon thc prcviously dcscribcd factors, magnitudc as~ÚmC"d thc rclatio.n 
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(5) 7! 
where ML • Q mngniwdr for a Jo,:al C':Jrtltqll.11\(': A -a mo."imum rccordcd trace ampli· 
lude ot a givtn tliMancc writtl:"n on n Wood·Andcr~on scismo)J.ra(lh in mm; Ao p prc· 
dlctcd trace amplitudc of thc 'tandard c:.1r1hc¡uake in mm ut thc samc Cl.,iccnter tlis~ 
lance. In writtcn form, Rit:htcr ddiucd l"arthqu~•kc magnÍiuUc as uthc logarithrn of 
the maximum trace amplitudc .•. with which thc ~ttmdard short-pcriod tor!iion ~ds· 
mometcr •.. would rcgistcr that shock atan cpiccntral distat~cc of 100 kilomctcrs. "u• 

Richter eslablished empírica! values for log Ao for epiccntcrs ranging f,rom 25 10 

600 km. With thcse data ~vail;.~blc. lt was ncccssary to know only thc cpiccntral dis
tance and thc maximum trace amplitude rccordcd at a station 10 salve for ML. For 
grcater accuracy. a corrcction factor was applicd to cach statioit in the CIT group lo 
account for local groUnd and instrumcnt variations. 

lf an earthquake produccd ·a maximum trae~ amplitude of 4S mm at an epicenter 
distance of 100 km, 

ML •log45 -log 0.001 • 1.66- (-3.0) (6) 

the carthquakc: magnitue would equal 4.66. For an actual evcnt, a final magnitude 
was an average determined from the MLs of as many stations as· possibl~. A mean ML 
was dctcrmined for a single station if north-south and cast-west ground motions werc: 
recorded. 

Sincc the Mt scale is logarithmic, for every increase of ene in magnitude, the trace 
amplitude incrcases tcnfold. Thcrefore, the wave amplitude for a magnitudé 6 cvrnt 
would beiO,OOO times larger than that for a magnitude 2 event. 

Richter originally believed that the magnitudc scale might make it possible lo sera· 
r8te thc: earthquakes of southern California, at bcst, into only a few magnitude classes 
(e.g., small, modcrate, large). Howevcr. magnitudes werc easily categorized to thc: 
nearest half unit, and for most occurrences, magnitudes could be asSigned to the near
est tcnth, with the uncertainty not cxcceding approximately onc tenth. During this 
period (mid·l930s), the seismic events in southcrn California gencrally had magnitucles 
ranging from 2 to 5; this equated to 15 discrete M, values. · 

Richter's technique was a trcmendous brcakthrough in quantitative seismology. lt 
bccame possible to rank eanhquake size by a numerical scale and to obtain a dctailed 
scismic history for a region. However. Richler" acknowledged several shoncomings 
o( his magnitude sea le. The most important of these included: 

l. 
2. 

3. 

Thc Wood·Anderson seismographs had lo be used. 
The scale was accurate for only shallow carthquakes (hypoccnters of about 16 
km). 
The scale could be used only for earthquakes occurring within 600 km of a seis· 
mograph station: · 

,. 
Allhough the scale was intcndcd 10 be applicable lo southern California, it was used 
succcssfully in Ncw Zcaland. 111 

In 1936, Reno Gutcnbcrg and Richter,'-'0 using horizontal surface wavcs with pcriods 
ncar 20 scc, cxpandcd thc M, ~en le lo be applicablc to shallow carthquakes originating 
at dislanccs ovcr 1000 km (tclc:.~;,cisms) and rc~.:ordcd by diffcrcnt typcs of seismo-
graphs .• Thc equatinn assumcd_ thc form 

• Ori;inalty dc:\i,nalc:d ~~~M, bul M, (fot ln,:al m:.~gnitudC') is no•• in ..:ummon u~ase . 
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whcrc M,• =- magnitude of tc:l~.(clsmic c:trtlu¡u.1kr:s; A a tolal horizontal comro .. 
ncnt•• of m;udmum ground amplitwJc• •• in mi...:ror's (0.001 mm) whcn surfacc waves 
have pc:riods of approxirnatcly 20 ~a·c: U >=~ {(ltal hori;r:ontal componcnt of maxinwm 
ground amplitudc in microns prcdictcd for an cvcnt of 1.ero magnitude at thc sarne 
epiccntr:il distancc: C = constant for cach seismic station, cnrrccting for local ground 
and instrumcnt conditions: D :=:~ constant incorporating Ucpth. distrihution of cncrgy 
in azimuth, wave absorption, and wave·palh irrcgularitics. Rcgarding the 'fcrm B, 
W'ood-Andcrson scismogrnrn trace amplituúcs (b) in mrn of surfacc waves (pcriods 
approximatcly 20 scc) could be u sed according 10 

los b•logB- 2.5 • (8) 

if epiccntral distances wcrc greater than 20°; if lcss than 20°, surface waves ha ve in~ 
correct pcriods and Equation 8 is not valid. Valucs of -lag B (cqualcd positive nurn· 
bcrs) wcre dctcrmined cmpirically and inc1udcd in tabular forrn for various cpicenler 
distantes in dcgrces. 

Surface wave magnituéfc refinements and additions wcre madc by Gutcnberg a'ld 
Richter in 1942,u• including a nomogram for dctcrmining Ms for "normal'" dcrth 
earthquakcs (16 to 20 km) from cithcr trace or ground amplitudes {cpiccnter distaPce 
greater than 10° for the latter). In 1945. Gutcnbcrg 1 u furthcr improvcd the accuracy 
or Ms by revising the vatues of -log B and adding new worldwide station corrections 
and revised corrections for California stations. 

Blth•u proposed a magnitudc cquation (Ms) bascd on thc vertical compÜncnt of 
surrace waves (Rayleigh) as opposcd lo lhe horizontal componcnt (Rayleigh and Love 
waves) used by Gutcnberg and Richter.•Jo 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),t since surfaCe wavcs from such events usually do not have 20-sec periods 
aild surface wave amplitudes are usually too small to be measured. 11 The initial step 
for detcrmining this type of magnitude was m a de by Giutenberg in 1945; IJ• he dctcr
mined the empirical relation between magnitude, body wave amplitudes for shallow
(ocus evcnts, and distance. This relation was 

mb • A+ 0.1 (M- 7)- tog T + log u (or log w with different A) tt 
(9) 

where m, ttt = body.wave magnitude; A = maximum ground amplitude in microns; 
M = surface wave magnitude; T = wavc: period in scconds: u = horizontal ground 
amplitude in microns; w = vertical ground amplitude in microns. 

Data from two tablcs, one displaying station corrections to be added to either l} or 

• Original!)' d~signated as M, but M. (for surf;Jet: wa~·t' m;Jgnirud(') is now in common usage. 
•• The total horizontal componcnt cquals tl,e su m of north·~outh and cast-west \Ci~mogra~ componcn!S. 

U on1y onc component w.a\ availahle, tht total wa~ dcter:nint"d by mullirlying thc gi .. ·en.by 1.4 . 
•••Btcausr vatious types of ~chmo~raphs cnuld he u\ed. computed ground amplitudes had 10 be mcd, 

rather than trace arnpliiUdcs as \\"óJ!'i 1hc COI\e with M,. 
t P • dircétlonl;iHidinnl wavcs, Pr' = rdlcctcd lon~iludinal wa,·c~; S '"" dirC"~ttr;ms\lcrsc wa\'c. 
tt Additional corrc~tion of + 0.1 (M- 7) for alllongitudinal w3\"CS in '"grcioil" (~8) c:<~rthquah•s or cn:nu. 

or magniiUdc I.O:!.!~i than 6.S. 
tttOriKinally dcsi~natcd as M, but m, (for bocly wavc m;;rgniludc) is riow in common usage. 
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w and lhc othcr cnntaunng valucs o( .A ;u n fun,tíon of diMancc in clc¡trcc:s for P 
(horil.nntal, vcrtic:1l), PP (huri1.nntal, vcrti1.·al), ;md S (horilontal unly) waves, Cliabl_cd 
m. to be sol ved at wnrldwidc stalions. 

Gutcnhcrg 11• cnnchulcd thal P, PP, nnd S WiiVC amplitudes wcrc more nccurale than 
surfacc wavc ampliwdcs for t.lctcrmininr. magnitudc whcn fo...:al dcpths r:-~ngcd frorn 
30 to 70 km and for cah.:ulatins thc magnitudc of ~'r,rcal'' (~8) carthquakcs. Thc rca
son for thc lallcr is thal •urfocc wavc amplitudes m ay be too largc to be complctely 
11Writlcn" on thc width of scismogram rccording papcr. Thc hi:-.tn_rical !\cisinogram 
rcadings for thc 1906 San Franci<eo earthquakc produccd thc following ma¡;ni,tudcs: 
m. from P wavcs = 8.3 ± 0.1; m. from PP wavcs = 8.4 ± 0.1; m¡, from S waves = 
8.2 ± 0.1; and M, ~ 8.25. 

Gutenbcrg ui thcn procccded to use body waves for dctcrmining. thc magnitude of 
dccp·focus carthquakcs. Whcn moving frorn shallow- to dccp·focus shocks. Gutcnb('rg 
define~ magnitudc to incorporatc the thcsis that two carthquakcs of idcntical size pos
sess the samc amount or clastic wave cncrgy rcgardlcss of thcir d..::pth. This made it 
possible to use the maximum ground amplitudes of hody waves as emrloycd for sh~l
low shocks. Gutcnbcrg'n dcmonstratcd thc applicability of m. for decp-focus cvcnts 
by the use of Equation 9 a¡¡r\ scvcral cmpirical graphs. 

By 1956, Gutenbcrg'" had modificd body wave magnitudc'to the form 

mb • los (A/TI + B + C (10) 

where A = maximum ground am'plitudc of body waves (vertical or horizontal com
ponents for P and PP, and horizontal cornponenl for S); T = wave period in scconrls; 
B = value given in tables and graphs, dcpcndcnt upon wave phase and component, 
epicentral distante, and focal depth lO a Jesser dcgree;• C = empirically detcrmined 
station constant which is usually lcss lhan 0.2. 

Gutenbérg•u be1ieved that the most accurate procedure for assigning magnitudes to 
earthquakes was by the use of body waves (m,), as opposed 10 surface waves (M, a~d 
M,). His reasons were ( 1) surface wavc amplitudes m ay be smaller than predicted if · 
wave trains traverse boundaries of hori1.ontal structure (energy attcnuation) and (2) 
focal dcpths may be dccper than the average predictcd for detcrmining magnitude by 
surfaC:e waves (if deeper than avCrage. ML and M, are too small). Bccausc of the ad
vantages of body waves, Gutenbcrg elcvated m. to be what he termed the unified mRg
nitude. Consequently, in his publications, earthquakc magnitudes were given in m6 
units. 

Richter. by contrast, belicved thatthcrc werc inadequacics with m,.. and·he reported 
surface wave magnitudes (cither ML or M.r) in his publications. Richtcr 1J7 stated his 
views in a 1971 interview: 

Magnitudes should not be ba,.ed on body waves alonc whc:n surfacc w:~vc data are availablc:: nor ~hould 
thcy be based on P amplitudes alone. Still wone i!> 1he practi.::e of ao;signing macnitudeo; on the firs.t fcw 
-.·aves of the P group .... In many instanccs it h.1o; hccn shown that thc initial wavcs are thO'>C of a small 
foreshock, 10 which alonc: thc: magnitudc: suppmcdly d~tc:rminc:d for thc following ~hock willthcn apf'(y. 

Many seismo1ogical stations determine both surfacc and body wave magnitudes 
whc:ncver possible. The U.S. Gcological Survcy and many othcr organizations c11r· 
rently use the following magnÚude equations.IJuu Surfacc wave magnitude iS deter
mined by 

For erkcntral dij¡lances lcss 1han 16•. B 'loalues changc r<tpidly, and up 10 20•. 8 i\ largcly dependen! 
upon the lm:al ~c:ology, · 
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M5 •1"11 (A/TI + J.661u~ D + 3.3 (11) fl 

· wherc A ::111 maximum hori1.ont:::.l surface wavc amplitude in microns: T 1::3 wavc pcriod 
In scconds (18 < T < 22); D = diSiano:e from thc cpiccnler lo a ,¡t:llion in geoccn1ric 
degrccs• (20° < D < 160°); no corrcc1inn i< madc for local dcplhs undcr 50 km. 

Body wavc magniludc is dclcrmincd by 

mb • log (A/TI + Q (D)l) (12) 

whcre A = ground amplitudc in microns cxtr.actcd rrom the P wavc group (not ncces~ 
sarily thc maximum of this group); T = wavc pcrlod in scconds,' rcstrictcd to 0.1 ·~ T 
< 3.0; Q = corrcctiori factor, a lunction ol disl;~ncc (0) and local dcpth (h), whcrc D 
=· so. Equations 11 and 12 wcrc rccommcndcd for worldwidc use by the lntcrnalional 
Association of Scismology and Physk"s of thc Earth's Interior a.nd thc 1967 lnlcrna
tional Gcophysical Asscmb1y. 89

-'
40 So me organi1.ations ha ve varicd the ranges of T and 

D to account for thc rcgionai gcologic structurc mOre closcly. 
Jt is oftcn desirable to relate body and surfacc wave magnitudes for statistical com

parisons. Richter and Gutcnbcrg pionccrcd eHorts to [ormulate an approximate rela
tionship bctwccn the two. The la test cquations are11 

mb • 2.5 + 0.63Ms (13) 

M5 • 1.59mb- 3.97 (14) 

Magnitudes agree al 6. 75 lo aboul 6.8; il higher, M, is hirger than m,; illower than 
6. 7S, m, is larger than M,. 

An empirical relationship (lc:ss accurate than equations 13 and 14) between m. aod 
ML was formulated by Gutcnberg in" ihe form'H.Iu 

1 

(15) 

Richter" stresses, however, that this rclation is only an approximation that wilt un
doubtcdly change as more data become available. 

Modilicalions ol Equations 11 and 12 havc been proposed by severa! rcsearchers 
for earthquakes occurring in thc castcrn U.S. ,u.HI• The modifications'incorporatc C'lb
servational and thcorctical data that account for surfacc and body wavcs bcing attrn
uatt;d (anelastic) less cast of the Rocky Mountains. Magnitude can be ovcrestirnated 
by as muchas 1.5 units if the standard equations are uscd.'• 1 As reponed by Nuttlí.'u 
body and surface wave magnitudc equations are of the general form 

M • B + C(log A) + log (A/T) (16) 

where A = ground motion for body or surface waves; B = constant dcpcndcnt u pon 
wave cxcitation of thc wave pcriod T in thc source rcgion; C = constant dcpcn<.h·nt 
upon the wave altcnuation coefficicnt, which is a function of T; ll = epicentral -dis
tancc. 

Asan cxamp1c, Nuttti' .. has proposcd thc foltowing equation for'calcu1ating surf~cc 
wave masnitudc in thc caslcrn U.S.: 

• Surracc diltan~cs mca~urcd by an¡,:lcs wl'ltcnd~·d at thc canh's ~o:cntcr. 

•-;:-::.~ ..... ~'!··- -· ...-_._("_ --- ....... - .. ~ r· '"". ·.- ...... ,. .... -...... '"'"":t .... ,, ,.~~'e'" ..... -..:' lj• ,.~ .......... r·- ... :rr ~ . . . ... ~. .. . . . . - - . . ' ., ........ -......... , , .• "'í ..... :---.•:-.r.• • -.•-.···~-. .. .. 

. 

¡ 

" 
t 
1 
1 

1 

1 

1 

i 
1 



Ms • 2.60 + 1.66 (In~ A)+ lo¡ (A/TJmax (17) 

where (A/T)rnax = maximum value or A/T in rnicrons rcr sccond for thc vertical 
componcnt of Raylcigh wavcs having J .. to J2 .. ~cc pcriods; 6 a cpiccntral distance in 
degrces (2" < A <: 20"). · 

Nuttli' .. ' also prop·oscd two local magnitude scalc~ using thc vertical component of 
Love waves (L,) ror use in thc castcrn U.S. L, rcprescnts guidcd short·pcriod (0.5 < T 
~ S.O scc) surface waves th;¡t propag:lle throÚgh continental cru.c;ts. 1

., Although a sur .. 
lace wave, its small amplitudc more closcly matchcs short-pcriod P wavcs than the 
long-period surface waves. L. is, thcrcfore, more closcly aligncd with m., than 'with 
M,. The equations are 

mbLa • 3:7S + 0.90 (log A)+ log (A/n 

O.S" <A< 4.0" 

mbLa • 3.30 + 1.66 (log A) +log (A/n 

4.0" < A < 30.0" 

(18) 

(19) 

where 6 :; epicentral distance in dcgrccs; A = maximum ground al"nptitudc in mi .. 
crons; T = wave pcriod in scc.:mds. Thcsc equations are used by seismologists at St. 
Louis Univ.crsity and the Yirginia POiytechnic lnstitute and State Unive~sity; resulring 
magnitudes are reponed 10 and published by the U.S. Geological Survey. 

Beca use short-period. high-gai~. -vertical seismometers are now .available, it is pos
sible· to re.cord microearthquakes oc microseisms, and new e~pirical relations ha ve 
been introduced for determining local magnitude. Only two techniques are prescntcd 
heÍ"e, but m~ny more are found in thc literature. 

To fully analyze the aftershocks of the 1966 Parkficld·Cholame, California earth· 
quakc, Eaton et al.'" established empirical n:lationships for assigning magnitudes to 
more than 600 aftershocks. Mag)litudes were calculated on a U. S. Gcological Survey 
IBM 360/65 computer with the program HYPOLA YR. "' The Richter equation (5) 
was not-applicable because, among other reasons, the portable seismometers recorded 
only vertical ground motion. The equation was 

(20) 

where X = maximum trace amplitude from the vertical component seismogram; T = 
period in seconds of the wave with nmplitude X; CIO = trace amplitude in .mm, 
resulting from a JO ~v (microvolt) signal inrroduccd into the instrumcnt amplifier in 
place of the seismometer output; D = h)'poccntcr distance. 

Magnitudes for 49 events (2.0 to 2.5) were compared to ML val u es dcrivcd from the 
University of California, Bcrkcley seismic nctwork. The lattcr magnitudes were ap
proximatcly 0.1 unit largcr. 

The coda lcngth or the time of signal duration has been uscd successfully ror deter· 
mining loca t. magnitude. This mcthod wa.s first dcmons1ratcd in ~.:astcrn Euro pe by 

. Bisztiicsany in 1958 .... and l~u~r bY Sole'vcv•Jo in the Sovicl Un ion, and in .fa pan by 
Tsumura. 151 In che U.S., thc mctlwd has bccn uscd hy Lee ct al., .. u Crosson,•u Tcng 
tl at.,'~4 Real and Tcng,H~ and lt•.:ri"mann."" Disztrksany madc u~c of surfacc waves, 
but the othcr invcstigators uscd thc total wavc train (body and surfacc wavcs). 
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Various mcthod.i~i ha ve hcCn U!'td to define thc terminal ion oran carthquakc :lS it is 
"wriltcn•• on a ~c:i~rnogram (of viral importancc to thi~ tcchniqu('). Lec ct al."'"' dcfincd 
terminal ion on tllc hasis of ;he minímurn amplitudc thn~-"hold; once thc amplitudc fcll 
bclow thi~ arhitr:try IL·vcl, thc carthquakc wén ~a.id 10 havc hcc:n tcrrninatcd. Tcng ct 
al."4 plus Kcal and_ Tcn& 1u ddincd tarthquake 1crmination os th~ll point whcrc th~ 
slgnal-to-noisc rntio w;1s 1: l. 

Excluding llcrrmnnn's work,•u the rclation hctwecn mngnitullc nnd ·slgnal duration 
assumed thc linc•r lorm 

M1 • e, +e, lo~(t) +e, A (21) 

whcre M, = duration magnitudc:: Co, c .. C1 = cocfficicnts dctcrmincd by stcpwisc 
. muhiple linear rcgrcssion as dcscribcd by Drapcr and Smilh: 157 t = tolal duration of 
the scismic wavc train in sccond.s;·~ = cpiccntral distancc in km. 

Teng el al. u• cstalishcd an cmpirical rclation hctwccn the duration of more than 100 
events in thc Los Angeles arca and cpiccntcr distance. A stcpwise linear regrcssion 
yielded thc following rclalion, which hada 91 OJo multiple corrclation coefficicnt: 

M, • 0.10 + 1.591 log(t) + 0.001 A (22) 

Duration magnitudes comparcd favorably with those based upon tr<fce amplitudes 
(rom Wood-Anderson seismographs (M..). 

Real and Teng 155 plotted local magnitudes vs. duration IOgarithms (in scconds) for 
approximatcl)r 400 events in southern California. A non linear pattern (slight curvature) , 
was noted in the mean slope of rcsiduals as the magnitude or log(t) incrcascd. The 
slopc inflcctiOit occurred at ML = 3.8. To rcnlove thc curvature, the variable (log t)l, 

calied the .. quadratic tcrm," was addcd. to the linear rcgrcssion model. Hence, the 
relations became 

(23) 

~.,C. + C1 (1og t)1 + C~ if M1 > 3.8 (24) 

Their results indica te that ~1. was more acCurate than ML. For M., the mean standard 
dcviation from the mean was 0.1 magnitude uniis as compared to 0.27 for ML. Signal 
duration was not sigilificantly affected by variations in wave azimuth or so urce effccts, 
a majar contributing factor for thc magnitude accuracy. Much of the' vari;lfion in ML 
valucs resulted from hOrizontal shcar waves bcing amplified by topographic cffects. 
Real and Tcng point out, however, that any duration tcchnique cannot be used to 

determine magnitude for multiple shocks or large earthquakcs if thcre are immcdiate 
aftershocks. 

From thc prcvious discussion it is app.arcnt that many empirical equations ha ve beCn 
devclopcd for dctcrmining carthquake m:~gnitudc and that thcir i·;ltcrrclationships are 
not preciscly dcfined at this time. Howcvcr, it is n.ow oftc:n possiblc to ;1ssign accurate 
values (±0.25 magnitude units) to largc carth4uakcs occurring anywhcre on the carth . 

l . .A·ta'gniludc ¡\ lisumlcrst:wdings 
Becaus~ Charles F. Richtcr d..:viscd thc first prol·cdure for dctcrmining magnirude, 

his nam.c is ortcn li"C'd crroiH .. 'otl•dy in varinus mC'dia t:arlhquakc rcports. For c:'<amplc, 
"Richtcr ~cale" and "Ridu..:r ma!,;nitudc" can he u~~.·<.l ~ynunyrnou~ly with h1cal mag
nitudc: or f\.1L, hut thcy !'houkl not he a11adH.·d to o1hcr magnitudc typc..·~. ~1agnitudcs 

are dc~ignatcd by appropri:nc..· ~ymhols ur word dt::-.c~iptor~ throughout thi:-. book. 
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~arthquake magniwcte !>Cales are op~n-cndcd. but many bclicve ma¡!nitude units · }711 
rangc from O to 10 or O to 12. Thís not ion i~ mo~t likcly a carrynvcr hom in1cnSity 7 
scales. which ;~re clo~cd. Thcorctically. lhcrc is no maximum magnitudc m~mber. Jlow-
evcr, thcrc is an uppcr limit to the amount of ~train that can he storcd in rocks hcfore 
they rupturc. To date, the largcst ma¡:nitudc (M,) has hccn 8.9 (rn, = 8.1). This value 
was as~igncd to two carthquakcs: one oH thc west coast of South Ar.nerica (January 
31, 1906) and thc othcr orl the caSI coa•l of llonshu, Japan (March 2, 1933). The 
laller is oftcn rcfcrrcd toas thc Sanriku carthquake. 

Similarly, the bottom cnd of the .scalc is opcn, rnaking it possiblc lo ha ve negativo· 
ma¡:nilude carthquakes. Local shocks of about magnitudc -3 can now be d~tected 
with modcrn, high-magnification scismomctcrs. According to Dolt,'0 a quake of mag
nilude -2 rclcascs the .ame a·mounl of cncrgy as a brick hitting \he ground· from a 
hcighl of aboul 1 m. 

Corrclations bctwccn tnagnitudc and c3sualties or propcrty damagc are not mean
in.gful. Magnitude is only onc descriptor of a !<;cismic cvcnt and other factors. including 
popuJation dcnsity, location of thc cpiccntcr, focal dcpth, building types, and soil con
ditions, must be: cvaluatcd. For cxample, the highest magnitude carthquake in North 
America for which lhcre are scismograms was thc March 27, 19f4 Ala•ka evcnt (M, 
a 8.S); the dcath toll, exd,Jding thosc killcd by a rsunami or scismic sea wave, was 
lS. Compare lhis to the January 29, 1960 Agadir, r<1orocco carthquake (M, = 5.5 to 
6.0), where more than one third ( 12,000) of thc city's inhabitants werc killcd and the 
dea.th rate in two districts was 950'/o;u• or thc M.r = 6.2 \Vcst Pakistan carthquake of 
Dccember 28, 1974 where dcaths rcachcd 5300 and injuries totaled 17,000. "' 

Jt also has becn assumed by sorne that ·the largr.st historical earthquake for a givcn 
area wilt not be surpassed by a largcr magnitudc event in the future. As noted by Allen 
el al.,"" the fallacy of this bclid was dramatically cmphasizcd by thc Fcbruary <;, 1971 
San Fernando, California carthquake. Up until 1971, the April 4, 1893 Pico. Canyon 
evenl was probably the largest (M, estimatcd to be about 6);"' the 1971 carthquake 
rcgistered M, = 6.4. Although this may not ~ppear to be a significant differ~nce, 4.4 
times more energy was released by the San Fernando earthquake. 

' 

2. Magnitude and Energy 
Earthquakes relcase varying amounts of clastJ'c wave 'tnergy(E). E is esscntially that 

portian of the total energy strain, storcd in lithospheric rack. that. is not consumed as 
mechanical work (e.g., through faulting) during an eanhquake. The e las tic wave -en
crgy is c:xprcsscd in ergs. • 

Not only does magniwde enable scismic cvents to be ranked accord;ng, to sizc on a 
unilless numerical scale, but it also m<:! k es it possiblc to estímate thc amount of wave 
encrgy .rcleased. G.utenberg and Richter cstablished a relationship betwecn surface 
wave magnitude and total scismic wave cncrgy through a series of empirical linear 
equations.uo.u•.•u·••• The equations and the ycars in which thcy we·re introduccd are 
presentcd in Table l. · 

Rcvisions, espccially to the earlicr forms, were madc because the calculated seismic 
cnergies wcre much too large, in some cases 100 timcs'1oo 1arge.••• A largc part of the 
problcm was attributablc to thc gcologic sc!ting of panicipating scismograph stations. 
Station sites varied from bcdrOck to looscly consolidated st:dimcnts; no inslrument 
corrcctions wcrc madc for thc incrcascd ground amplitud\.'S at 1hc latlcr stat_ions. This 
had a pronounccd cffcct on E bccause the amplitudes were squared in P,eriving the. 
equation paramctcrs. •u 

Er& • Unil or work' eciual 10 a .force or 1 dync 3Ctin¡ through a dislance of 1 Cm; 1 ~)lllC is the force 
nccded 10 accelcrale a frcestanding, ¡ram ma\S 1 cm/scc. 
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TAIILEI 

Rclallon Rctwccn Uis1oilcal Equn.tlons and ~ncru Rclcase ror 
One Unh or Ma¡¡;nihnic Chan¡¡;c 

Ener¡y Íquatinn (lna F.) and 
ycar or lntroduction 

1.0 + 2.0M,(I9l6) 
11.) + 1.8M,(I942) 
12.0 + 1.8 M,(l949) 
11.0 + 1.6 M, (1954) 
11.8 + l.lMo(19l6) 

EncriiY increuc ror onc unit or 
mattnitudc chanae 

100.00• 
63.12. 
63.11 • 
39.94. 
31.62. 

Thc: cffccts or cncrgy ovcrassignmcnt can .be seco in Table ·l. Note that thc cncrgy 
incr~ase pcr one unit of m:tgnitudc changc shows considerable variation bc1wccn the 
1936 and 1956 cqualions. Thc lallcr cqualion 

loe E· 11.8 + 1.5M5 (15) 

is lhoughl lo be lhc most accurale of lhe Gulcnbcr¡;-Richter equalions, and il is used 
widely. 

B3th 165 also establishcd a rc1ationship bctwccn sudacc wa~e magrritudc and total 
seis1_11ic wave cncrgy by using rccords from carthquakes not uscd by Gutcnbcrg and 
Richter. His equati.on asSumcd thc rorm 

loe E • 12.24 + 1.44M5 (26) 

Rcsults obtained by Equations 25 and 26 are vcry similar, but Equation 26 is nol in
.tcnded for use with magnitudes less than S. 

Two notes of caution should be observed by lhe reader. Firsl, in Richter's 1958 
book., n E/emcntary Scismology, the cncrgy cquation was printed as 

·loe Ea 11.4 + 1.5Ms (27) 

Thc 11.4 is a misprinl and should be corrected lo read 11.8 (Equalion 10, page 366). 
Unfortunately, sorne ,.,.·riters have uscd Equation 27 in sevcral rccently publishcd tcxt· 
books. Sccond, the rcader of historical documcnts should be awar: or the modifica

-tions-that -ha ve bcen m a de to thc lag E equations .beca use thc rcportcd cncrgies may 
be grossly inaccurate. 

Using the 1956 Gu1cnbcrg-Rich1er equa1ion (25) and solving for M, = 2, M, = 3, 
M, = 4, etc., one rinds that thc: sei~mic wave cnergy rclcased incrcases approximately' 
31.6 times for every single unit changc in magnitudc. Therefore. a magnitude 8 carth· 
quakc rcleases one billion times more encrgy than a magnitudc 2 cvcnt (31.66

). Table 
2 lists a hicrarchy of seismic cvcnts (M.r = 2.5 to 8.9) with cncrgy c0mparisons. and 
Table 3 compares encrgy diffcrcnces ror severa! wcll-lmown carthquakes. 

Gutenberg also dcvised log E equations for m, and ML: 

loa E • 5.8 + 2.4mb (28) 

(29) 

Richtcru notes that bccaus~ thc paramctcrs dcscribing ML 1 are cn~pirical, 1hc rclations 

,. 
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TAIILE 2 

Enct¡y Rt'IAIIOnl for P.1r1hquahs wlth Surrace Wne Maanlludes 8.91o :Z.S 

'surface wa"e 
Selsmfc ·t\'Cnl maanllude- Lo¡ E Eneray In rr as 

J9ll, Sanrlku, Japan 8.9 25.1$ I.·U )le JO'' 
1%4,AI.ad:a ·I.S 24.H ).SS x JOH 
1906, San Franci,co, Ca. l.l 24.25 1.78•10 .. 
1950, Kcrn Counly, Ca. 7,7 2].]5 2.2.C x 1011 

1971, San Fernando. Ca. 6.5 21.H l.5.S X 10 11 

1912, Manaaua, Nicara~ua 6.2 21.10 1.26•1011 

1960. A¡adir, Morocco ,. 20.50 3.16 • JO'• 
19H. Orcgon, orr C03~1 4.7 18.U 7.08 X JO" 
J9H, Helena, Monlana l.9 17.65 4.47 X 10' 1 

1974, Northcrn California 2.5 15.55· l.SS X 10'' 

TABLEl 

Enc-rl) nitrerences for Se\' eral Weli·K nown E~rlhquakes 

Sdsmic E\'ents and Masnitudes (M 1 ) 

(1) 1964, Ala~ka 
(1) 1971, San Fernando 
(1) 1964, Alaska 
(l) 1964, Alaska 

u 
6.5 
1.5 .., 

From Jo¡ E a 1 J. S + J. S M. 

(2) 1906, San Franci~co 
(2) 1960, Agadir 

8.3 
5.8 

(2) 197 J, San Fernando 6.5 
(2) 1960, Agadir 5.8 

No. o( limes 1maller 
lhan 8.9 ('\'CRI 

4 
1 

6t 
],972 

11,190 
4-4,620 

1.991,525 
li • .S·0,624 

],971,830,986 

.E(I)• 

El2f 

2 
11 

999 
11.220 

in Equalion 29 will probably be revised in lhe fulure. B~lh has also expressed m, and 
M, in log E equations.'9.1"0 

Jt is pcrhaps easicr ro visualize earthquake energy by the use of mor~ familiar units. 
B¡th" proyides a comparison between E and electrical consumption equivalc::ncy for 
Uppsala. Sweden (populalion aboul 100,000 in 1966): (1) a shock of M, = 1.6 would 
equal thc clectrical cnergy consumed in .one second; (2) a 6.8 event wÜuld equate lO 

290,000,000 kilowall hours (kWh) or 1he ekctrical necds o( 1he ciry for one year; and 
(3) an 8. 75 eanhquake would supply !he ci1y (assuming a conSianl population) wirh 
eleclrical cncrgy for 670 ycars! 

A sccond analogy is bct\'.'ecn magnitudc and atomic bombs or Tf':JT. According to 
Richtcr, 27 the \\'orld \Var JJ typc of atomic wcapon rclca.<>cd about 8 x rozo crgs of 
cncrgy (20,000 tons of TNT). \Vhcn rhis figure is comparcd to thc magniwdcs of sev· 
erallarge earthquakes, the results are .staggcring: (1) J97) San Fernando, California, 
6.S 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 relalcs canhquake m.lgnilude 10 lhe approximale energy of TNT. 

J. Magnillldc and Faulring 
l! \ ':i , Two general statcments can be made in rcfcrcncc to faufts and magnirudc. Fírst, as 
! the lcngth of a· f<.~ult trace incrcascs, thc potential for largcr magnitudc carth4uak_es 
~ also incrcases. Thc San Andrcas fault, thcrcfore, would he more likcly ro ha ve a grcat 
~ carthqua}.;c than thc G:uJo¡,;k fauh (Figure 5). Sccond. if thc dcpth iS ht:ld ~o:onstant for 
l shocks of shallow foci, rhc lcngth of surfacc rupturing and cru~dal offs~t in~n:ascs with 
\ i 
~ magnilude. ¡ 
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TABLE4 

l!arthquakc Encray (~hanlludesi.0-·9.0) 

Maanhude (M,) 

1.0 
1.5 
2.0 
2.5 
J,O 
J,5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
1.0 
1.5 
9.0 

Appro"lmate TNT c:ncfRY 
En¡ll1h Mclllc 

6o¡ 171a 
llb 909a 

lllb 6ka 

6llb 29ka 
J971b IBOk& 

1,9901b 90Sk& 
6ton ~·· llton 191 

t991on 1811 
I,OOOton 9091 
6,270ton .5,7001 

li,SSOton 28,6821 

J99,000ton 180,9091 

I,OOO,OOOton 909,09Jt 

· 6,270,000ton ·-· · -·s. 700,00ot 

JI,SSO,OOOton 28,681,8181 

199,000,000ton 180,909,091! 

l .• tonnc (me trie ton), 1.1 shortton. 

From Cali(ornia Divhion or Mines and Gcology, 
Mín.Inf. Ser., 22, 77, 1969 . 

. T<'\-h~r, ••• lid-u,"' Albee and Smith_; .. Bonilla, "1 and Dolt ... dcrived cmpirical cqua-
uon~ 1 . '~twecn magnHude and rupture lengths. For example, Tocher• .. analyzed a11 
canh,\\lakes in northcrn California and Nevada from 1906 to 1958 with ~1,s larger 
than '' ' d d" · d. · f b k - an ISt..:ovcred that cach event was assoc1ate wJth sur ace rea s~ one cvent 
show · 1 "" a surfacc rupture at M, = 5.75. Upon plotting M, vs. the common log of ~he 
surfa,'t' fault.rupture Iength (1) in km. Tocher derived thc equaiion for ~1, larger than 
6.S: 

ML • S.6S + 0.98 log 1 (30) 

, __ ru ~:¡,\jt the samo scismic data, Tochcr'" then re_latc~ local magn!<~.c.!~ ~i!lt.surface 
f P

1 
': '' lcngth and the maximum displaccmcnt (D) of roe k units on cithcr sid~: of a 

a u t 1
:" ~entimetcrs. The cmpirical cquation assumed the form 

ML • 5.22 + O.S3 log tD (31) 

. We,,,n et al. •s ha ve estimatcd su.rface fault displaccmcnts for futurc carthquakes 
m thc: ~.a.n Francisco Bay region by analyzing offsct-magnitudc data from past cvcnts 
and llht:.,imum csti~atcs prcdictcd for a panicular strikc-slip fault. Thcir data suggcst 
that ~~~ · M 6 f M 7 2 
r 

max1murn offscts would be 10 m for a , = 8 cvent, m or , = , m 
or 1\1. _ 6 U "· - , and 0.5 m for M, = 5. 

nlJi: very reccntly, it was bclicvcd th:ll whcn faulling occurrcd, rupluring and off
se~~ "'''-.e confincd toa single fau\t or pcrhap~ to scvl"Tal faults within thc cpil.:L'ntral 
rogton. u · 1 1 •"lOWCvcr, \Vyss ct al.'' 11 antl Allcn ct al.' 71 do~.·unH:nted brcaks not un Y a ong 
the 50'-'•:-~ rcgion scgmcnt of the Coyote Crc.:ck fault but also on thrcc óistant active 
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FIGURE 41. D'!cay plot for aftcrshodcs rccorded at the 
Warm Springs ~ei~mograph ~tation, 35 km frcim the Feh· 
ruary 9, 1971 San Fernando, Californi;¡ earthquake epicen
lcr. (from Scholz, C. H., Micr(lcarthquakc=s on the San 
Andrcas faull and aftcnhocks of thc San Fc=rnando carth-. 
quake, in The San Fcrnilndo, C<~lifNnia, Earthqu:.lc of 
February 9, 1971, Gcological Survt:y Profcssional Papc=r 
733, U.S. Govcrnmc.nt Printing OHicc, Washington, D.C., 
1971, )l.) 

8A ......... 

fauhs (showing evidence of rcpeated Quaternary movcmcnt) associated with the mod
erate 1968 Borrego Mountain, California carthquake (M, = 6.4). The three faults 
included Superstition Hills. Imperial, and Ba.nning-Mission Crcck, aH located in· the 
Imperial Valley. Thcse faults rupturcd along 23, 20, and 30 km scgmcnts at 45, 70, 
and 50 km epiccntcr distanccs. rcspectively. The rupturing was most likcly ca u sed by· 
seismic shaking. Max \Vyss of the California lnstitutc of Technology has commented 
on the enginecring implications of this phcnomenon:' 72 "lt implies ... that damage 

·lo _syuctures on pr ncar carthquake filulls. may c.vcn occur.-cven thougMhe. eanhquake-
is centered on sorne othcr distant fault. •• 

4. Forcshocks, Aftershocks. and s ... arms 
A primary earthquake can be preceded by foreshocks and followed by aftcrshocks, 

the latter bcing thc more common of the two. Both groups .h:1ve magnitudes smaller. 
than thc main shock. A swarm is a series of carthQuakes all o_f :1bout thc same size, in 
which no óne cvcnt can be idcntificd as thc m a in sh0ck. 

K. Mogi, of the Univcrsity of Tokyo's Ear~hqu:tkc Rcscarch lnstitute, proposed a 
classification schcme for the above typcs of canhquakes. 171

·''
4 Scquences can be one 

o( thrce classcs: (1) a largc carthquakc with no forcshocks, but followcd by aftcr· 
shocks; (2) a sequcnce of forcshocks-main shock-aftcrshocks; and (3) a swarm. 

Aftcrshock frequcncy and m;lgni!Ude values are usually highcr for largc than for 
modera te carthquakcs. J lowcvcr, rcg'ardlcss of thc si1.c of thc m a in !>hock. thc· aftc:r
shock scqucncc most oftcn follows an cxponcntial dct.'ay ratc for thc first fc:w days 
becausc o( thc rapid slrc~s drop. Figure 41 is a dccay plot, as d~.:tcrmincd by Sdwlz,•', 
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for the allcrshncks a'Sociated wilh the fchn"'ry 9, 1971 San fcrn:mdo, California 
earthquake. 11 i~ notcd that thc dccay ratC' cln,cly approximatcs a -1 rcgrcssion linc:. 
In all, thousands of aftcn.hncks wcrc rccurdcd, and 55 cvcnls had M,s;., 4."' On the 
lirst day, 36 ((>5.5%) nf thc'e evcnts wcr< rccordc<l, hut ony 8 (14.6%) wcre r<cor<led 

.on the sccond day.',. 
The larg.cst aftcrshock oh en occurs ~hort1y nfter thc m a in carthquakc. Two examplcs 

of this occurrcd in Ncv:1da· in 1954. Thc M .. ~ 6.6 Rainbow Mountain quake was 
lollowcd by a 6.4 aftcrshock about 11 hr 1atcr, and thc M, = 7.1 fairvicw Peak eanh
quakc was lollowcd by a 6.8 aftcrshock only 4 m in la ter." 

Wilhout qucstion, onc of thc most intcnsc (in frcqucncy and magnitudc) af(crshock 
sequcnces was associatcd with !he 1964 Alaska carthquakc. Ouing Jhe first 24 hr, 28 
ahcrshocks with M 1 s grcater tha~ 4 wcrc rccordcd; 10 of thcSe cxcccdcd M~. = 6. Dy 

· thc cnd of the sccond day, thc scqucncc for M 1 > 4 totalcd 55. one of whkh rcgistcrcd 
6.7, and the total rcachcd 75 (M,> 4) by thc cnd of thc first wcck.' Prcss and Jack
son"' estimare that 12,000 aftcrshocks (ML ~3.5) occurrcd in the first 69 days. 

As.would be cxpcctcd. aftcrshocks havc a pronounccd psychologcal impact upon a 
population. Arvidson 109 rc 1atcs this personal account for thc aftcrshocks associated 
with the 1964 Alaska carthquake: 

Wr carne to anlicipatc: them, and not without apprehension. Both thc: ftequency and "magnitud~ varic:d. We 
bcgan to cxpect a severe shock. once á number of minar shock.s had occurred, and 10 lhi.\ end !iome 1ype or 
tarthquake dttector or warning dcvicc could be round in ah:¡ost cvcry home. In our housc:, ror cxarnple, 
whcn a cciling lamp stancd to ·sway pasta prcdctcrmined point, it was" time lo evacuate thc house. 

As previously statcd, foreshocks, especially those lhat are perceptible, are !ess com
mon than afti:rshocks. Howc~er, whcn felt by a populace thcy have a strong psycho-
1ogica1 impact; a feeling of uncertainty prcvai1s asto whethcr they reprcscnt a warning 
·of a larger event yet to arrive. · 

Two examples of forcshock activity occurred in theUnited States during 1975. The 
Pocatello Valley, ldaho-Utah border, m, = 6.1 earthquake was preceded (22 hr) by a· 
ML = 4.2 foreshock. 171 Some 21 forcshocks. with the largest ML = 4.7. preceded the 
ML = S. 7 Oroville. California earthquake. 119 Foreshocks are being invcstigated as pos
sible prediction signals in severa! countries. and the prospccts are discussed. in Volume 
JI, Chapter 1, "Earthquake Prediction." 

In January 1975, the Uraw!ey arca (Imperial Vallcy) of California was the !ocale for 
a swarm which had a dense sequence f or three days. Sorne 75 events ~ad MLs ranging 
from·3 -,¡,· 4. 7; the total exceed<d 260 shocks (M, > 1.5). The swarm activity com· 
menced on a point of the right-latcral Brawlcy fault and procccdcd north and south 
al a spccd of 1 km/hr. 180 Human reaction varied from pcoplc.slccping in thcir cars to 
the Brawley Fire Dcpartmcnt parking all vehiclcs out of doors until the activity sub· 
sided. 

Thc most famous swarm was the August 1965 to January 1967 ~1atsushiro. Japan 
sequcnce. Almost 700,000 shocks were rt!corded, 60,000 wcre strong cnough to be felt. 
and 400 werc: damaging. 11 '.~u During thc pcriod of peak activity. more than 6000 felt 
and unfch quakcs were dctc:ctcd cach day at the Matsushiro Scismological Obscrva
tory. "' 

S. Earlhquake Frcqucncy 
Estima tes vary as to the numbcr of natural canhquakcs that occur evcry ycar. Most 

seismOiogists are in ~1grccmcnt that thc frcqucncy ccrtainly cxcccds l million (1 cvcry 
30 scc). :uid lf thc .'.m~llcst shocks are includcd, thc numbcr undoubtcc..lly r&:achcs scv
t'ral mili ion. Tuhy 1 u puts thc numhcr at about 5 million. 

Earlhquake frcqucncy varies atan essc.-ntia11y cxponcmial ratc with ma&nitudc; small 
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carlhquakcs are much mor~ common than largc cvcnts. Thcrcfore. if onc acccpts thc 
frcqucncy as bcing ~cvcral mitlion pcr-ycar, thc vast majority of cvcnts are.too ~mall 
lo be dctcctcd by human ~cnsors. /\s a general rule, thc smallcst mar.nitudc (M, or 
M,) ~hallow-focus quakc that a pcrson can pcrccive, if ncar the cpiccnter, is ahout 2. 

U carthquakc frcqucncy and mal~nitullc dat.:i are avail:lhlc ·ror a ~pccific rcr.ion 
(or thc cntirc plancl), and if lhc numhcr of cvc:-nl~ pcr spcdficd rnagnitudc ranr.c is 
plotlcd on a log scalc vs. ma~_·.nitudc on a linear !rlcalc, thc roordin~ucs will fall unan 
approximatc straight linc. •·'0 This· line can be rcprcscntcd by thc Gutcnbcrg-Richtcr 
cquation: 11 

losN•a-bM (32) 

whcre N = numbcr of carthquakes per unit of time: M ::::: shocks of a ccrtain magni~ 
tude (any one type); a and b = con.stants to be detcrmined from the carthquakc group 
undcr invcstigation. As noted by BS.th. •• thc value of b varíes with the regio o in qucs~ 
tion plus lhe range of focal dcplhs; 1hc variance is usually from 0.5 10 1.5 wilh mosl b 
values vcry el ose to 1.0. 1u Thc b valuc is a reflcction of thc linc slope of the scmilog 
·plot or earthquakc frcqucncy vs. magni.tude. 

For lhe pcriod from 1918 lo 1964, B~1h" analyzed global carlhquake frcquency for 
events grcalerthan M, = 6, and f ound a 10 be 8. 73 and b lo be l. 5. Thcrcfo_re, 

logN•8.73-LI5Ms (33) 

He then proceeded to equate encrgy re tease pcr magnitude class for a single year. Com
bining his energy-magnitude equation 

Jog E • 12.24 + !.44Ms (26). 

with Equa1ion 33 yielded 

Jog EN • 20.97 + 0.29Ms (34) 

wherc· EN = energy rclcase in ergs per year per magnitude class. Based u pon this 
rela1ion, an increase of one·in magnitude cquates to roughly a doubling (1.95 x) of 
the energy released. Using Equation 34. B~th" concluded that fnagnitude ~8 earth
quakes rclease approximatcly 50et;"o of the total seis míe encrg}' in a single year, MJ ~7 
about75"1o, and M, "6 almost 90"/o. 

Utsu•••· 11 ' has used a thrcc·parameter cquation for dctcrmining 
shallow shocks in Japan plus shallow and dccp cverits for lhc world: 

lhc frequency of 

los N • a- bM + log(c - M) (35) 

where thc: additional symbol e = upper limit of magnitudc recognizable in cenain 
tarthquakc groups. Thc e fnctor accounts for thc sharp drop·off in frcqucncy near the · 
maximum limit of mag.nitudc. \Vhcn this drop·off occurs, thc log N vs. M line assumcs 
a convcx curve. Othcr typcs of thrcc·pararnctcr cqu.1tion.s h<l.ve bccn formulatcd by 
Riznichcnko, 11111 O ka da,,., Otsuka, '"0 Sacuiu and Zorilescu,"' and Purear u and Zori-
lescu. ••1 

Boll" has plotted an average line which can be used 10 cxlrapolalc 1he approximale 

• Thtrt is lcss a,rccmcnt with thc plollcd line ror ma~nitudes len than4. 
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FIGURE 42, Av~ragc number of t:arthquakes abovc a given body wave magnitude 
(m,) for the world. (Front Nuclear EJ(p/osions Jnd Earthquakes: Thc Parted Vcil. 
byBruce A. Bolt. W. H. Frceman and Company. Copyright© 1976.) 

TABLE5 

Earthquakc Magnitude (M&) and Annual Frequency 

Ducription M, Annual hc:quency 

Orc:at carthquakc:s >B.O 
Major c:anhquakes 7.0-7.9 10 
l>cstructive shocks 6.0-6.9 100 
Damaging shocks 5.0-5.9 1,000 
Minor strong shocks 4.0-4.9 .10,000 
Gencralt)' Cclt 3.0-3.9 100,000 

From Gutenbcrg, B., and Richtcr, C. F., Seismicity of 
thr Earrh, GSA Spccial Papc:rs No: 34, Geological So· 
cicty of Amcrica, Ncw York, 1941, 105. Wilh pc:rmis· 
tion. 

.. 

(JI 

earthquake frequency per year for body.wave magnitudes Jarger than about3.5 (Figure 
42). Obscrved frequcncy plots fall.off the line for smallcr shocks. 

Jn the first version of Seismicity of th~ Earth, •·• 9
l Gutcnbcrg and Richtcr relatcd 

magnitudc to annual frequency (Tahlc 5); these yearly frcqucncics were modificd in 
thc later two editions of Sr:i~micity of che Earch . .. u u Rcvised and cxpandcd magni
lude/frequency data wcre published by the National Occanic and Atmo>phcric Admin-

• -Thls mcntion of Sci.\mh:iry o( rhc F::Jtth affords the :wthor thc ororoortunity to acknowll·dgc onc or the 
monumental crrorts in \Ci\1nulogy. A fcw of thc al·comrli~hrncnts. of the thrcc cditinns includc: (1) thc 
ass.i¡nmcnt or m:lgnitmlcs 10 hi~tnrk::tl earlhquakcs for which '"i'rnocrann ""ere a,·ailablc, (2) magnitudc 
and focal dq1th corrd;~tion\, and (.3) thc Jctcrmirlation of thc ~patial di,tribution of qu"l.cs a''uciated 
whh volcanism, mountain structurcs, occan trcnchcs, and ¡ravil)' anomalics, 

.. 
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E1nhquake Maanhúd~'tM,) and Annual Fnqucnc:y 

Oru1 
Majo< 

Dncrlption 

larae (dcstructivc) 
Modcratc (damaging) 
Minar (damagc slight) 
Gcncrally rclt . 

. ·····-··':"'. >B.O 
~:¡l;t.~!"n: .,.0-1.9 

6.0-6.9 
.. ': .... S.O-S.9 

4.0-4.9 
3.0'-3.9 

Polcntially pcráptiblc :--- .. ...,. .... ,.-l.0-2.9 
Mkrourthquakc (imperccp1iblc) <2.0 

Annual frcqucncy 

1.1 
18.0 . 

120.0 
1.000.0 
6,000.0 

49,000.0 
300,000.0 
600,000.0+ 

· From National Eanhquakc lni'orrn:itlon Ccntcr. M:.gnitudc--, dctcr· 
minins: the "size" of an eanhqu:~ke, Earthquak~ In(. Bull., 2, 26, 
1970 . 

• 

,. 

isJration in 1970 (Tablc 6)."• The word dcscriptors uscd in this tableare widcly used 
today to describe earthq~ake classes. .,.. .. · 

B. lntensity 
lntensity rcprcsents the direct or mac_roscismic effects or an carthquak~ on humans, 

their products, and thc fcaturcs of the carth's surface at sorne loca le as dctermincd by 
direct obscrvation. lntensity is, thcrcfore. an attcmpt to asscss thc scverity of a scismic 
cvent. Earthquake intcnsity is highly variable duc to many factors inclu,ding magni~ 
tude, epicentral distance, fOcal depth, gcologic/soil conditions, type of construction 
(including age and workmanship), and thc cx¡Jcrtise of the observer. lntensity varíes 
over a geographic rcgion, whcreas the mag~itude for the same carthquake would ide
ally be the same: regardless of loca le. 

1. ltÍtensíty Sea/es ': .. · 
As with magnitude, scales have been i~i-roduced to measure degrees of intensity. 

The following U .S. Geological Survcy de~cription succinctly states the philosophy be· 
hind intcnsity sea les: •u · · ··· .. · 

Early dforts to determine thc size of an earthqualc:C Wcre necessarily ba~ed upon penonal observations of 
1hc scverity or the carthquakc's dfccts. Jm-·c!.tigators found that charactcristic cffccts of damage and human 
.,_~~tiQ.I"!~ wcr~~e.ry sjmila.r for. tf!o~t. eanhquakC.S . ..if!'! ~9~ld ~e catcgorized .'<?. ~kc ~'?";1parative studies of 
shocks occurring at different times in the same or different locations. To facilitate their invcsligaüom, early 
scismologiUs devcloped intensity sbles that groupcd canhquakc cffccu charactcristic or each scale ... ·aluc:. 

A number of scales have bcen introdui:ed in. countries with a high seismic risk. 
Gorshkov and Shenkarev'u describe 44 such sea les . 

In the 1880s, D.c Rossi 196 of ltaly and. Forcl .u of Switzerland introduced the first 
scale to gain widcspread acccptance; it is sdl1 used in parts of Europe. (Both mcn had 
dcviscd their own intensity scalcs carlicr;.thc 1883 scale rcsultcd rrOm their joint ef· 
fort.) The Rossí-Forc/ ( RF) sc<~le is compriscd of 1 O effect descriptions, ea eh dcsignatcd 
by a Roznan numeral, with 1 indicating· the lc~st amount. of scismic cffcct ·(T~blc 7). 
The proccdurc was to compare obscrvation asscssmcnts to those of the standard scale 
descriptions. The numbcr reprcscnting thc closcst match was thc numerical imcnsily 
assigned to that location. lf a tic rcsuttcd, thc highcr intcnsiry numbcr wns sclcctcd. 

lt bccamc apparcnt, t.'Spt.•cially with rapid advanccs in tc~.:hnology, thar the Rossi
Forel ~cale had scvcral shorh:omings. Somc: objcl.:tions includc:d: (1) Úlc cfft.·cts on tnll 
buildings. motori1.cd vchiclcs. and undcrg"round pipclinc:s could not be includcd in the ·¡i~ ·~ 

·::. 
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TADLE 7 

Roul·forcllntcnthy Seo le of I&U 

lnlenthy ~Krlptlon 

MlcrosciJmic' shodr. Rtcordcd'by • ~ini(IC' sci~mot~roph or by ~ci,nHlll;tOph' of thc u me modcl, 
bul not by SC\'cnl ui,mo¡raph\ or dlrrcrcnt kind': thc ~hock fclt ~Y an urcricnecd ob.!.crvcr. 

11 

111 

E~rremdy fuNt' shock, Rccordc:d by scvcral s.c.ismo¡raphs of diUcrc:nt kinds; fclt by small 
numbcr of pcnons at res t. 

Very (reble shoclc. Fcll by scvc:ral pe:nons al nu; slton¡ cnoush for thc dire:ction or duration 
lo be apprcciablc. 

Fecbl~ shock. Fdt by pcrsons in motlon: disturbancc ot movable: objecn, doo¡s, windows, 
crad.in¡ of ccilings. 

V Shock o! moderar~: intt:n.sity. Feh gencrally by everyone; diS1Urbance of furriiture, beds, etc.: 
rin¡ing of somc bdl.s. 

VI F~irly srrong .sho<"k. General awakening of cho!.e a!.leep; g~neral ringing of bdls; O'cillacion 
of chandeliers; sropping or pendulum clocks; visible agitalion of lrt:t:s and shrubs; sorne star· 
tled pcrsons lcaving thdr dwcllings. 

VIl StronB shock. Ovcrthrow oC movahle Objccts; fall of plaStcr; Jinging of church bclls; general 
panic, wilhoul damagc' to buildings. 

VIU Vety SITORB shock. Fall C?f chimncys; cradts in lhc walls or ~cilings. 

IX Extumdy sll'ong shock. Partial or tota~ dcstruction of sorne buildings. 

X ShoCk o( extr~m~ intensity. Grcat disaster; ruins; disturbances or thc strala; fissures in thc 
1round; rock hlls from mo:..~ntains. 

From Wood, F. J •• Ed., The Prince William Sound, Alaska, Earthquake o! /964 .and A!tt:nhoclu, Vol. 
U. S. Govcrnmcnt Printing O Hice, Washington, D.C .• 1966, 18. 

l. 

asscssmcnt proccdure; (2) a wide range of inlcnsity effects was groupcd at thc highest 
Jcvcl; (3) the scalc did not takc conslruction quality in lo account; and (4) effecl descrip
tors for buildings and physical featurcs were ''too subjective, unmeasurable, and spe. 
cifically E_uropean. '' 1

" 

Mcrcalli"' updatcd and cxpandcd RF scalc descriptors in 1902. but the.JO Jevels of 
intensity were maintaincd in the 1\fercal/i sea/e. Cancani100 later expandcd the Mercalli 
scale lo J2 lcvels and made .an attempt to correlate intensity and ground acceleration 
(known as thc Mcrcal/i-Cancani sea/e). Sicbcrg"' publishcd an cxpanded version of 
thc Mercalli-Cancani se ale in 1923. 

In 1931. American scismologists Wood and Ncumann 102 made signiricant modifica
tions to Sieberg's f\1crcalli·Cancani scale to more closcly approximate California con-· 
ditions. Dctailcd and ahridgcd vcrsions wCre constnrctcd. This form bccame known 
as thc 111odificd lllcrc.?lli (/11/11) sco1lcof 1931; the abridgcd vcrsion is prescnted in Table 
8 with Rossi-Forel cqu_ivalcnts. Endorscmcnts and adoptions from the scismological 
community werc immcdiate. The U.S. Coast and Gcodctic Survcy bcgan using the 
scate the same,year that it was introduced. 

Richteru made the only sig,riificant modification to thc fviM scale in the U.S. He 
rcqucstcd that the vcrsion be calh.:d thc l\1adificd ft.fcrc.11Ji sc.1le, 1956 vcrsion. and not 
btar his namc bccausc of prohablc confusion with thc "Richtcr magnitudc". This 
vcrsion iscurrcnlly uscd by thc U.S. Gcological Survcy (Tablc 9) . 
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lntcnslty 

TAIII.E 8 

Modltlcd Mcrcallllntenshy ,Sulc or 1931 (Abrldacd) 

DeKrlpllon 

Not fcll ucepl by 1 \'cry fcw undcr spcciallyh..-ornblc clrcumsuncn. (1 Rosst-Forcl Se ale.) 

11 ftll only by a lcw pcr.~ons at rest, especial! y on uppcr (loon oC buildings. Dc1icalc1y suspended 
objccu may swina. (lto 11 Roui·forcl Scalc.) 

111 

·IV 

V 

• Fclt quite noticc.1bly indoon, csrc=cially on uppcr rtoors of building,, but many pcoplc do not 
rccognin itas an cartlHJ\Íakc. Standing motorcars may rock slightly, Víbration likc passing 
of lruck. Ouralion c~limatcd. (111 Rossi-Ford Scalc.) 

Durins thc day fdt indoors by many, outdoors by fcw. At nip;ht sorne awakcncd. Dishcs. 
windows, doors disturhcd; wal\s niakc crcaking ~ound. Scnsation likc hcavy uuck strikins 
building. Standing mntorcan rocked noticeably. (IV 10 V Rossi-Forel Scalc.) 

Feh by nearly cvcryone, many awakcncd, sorne dishcs, windows. cte., broken; a rc:w in.,tances 
or crackcd plaster: unstablc objecu ovcnurncd. Oisturbances or trccs. potes, and othcr tall 
objccls somctimes nol,ced. Pcndulum clocks may stop. (V to VI Rossi-Forel Scale.) 

VI Feh by all. many hightcned and run outdoon. Sorne heavy furniture mov~d: a fcw instanccs 
of fallen plaster or damagcd chimncys. Damacc slight. (VI 10 VIl Rossi-Forel Scale-.) 

VIl 

VIII 

Evcrybody runs outdoofs. Damagc ncgligiblc in buildings of good dcsign and .::onsnuction: 
sligh110 modcrate in wcl\-huilt ordinary str u el ures; considerable in poorly built or badly 
designed structurcs: sorne chimncys brokca. Noticcd by pcr!l.ons driving motorcars. (VIII 
Rossi-Forcl Scalc.) 

Oamagc slight in spccially de~igned structUres; considerable in ordinary substantial buiidings 
with partial collapsc: grcat in poorly built .~tructures. Panel walls thrown out o( frame struc
tures. Fall or chimneys, (actory staclr.s. columns, monuments. walh. Hcavy furniiUre ovcr· 
tufned. Sand and mud c:jected in small amounts. Changcs in well water. Persons driving 
molorcars distur~d. (VIII+ 10 IX- Rossi-Forel Scalc.) 

IX Dam3gc considerable in specially dcsigricd structurcs; wclt-dcsigned fi-ame structures thrown 
out or plumb; grcat in substantial building$, with partial collapse. B"uildings shifted off foun
dations. Ground crackcd conspicuously. (IX+ Ros$i·forel Scale.) 

X Sorne wcll-buih wooden structures deslroycd; most masonry and framc: structurc:s dcstroyed 
with foundations; ground badly crackcd. Rails bcnt. Lan"dslides considerable from rivcrbanks 
1nd uccp slopes. Shiflcd sand and mud. Water spluhcd (sloppc:d) ovcr banks. (X Rossi-Forcl 
Scale.) • 

XI Fcw, if any, (masonry) structures rema in standing. Bridges destroycd. Broad fissurcs in 
arOund. Undcrgrourld pipclines complerc:ly out of ser vice. Earth slumps and land slips in~oft 
¡round. Rails bent greatly. 

XII Damaac total. W:lvcs sccn on ground surfaccs. Unes of silht and lcvd distortcd. Objccts 
thrown .upw~rd into a ir. 

From Wood, H. O. and Ncumann, F., Modiricd Mercalli intcno;ity scale or 1931, Bull. Scismol. Soc: A m., 
21, 271, 1931. With púmission. Ros~i-Forc:l intensity scalc cquivalents dctcrmined by the U.S. Coast and 
Ocodctic sufvcy. 

The 1956 vc:rsion incorporales eHc.:ts on four typc:s or maso.nry buildings. Spccific 
differcnccs are noted whcr~ the 1931 <tnd 1956 ~cales are closcly cómparcd. SimonloJ 
belicvcs that thc scalc should be furthcr rdincd. making it possiblc to cvaluatc (1) the 
cffects on a pcrson slccping on a w.1lerbcd (usually awakened by 6· 10 60-scc pcriod 
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Modlflcd Mercallllntcnslly Sea le o( 1911 (1936 Vcrslon Abrld¡cd and Rcwrluen) 

lnlcnshy Dcacrlption 

Nol fcll. Marginal and lona·rcriod crrccu orla rae urthquakcs. 

11 Felt by pcuons at rc,l, on uppcr floors, or favorabl_y placcd. 

111 Fclt indoors. ll:lnging ohjects swin1. Vihration likc passina of lightlrucks. Duration uti• 
matcd. M ay not be rccognitcd n an nrthquakc. 

IV Hanslns objccts swing. Vibr.:nion likc p3s~ing of hcavy trucb; or sc:n-;ation of a jolllikc a 
hcavy ball striking thc wa\h. St:lnding motor cars roe k. Windows, diShcs, doon ralllc. 
Olaucs clink. Crockcry clashcs. In the uppcr rangc ollV, woodcn walls and (rarnc crnk. 

V Fch ouldoors; dirtclion cslimaltd. Slccpcrs wakc:ncd. liquids di.~turhed, sorne spilkd. Small 
unstable objects di~placed or up,et. Doors swing, close, opcn. Shuuers, pic1uru movc. Pcn· 

. du1um clocks slop, s1ar1, change rate. 

VI Fclt by all. Many frighlcned and run ou1doors. Peuons wa!k un\tc:adi 1¡. Windows, dishcs. 
¡lassware broken. Knickknacks, books. ele., oU shelvcs. Pie! u res oH walls. furniturc moved 
or'ovcrturncd. Wl·ak pla.,lcr and maSonry O crackt"'d. Small bdls ring (church, school). Trces, 
bushes shakcn (visibly, or hcard to rustlc). 

·vn 

IX 

Dirticulllo sland. Noliccd by drivers o( motor cars. Hanging objeciS quivcr. Furni1urc bro· 
kcn. Damagc 10 r:1a~otlry D. induding critcks. Wcak chimncys brt)l.cn al roof fine. fall or 
plastcr,loosc bricks, sto"ncs, 1iles, corniccs (aho unbraccd p:~rapel.'i and archilccluralorna· 
mcnts- CFR). Some cracks in masonry C. Wavcs on pondo;; water turbid wílh mud. Small 
slides and cavin¡ in a long sand or ¡ravcl ba"nks. Largc bclls ring. Concrete irri¡at ion ditches 

damaacd. 

Stccring of-molor cars a rrccled. Oamagc 10 masonry C; panial coll:apst. Sorne damage 10 
_masonry B; nonc to m:nonry A. Fall of s1ucco and somt masonry walls. Twisting., fall of 
chimneys, faclory stacks, monumcnts, towers, elcvaled 1anks. Framc hou!ots moved o':' roun· 
dations if not bohcd down; loase panel walls lhrown out. Dcc~yed piling brokcn otr. 
Branches broken from uecs. Changes in rtow or tcmpcrature of springs and wclls. Cracks in 
wct ground and on stccp slopcs. 

General panic. Masonry D destroyCod; masonry C heavily damaged, sometimcs with complete 
collapse; masonry B scriously damagcd. (General damage to·roun~alions-CFR.) F~amé 
structurcs, if not bollcd. shiflcd off foundations. Framcs crackcd. Scrious damagc 10 rcscr· 
voirs. UndcrgrOund pipes brokcn. Conspicuous cracks in ground. In alluvialcd are:as sand 

"""'.:. .•. ..__. and mud cjcctcd, canhquake fountains, sand cratcrs. 

X Most masonry and framc structurcs destroycd with thcir foUnd<tlions. Sorne well-~uilt woodcn 
structures and bridp:es dcstroyC'd. Scrious damage 10 dams, dikcs. C"mhankments. larFC land· 
slidcs. Waler thrown on ban~s of c:lnals. ri,-C'.rs, Jakcs, etc. SaÓd and mud shHted horizomall~ 
on bcaches and flatland. Rails bcnt slightly. 

XI Rails benl artatly. Undcrground pipclincs complctcly out of scr~icc. 

XII Dama¡c ncarly total. largc rack masscs displaced. Unes of si¡ht and lcvcl diuoncd. Qbjecu 
lhrown into lhc a ir. ' 

Nole CFR, Charles F. Richter additions 10 thc 1931 scale. Masonry A, gond workman~hip. mortar. and 
dcsi¡n: r.cinrorccd, cspC"dally la1crally, and bound to¡tcthcr by u~ing Sl~d. concrrte, cte.; dcsigncd to 
rcsisllatcral forces; ma\onry R, gond workmamhip and manar; rcinforced, but not dc~it!ncd in dcliiil 
to rcsisl lateral (orces: ma"-onry C, ordinary worl.manship and monar; no extreme wcakncs~C'~ like 
railinJlO liC' in at rornC'f5, but nci1hcr rcinforced nor dco;igned a¡;ainq hori1Unlal (orces; mao;onry O, 
wult ntaterials, sttch u adohc; poor mortar; low standards of ~o~.·ork~l.lf\\hip; wc.1k hori1ontally. 

From Eltm~ntary St'ismology by Charles F. Ril:htcr. W. H. frccman and Comru•ny. Copyright© 19S~. 
· With permiuion .. 
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TEOREMA DE PROBAB 1 Ll DAD ES TOTALES 

Dado un conjunto de eventos mutuamente exclusivos y colectivame~ 

.te_exhaustivos, s1 , s 2 .••• Bn' es posible siempre expresar la pr~ 

habilidad P(A) de otro evento A como sigue 
Wl 

- Z.t?(A (\~.:.) 
(.-• 

Entonces ... 
f(/1.) -. :z_ f(~>- 1 BJ 1'(6.:) ('l..) 

t.""'l 

TEOREMA DE BAYES 

La. probabilidad condicional de A. dado que ha ocurrido el evento B e,s J .· . . 

- f(E>f\ "') 
~(~) 

( ~) 

Por lo visto en las definiciones anteriores es· posible llegar a.lo 

siguientE. 

f(e. \ A.j ') re.!.~) 
= .z f(\:>\ "-~) f(~ ¡) 

) 
~=l,2, ... V\ (4) 

C...•\ . 

Generalmente a la probabilidad resultante se le llama "a poat~~io4i" 

y a la probabilidad P(A.) se le llama "a p~io~i" 
J 

DISTRIBUCION DE PROBABILIDAD DE LAS VARIABLES ALEATORIAS 

El comportamiento de una variable aleatoria se d~scribe·,a través 

de leyes probabilísticas representadas mediante funciones de dis 

tribuci6n de probabilidad. 

'· 

En el caso de variables aleatorias _discretas estas leyes se repr~ 

• 

1 
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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 compo;:_ 

tamiento lo determinan leyes de probabilidad CONJUNTAS, 

DISTRIBUCION. DE PROBABILIDAD MARGINAL 

.El comportamiento de una (o varias) vari::lble (s) ·aleatoria (s) se 

puede obtener a partir de una distribuci6n conjunta, integrando 

sobre todos los valores de las variables cuyo comportamiento no 

interesa. La función que 'representa a este comportamiento es la 

distribución de probabilidad MARGINAL· Poi ejemplorean X y Y va 

aleatorias continuas, con densidad. de probabilidades riables 

fx,y (x, 
·igual a 

y); entonces la función de probabilidad marginal de x es 

-
- \ + .... '/ 

( r) 

--Generalizando 

DISTRIBUCION DE 

Si en una funci6n de distribución de probabilidad conjunta alg~ 

nas variables adquieren valores fijos la función de distribuci6n 

de probabilidad normalizada resultante representa a la distribu

ción CONDICIONAL. Sean X y Y variables aleatorias continuas y 

fK Y (x, y) su función de distribución; si Y adquiere el valor y
0

, 

·' 
entonces ·la función de probabilidad condicional de X es igual a 

En donde 

J¡<.tY(X1 j 6 ) 

fy ('jo) 

(<.) 
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FUNCION DE DISTRIBUCION ACUMULADA 

Una forma alternativa de representar el comportamiento de una 

variable aleatoria es mediante la funci6n de distribución acu 

mulada. El valor de dicha funci6n, F (x), es igual a la pro-x 
habilidad de que la variable aleatoria sea menor o igual que 

el argumento, es decir 

La función d~ distribución f (x) se puede encontrar a partir 
X 

de la función acumulada, a través de . 

=~(-.)- t;;[ ): +.<~)J~J = ~(x) 
Sus propiedades son las siguientes 

O:= ~ (x) 6.1 

f~(--) =o 

~( .... )=l. 

~ ( 1'7) - F" (. ~,) = f[ ~. ~X~ tt..l 
:10MENTOS m; UNA VARIABLE ALEATOHIA 

~cdia 6 valor csperadu de una variable co~tinua x -
"'M lC : E. l "lC ') :: ) 1C t (X )J X 

----
Variancia de una variabl~ continu~ X .,. .. 

~ ()'_W\"-)
1 

( (lC)J.x : _.,.. 
Desviaci6" estandard de una varia'-:lc .::ontinua X; 

• 
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FUNCIONES DE ~~SA DE PROBABILIDAD: 

BINOMINAL Y DE POISSON 

·Enseguida se tratan dos distribuciones de variables aleatorias 

.discretas :discontinua de orden finito la BINOMIAL y de orden 

. infÍnito la de POISSON 

DISTRIBUCION BINOMINAL 

Se áplica a experimentos de Bernoulli (acepta Qnicamente dos p~ 

sibles resultados: éxito y fracaso); 

Sea 

p = probabilidad de Obtener éxito 

q = 1 -p = probabilidad de obtener fracaso 

La probabilidad de obtener x éxtito al realizar n veces el exp~ 

rimento de Bernoulli es ,. ,.,_,.. 
~f · tJJ · L~- .:_J- .. · -1: -= t t-

't- . .,_,., ' 

Aquf se supuso que los.x éxitos ocurren al principio. El número 

total de formas en que pueden prcseritarse los x éxitos es igual 

a las permutaciones de n objetos formados por dos grupos: uno de 

x objetos iguales y otro de n-x objetos iguales o sea igual a 

">"~! 

o sea que la probabilidad buscada es la siguiente 

La variable aleatoria x es un número entero entre cero y n 

Su n>cdia es igual a 

m -" - ~ F(Jt.) -

·í' 
' 



Su variancia es 8 ., 
fTT.. - L x" f( "') - nr~ )(, 

)(.'"O 

Su desviación estándard 

a; - j ~'~f + 
La representación gráfica de P(x) paran = 6 y p = 0.5 e3 como 

sigue 

.'l. 

• i 

l ·¡ 
o 

~ ., '1 C' .. 
DISTRIBUCION DE POISSON 

Si se cónsidera que en la distribución binominal n tiende a infi 

nito mientras que la probabilidad 

tonces la ec.(lO) se convierte en 
X. _¡) 

P('~'\ J.) e 
;(1 

• Esta distribución de probabilidad 

tro v 

Su media,está dada por 

p de éxito tiende a cero, en-

) 
( 11) 

se llama de POISSON de pará~e-

"'\e = L._ 'le: P( x) v 

Su variancia es igual a 
..0 . 

a;,?.. ::::: ¡_ 'y.. t.. 1' e>' ) 
)l.:o 

Su desviación estándard 

cr;:Jv 
(La distribución de Poisson de parámetros v = np se aproxima a la 

binomial siempre que n > 50 y n p < Sl · 
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,., En las siguientes figuras se ilustra la variación de la forma de 

·las distribuciones con el p~r~metro u: 

f(x) 

1 . 

P(x.) 

I)=.S.O 

pROCESO DE POJSSON 

Este proceso representa el nGmero de eventos que ocurre en .un tiempo t cua:2_ 

do diclx:>s eventos tienen. distribuci6n de Poisson; es decir, 

f' (V\) - (). t )"' é ).t . 

- Yll 
• 

Ilustrando esto gráficamente: 

• 

En un proceso de Poisson, la media de su distribución (de Poisson) 

es m = At. Al parámbtro A se le llama tasa media de ocurrencia 
n 

del proceso. 
~ ' 

Un proceso de Poisson debe--satisfacer las siguientes hipótesis: . -



l. ESTACIONARIEDAD 
10 

~ probabilidad de un evento en un intervalo eo~to de tiempo 

(t, t + ~t) es aproximadamente A(~t) para cualquier t. Es de 

cir que no importa qué tiempo t se elige para hacer la estima 

Ci6n. 

2, NO MULTIPLICIDAD 

La probabilidad de 2 o más eve'ntos en un intervalo corto de 

tiempo es. despreciable comparado con ,\ ( ~t) 

3, INDEPE;-lCE:i~C I A 

El número de eventos en cualquier intervalo de tiempo es inde 

pendiente de el número en cualquier otro intervalo de tiempc. 

O sea que la ocurrencia de unos es independiente de los que 

ocurren en otro intervalo de tiempo. 

Varios investigadores han propuesto modelos probabilísticos p~ 

ra describir la Ocurrencia de temblores. Algunos de ellos se 

basan en la construcción de histogramas de tiempos de espera e~ 

tre eventos sísmicos. Por simplicidad matemática frecuentemen

te se adopta la hip6tesis que la distribución probabilística de 

tales tiempos de espera es de Poisson. Es decir, para una óete~ 

minada región, la probabilidad de que ocurran n temblores con 

magnitud mayor que M en el intervalo de tiempo (0, t) es 

-)..~'\::¡' . 
e · MI . 

en que 1-H 

que !'! que 

es el número medio ele temblores con magnitud mayor 

ocurran en dicha región por unidad de tic~po. 

considera n nulo se obtiene 
f(o) = -'}..~t e 

Si se 

/ 
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que representa la probabilidad de que no ocurran temblores con 

magnitud mayor que M en el intervalo de tiempo t (aón cuando 

no empiece en cero) es decir la probabilidad de la intensidad 

máxima en el intervalo t 

EJEMPLO 

Mediante un estudio estadfstico sobre la ocurrencia de sismos 

en cierta región se estimó que un temblor con una magnitud 

igual a 6 

Calcular 

100 años 

exceda a 

o mayor tiene un periodo 

las probabilidades de que 

no ocurra ningón sismo en 

de recurrencia de 100 años. 

en los próximos 10, 50 y 

dicha región cuya magnitud 

6. suponiendo que la ocurrencia de .los sismos se PU!:_ 

de modelar mediante un proceso. estocástico de Poisson·. 
' ):' ). 

A 1 .01 ~ ~ 

1"1 100 . .., ··\ .. ; 

( .Olt) n -. Olt -~ 

P(n) e 
~ 

n! .. 
" t'\ 

Para t ~ 10 años 

o - 01 X lO 
P( 0) ( . 01 X 1 o) e . 

. 9 05 = = 
o ' . 

Para t = 50 años 

o - 01 X 50 
P( 0) 

. ( • o 1 X 5o) e . 
.607 = -

o! 

Para t ~ 100 años 

o - 01 X 100 
p ( o) ( • o 1 X 100) e . 

.368 = -
o! 

• 



' ·~ 

12 
Las probabilidades de que ocurra por lo menos un si'smo con roa~ 

nitudmayor que 6 son 

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

> 1) = 1 - .368 = . 6 32 

1 
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FUi~C 1 o;~ES DE DE1~S IUAD DE PROi:lfuH LIDAD: 

EXPONENCIAL. NORMAL Y LOGNORMAL 

DISTRIBUCION EXPONENCIAL 

En ·la secc.i6n anterior se trat6 el proceso de Poisson. En lo 

que sigue se describirá la distribución de tiempo de espera e~ 

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 algún valor de t es igual a la que no .ocurran eventos 

eri el intervalo de tiempo t, o sea igual a 1-FT(t) = p (O), o 
-l.M.t sea _ e , t ~o 

Entonces _).to\t 
fT (t.) - ~ - e 

J fT(t) >.. 
-_')....._t 

~T(tl e f>o = -
""' 

J 

eH -
Que es la distri0uci6n exponencial. Esta describe el tiempo 

de la primer ocurrencia de un evento de Poisson. Pero recor-

dando las propiedades de independencia y estacionariedad del 
· -A,1t 

proceso de Poisson e ' es la probabilidad de gue no se prese~ 

. ten eventos en ningún intervalo de tiempo t, aungue· este no ern 

picce en t ,= O. Si utillzamos el tiempo de arrivo del n-ésimo 

evento como el principio del intervalo de tiempo, entonces 
,..:>,Mt e. . es la probabilidad de gue el tiempo de ocurrencia del 

(n+l)-ésimo evento sea mayor t. Es decir, los tiempos de arr~ 

vo intermedios de un Proceso de Poisson son independientes y 
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están distribuidos exponencialmente. Su valor esperado, cono

. -1 
cido· como pe.Jt..i.odo de tec.uJt.Jt.enc..i.a, es igual a P.Ml , su varían 

za es igual a (A~) 
-1 

Distribuci6n'exponencial 

} 

· ... 

j 

- ·}. -~ .... 
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DISTRIBUC!ON NORMAL 

Una de las más importantes funciones dentro de la teoría de Proba 

bilidades es la NORMAL O GAUSSIANA, Esta es aplicable a variables 

aleatorias continuas dentro del dominio de los nGmeros reales. 

La funci6n de densidad de 

t <~\-X 
1 

e 
en donde 

mx = media 

o 2 = variancia 
X 

probabilidad está dada por 
·-¿ 

(.x-m,.) 
'2. ~¡¡ 

1 
(t~) 

Al examinar esta expresi6n se deduce que es una funci6n simétrica 

con respecto a un eje vertical que pasa por mx, que es asint6tica 

al eje. de las abscisas para valores que tiendan a ± "'1 y, que su 

valor m~ximo corresponde a m . En la siguiente figura se presen-x 
ta su represcntaci6n cuando su media permanece constante igual a 

m y su dcsviaci6n estándar (a ) varfa 
X X 



¡. 
DISTRIBUCION LOGNORMAL 

·. 16 

La distribuci6n LOGARITMICO-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 X tiene una funci6n 

de.densidad dada por la ec 13, y si X =ln Y, entonces la funci6n· 

de densidad de Y resulta lognormal y está. dada por 

~ (~) = l ~JZif ' ~?:o 
(14) 

La siguiente figura muestra la grá.fica de una distribución legar!! 

mico-normal con mx = O y ox = l. Esta es de forma asimétrica pos~ 

ti va 

Su media está dada por 

-
m't _ ~ 1 ~(~)d'l - exf (m,. y <r~/2..) 

o 

Su varianza es igual a 

t t . ~ ) a--y :: e."'i> ( 2 ""'-.. t- (j"- ) • ( ex.r (f.. - 1 . 

j 
/ 



17 

ANALISIS DE REGRESION 

Una inc6gnita importante que debe despejarse en el análisis de 

.regresi6n es la FORMA GENERAL DE LA EXPRESION MATEMATICA que se 
piensa puede explicar el comportamiento de cierto fen6rneno. Un 

procedimiento gráfico puede resolver este problema. Dibujando·. 

los valores observados de la variable independiente X conlos 

correspondientes valores observados de.la variable dependiente 

y en un sistema de coordenadas rectangulares, se obtiene un con 

junto de puntos conocidos como DIAGRAMA DE DISPERSION 

1. 
• • 

• 
• • 

• • • • 
• • • • 
• • • 

• • 
";!:. X 

a) Relaci6n lineal b) Relaci6n no lineal e·) No existe 
Relaci6n 

La CURVA DE REGRES ION es· aquella a la cual tienden a aproximar

se los puntos del diagrama de dispersión. La ecuaci6n de la cur 

va de regresi6n es la ECUACION DE REGRESION, 

En el caso de regresi6n lineal se tiene una ecuaci6n de regresi6n 

de la forma 

con dos parámetros por determinen: .a y a 1 . o 

Existen diferentes m~todos para determinar estos parámetros aquf 

se estudiará ·el m~todo de. Mli'l!MOS CUADRADOS 

METODO DE MINH10S CUADRADOS 

Se llama DESVIACION, ERROR o RESIDUO a .la P.iferencia de ordenadas 
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de 'un punto muestra! y de la curva de regresi6n correspondiente 

a una misma abscisa 

1 1 
'1, = <::\.., + c... 1 ?1:. ' 

t 
d., 

l <. ' ' ~'.¡~.) 

L-------------~--------------~~ 

El método de los m!nimos cuadrados establece que de todas las 

.-curvas de regresi6n que se pueden ajustar al conjunto de puntos 

muestrales dados la MEJOR es aquella que tenga la propiedad de 
' 

que la suma de los cuadrados de sus residuos sea mínima 
"" ""'~V\ Z. Jt 
i.:\ 

Aplicando este criterio para el caso de una recta 

Para encontrar el mínimo se aplica la condici6n necesaria ccnoci 

da para que una funci6n tenga un punto extremo, es decir, se igu~ 

13'1 a cero las primeras derivadas parciales de la funci6n coP.. res

pecto a cada una de sus variables. 

El resultado de esto conduce a un sistema de ecuaciones simultá

neas cuya solución es el valor de los purámetros a
0 

y a 1 . 

•· 

) 



19 

REGRESION NO LINEAL 

Para resolver el caso de regresi6n no lineal, generalmente convi~ 

.. ne MAPEAR los puntos muestrales a un sistema de referencia en don 

de sí se aproximen a una recta, mediante ecuaciones de TRANSFORMA 

C!ON 
;\:. :: X. ( Ll., 'Ir) 

d"'}( .... ,v-) 

Los sistemas de transformaci6n que se usan con mayor frecuencia 

con los SEMILOGARITMICOS Y LOS LOGARITMICOS 

Poi- ejenplo una transfonnaci6n SEMILOGARITI'1ICA es caro sigue: 

)(_ ::: J..}.. 

En el sistema x-y el diagra11a de dis¡:ersi6n de los puntos m2pe¿¡dos (x., y.) 
~ ~ 

oorresp:xlde a una recta cuya ecuación es y = a
0 

+ a1 x, en el sistena 1.:v la 
ecuación correspondiente es n . )LOJ- ~ =..:t.o +O.,~ 

En doode 

b= 

. Cl.:, 
lO 

0... 
lO ' 

'Ir·-::-. \OO.o ~o..,u... 

CL )~ =- ( 10"'0 ) ( \0 ' 

o..- bu.. 
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Ejemplo. Sea 

(A. 

V=. lO 

r 

i 

1 • 

l 
f 

'1 ji 
1 

' . 
< • 
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l. INTRODUCCION 

Los criterios.de diseño modernos tienen como objetivo optiml 

zar las estructuras, es decir, conducir a sistemas estructu

. rales en los cuales la utilidad obtenida de su ejecución ·sea 

m~ima. La determinación de la estructura óptima se puede 

lograr a trav~s de estudios costo-beneficio que incluyan 

explicitamente los siguientes parámetros: los beneficios es

perados de su construcción, los costos esperados de las pos! 

bles fallas, los costos in1ciales de diseño y construcción, 

así como las probabilidades de ocurrencia y_Jas intensidades 

máximas de las solicitaciones de ·diseño. En este trabajo se 

tratará lo relativo a la determinación de las solicitaciones 

sísmicas en un sitio dado con base en modelos de riesgo sís-

mico. Los otros parámetros serán discutidos en otras contri 

buciones de esta reunión. 

Las cargas sísmicas producidas en construcciones durante la 

ocurrencia de un temblor son generadas por el movimiento 

errático del suelo que .rodea la cimentación de una construc

ción. Dicho movimiento es .trasmitido a la estructura como 

fuerzas de inercia que actúan en los diferentes elementos de 

.. la misma. La_ amplitud de ésas fuerzas depende principalmen

te de las propiedades dinámicas del sistema estructural y de 

las características del temblor. 

Sin embargo, es ampliamente reconocido que se tienen grandes 

incertidumbres respecto a la intensidad, localización y el 

número de temblores futuros, por lo cual el diseño de estruc 

turas en una región de actividad sísmica potencial debe 

incorporar dichas incertidumbres·. Una forma racional de 

hacer esto último es evaluando los niveles de las intensida

.des máximas esperadas del terreno en un sitio dado ;:>ara dife 

rentes lapsos de tiempo. Lo anterior puede lograrse hacien

do uso de los llamados modelos de riesgo sísmico, los cuales 

,. ' 
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son modelos matcm~ticos.que en una situación ideal deben sin 

tetizar toda la información sísmica existente sobre la región 

de inter6s, así como el estado del arte sobre el proceso d~ 

generación de temblores. Lo~ resultados de dichos modelos 

son generalmente presentados por medio de gráficas o tablas 

que relacionan los valores de los parámetros del movimiento 

del suelo (aceleración, velocidad y d~splazamiento máximos) 

en un sitio de interés con lapsos de tiempo llamados periodos 

de recurrencia. 

Una vez que el riesgo sísmico para un sitio ha sido determina . ' 

do, el calculista estará en posibilidad de analizar el compoE 

tamiento de las implicaciones económicas de diferentes dise

ños bajo varios niveles de la intensidad del movimiento del 

terreno • 

. La in~ormación sísmica que se mencionó en el párrafo anterior 

puede dividirse en los siguientes tipos: tectónica, estadístl 

ca (sismicidad), geofísica y geológica. Como se verá más ade 

lante, con los modelos 'cte riesgo sísmico actuales es muy fre:

cuente utilizar las dos primeras fuentes de información (en 

particular la relacionada con la sismicidad), mientras que 

las dos últimas son utilizadas en una forma complementaria e 

indirecta. Debido a lo anterior en este trabajo se le dará 

~nfasis a la información tectónica y sobre la sismicidad de 

la región de interés, que·es el occidente de México. En el 

capítulo 2 se presentan brevemente aspectos relacionados con 

los temblores y la respuesta de las construcciones a los mis 

mos. Una síntesis de los aspectos m~s importantes sobre la 

tectónica la sismicidad di esta región se presenta en el ca 

pítulo 3. 

... 
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En el Cap 4 se presenta un modelo de riesgo sísmico cuyos pa 

rárnetros son estimados aplicando estadística bayesiana. Di

. cho modelo se ha utilizado recientemente en el Instituto de 

Ingeniería, UNAM, 

del terreno (para 

para determinar las intensidades máximas 

diferentes lapsos de tiempo) en algunos si . -
tios de México. En el mismo capitulo 5 se presentan los re

sultados obtenidos de aplicar el modelo mencionado para de

terminar el riesgo sísmico en un sitio en el estado de Jalis 

co. Finalmente en el Cap 6 se presentan algunas conclusio

nes y recomendaciones sobre el riesgo sísmico del occidente 

de México. 

·¡ 
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2. TEMBLORES Y LA RESPUESTA DE CONSTRUCCIONES A LOS MISNOS 

2.1 Origen de los temblores 

Los temblores de interés en.ingeniería se consideran de origen 

tectónico: Esta clase de temblores se generan cuando la cort~ 

za terrestre libera energía elástica al desplazarse las super

ficies laterales de fallas geológicas. Dicha energía se pro

paga en la forma de ondas sísmicas a través de la corteza te

rrestre, las cuales se manifiestan por el movimiento caótico 

de la superficie de la tierra. Este movimiento errático es 

el que dafia las estructuras localizadas en sitios alcanzados 

por temblores, cuando ésas estructuras no han sido diseñadas 

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 

lla geol6gica. La profundidad de ese punto se conoce como 

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

rés se denomina distancia focal o hipocentro. La proyecci6n 

vertical del foco sobre·la :superficie de la tierra se llama 

epicentro y la distancia de éste a un sitio se le conoce co

mo distancia epicentral. La longitud d8 ruptura de una falla 

se denomina longitud.de la f~lla. 

2.2 Intensidad de Mercalli y magnitud de un temblor 

La intensidad de Mercalli modificada, I (!1M) , es una medida 

sUbjetiva del nivel de daño que sufren las estructuras hechas 

por el hombre, as! como de modificaciones a la geología supeE 

ficial producidas por un temblor en un sitio o una regi6n da

da (ref 1). Dependiendo del nivel de áaño causado por un tern 

blor en un sitio, se asigna un número romano que varia del I 

al XII (de la escala de Mercalli modificada) 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 

con una misma intensidad, en la escala 

.5 

temblor se manifiesta 

de Mercalli modifica-

da. Las isosistas forman pa.rte de los llamados mapas de iso 

sistas de una regi6n para un temblor determinado. 

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

energía liberada durante un temblor; en su forma original se 

definió como. 

A M= log10 -A o 
(1.1) 

donde M es la magnitud del temblor, A es la amplitud máxima 

(en milímetros) registrados por un sismógrafo Wood-Anderson 

a una distancia de 100 Km del epicentro y Ao es una amplitud 

igual a 10- 3 milímetros (ref 1). En la.actualidad la magni

tud.de un temblor se obtiene como el promedio de las magnitu 

des obtenidas por ·diferentes estaciones sismológicas. Exis

ten algunas variantes de la .escala original de magnitudes de 

los temblores. 

La energía sísmica (en ergs) liberada durante un temblor pu~ 

de calcularse en forma aproximada mediante la expresión semi 

empírica (ref 1): 

logioE =.11.8 + l.SM (l. 2) 

Dado que la escala de Mercalli modificada no requiere de ins 

trurnentos para asignar la intensidad de un temblor en un si

tio, los catálogos de I(~~) constituyen la Gnica fuente de 

información sísmica disponible para algunos sitios o regio

nes, especialmente·para temblores ocurridos antes de princ~. 

pios de siglo. Los catálogos de magnitudes de temblores se 

inciaron en la tercera década de este siglo, principalmente 

en el área de California, Es~ádos Unidos. Para otras regio

nes del mundo dichos catálogos se· iniciaron hace unos pocos 
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años. Como se verá en el capitulo 5, la informaci6n conteni 

·da en esos catálogos constituye una parte escencial de los' 

procedimientos utilizados para predecir las intensidades fu

turas en algún sitio de interés; por lo cual se han propues

to expresiones semiempfricas que relacionan la magnitud M de 

un temblor y su correspondiente I(HH), as! como algunas carac 

terfsticas geométricas ·del temblor (como su profundidad focal 

etc.). Dichas· expresiones se utilizan para generar o comple 

mentar catálogos de M en algunos sitios o regiones de interés. 

2.3 Acelerogramas e intensidades máximas del terreno 

Desde el punto de vista de la ingenier!a, la informaci6n fun 

damental para estimar las fuerzas sfsmicas que actúan sobre 

una estructura la proporcionan los acelerogramas, los cuales 

son gráficas que ·representan la variaci6n en el tiempo de 

las aceleraciones del terreno. Un acelerograma, el cual se 

puede idealizar como una secuencia aleatoria de pulsos de 

aceleraciones generados por el movimiento del terreno duran 

te un temblor, se obtiene por medio de un aceler6grafo. Los 

acelerogramas también se pueden simular por medio de comput~ 

doras anal6gicas 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 máximas de las construcciones a temblores 

(aceleraciones, velocidades, desplazamientos) dependen de la 

intensidad*, el contenido de frecuencias, 1.3. distribuci6n en 

el tiempo de dicha intensidad y la durac16n 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 parámetro del movimiento del terreno relacionado 
con la respuesta de una estructura a dicho temblor. 
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temblor pueden estimarse (en forma aproximada) a partir de 

su aceleraci6n, velocidad y desplazamiento mjximos. 

2.4 Espectros de respuest~ 

Las respuestas máximas de un sistema de un grado de libertad* 

sujeto a un temblor se pueden obtener resolviendo la ecuaci6n 

de equilibrio dinámico (expresi6n matemática que relaciona 

las fuerzas de inercia, amortiguamiento y elásticas del siste 

ma con la fuerza s!smica correspondiente, 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 instrumentado. 

Se conoce como espectro· de respuesta a la curva que resulta 

de unir los puntos correspondientes a las respue.ste~s máxim~s 

a un acelerograma dado de sistemas de un grado d'e libertad 

con el mismo amortiguamiento y diferentes periodos naturales 

de vibraci6n. 

De estudios estad!sticos efectuados en diferentes lugares 

(ref 1 y 2) se ha llegado a la conclusión de que las intensJ:. 

dades máximas del terreno están correlacionadas con los cspe~ 

tros de respuesta. En particular, la aceleración máxima del 

terreno se relaciona sitisfactoriamente con las respuestas 

máximas de sistemas de periodo corto (estructuras r!gidas), 

mientras que la velocidad máxima y el desplazamiento máximos 

correlacionan adecuadamente con sistemas de periodo interme

dio y largo. (estructuras flexibles) ·respectivamente. De aqu! 

se sigue que los ·espectros de re.spuesta pueden calcularse a 

partir de las intensidades máxima~ del terreno y factores 

es?ectrales de amplificación como los propuestos en la ref l. 

* Un sistema en el cual una sola coordenada define la locali 
zaci6n geométrica de su masa, como por ejemplo un pórtico
de una cruj!a, cuya trabe tiene una rigidez infinita . 

1 
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Con el procedimiento mencionado en el p.1rrafo anterior es P9. 

'sible obtener los espectros de.disefio. tos cuales son gráf! 

cas que relacionan las envolventes de las· respuestas máximas 

esperadas de sistemas de un grado de libertad sujetos a dif~ 

rentes temblores con los periodos naturales (o frecuencias 

naturales) de vibraci6n de dichos sistemas. A partir de los 

espectros de diseño se pueden calcular las cargas sísmicas 

que en un instante dado actuarían sobre un sistema estructu

ral. 

.¡ 

-' 
! 
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3.' TECTONICA Y SISMICIDAD EN EL OCCIDENTE DE MEXICO 

3.1 Tect6nica 

L<i estructura tect6nica de la regi6n comprendida por los es

tados de Michoacán, Colima, Jalisco, Nayarit y Sinaloa esta 

relacionada con el movimiento de subducci6n de las placas de 

Cocos y de. Rivera bajo li1 placa Americana, as! como con los 

movimientos de las fallas transforrn·adas y centros de disper

si6n del. Golfo de California refs (3, 4, S, 6). 

Los estudios efectuados en dichas refs permiten concluir que 

la estructura tect6nica de la regi6n es muy compleja, en paE 

ticular en lo que se refiere al comportruniento tect6nico de 

la triple junta de-las mencionadas placas. Lo anterior se 

debe. a que tanto las velocidades de subducci6n, coino los ru~ 

bos pe las placas de Cocos y de Rivera son muy diferentes, 

ya que la primera se desplaza con una velocidad de 5 cm/año 

en la direcci6n noreste ref (4) mientras la segunda lo hace 

con una velocidad de 2.1 cm/año en la direcci6n noroeste ref 

(3). De lo anterior se sigue que los mecanismos de los tem

blores en la zona sean muy diferentes, dependiendo de cual 

sea la placa a que se asocien ref (3). 

As!, de 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 mayoría 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 Pacífico y 

Clari6n Fig 1; debe mencionarse que no se tien.e evidencia 

co:~cluyente sobre la existencia y por. tanto de las caracte

rísticas específicas de estas fallas. 
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3.2 Sismicidad 

La sismicidad de la regi6n ha sido motivo de estudios recien 

tes como los de las refs (3, 6, 7, 8). De dichos estudios 

se puede concluir que se tiene evidencia estadística de la 

ocurrencia de temblores destructivos en la región de interés, 

mas no se cuenta con los correspondientes registros del moví 

miento del terreno. 

Entre ·lo's temblores con magnitudes mayores o iguales a 7 

ocurridos en la región se puede mencionar tres en el siglo 

pasado (1845, 1858 y 1875) y cuatro en el presente (1911, 

1932, 1941 y 1973) refs (7 y 8) Figs 2 a 7. 

En la ref (3) se estudia el problema de la localizaci6n del 

te..""lblor de junio de 1932 con magnitud igual a 8. 2 y se con

cluye que dependiendo de si este temblor fue causado por el 

movimiento de la placa de Cocos o por la place de Rivera se 

espera que un temblor con caracterfsticas similares ocurri

r!a (o sea tendría un periodo de recurrencia) .en 56 o 140 

años a partir de 1932. En la ref (8i se menciona que la re 

gi6n de Jalisco tiene un potencial s!smico muy alto y que 

el lapso para que ocurran temblores fuertes (magnitud mayor 

o igual a 7) varia entre 32 y 56 años. 

3.3 Conclusiones sobre fa tectónica y sisniicidad del occi

dente de Héxico 

De lo discutido en los incisos 3.1 y 3.2 se puede concluir 

lo siguiente: 

a) La información actual sobre la geotect6nica y la sismici 

dad del occidente de México solo permite afirmar que la 

región es s!smicamerite activa. 

b) Que en la región pueden ocurrir temblores destructivos cu 

yo periodo de recur_rencia varfa en un rango de decenas a 
cientos de. "años. 
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el Se tiene información de tipo estad!stico sobre las magni:_ 

tudes y la localización de temblores ocurridos en la re

gi6n en el presente siglo y algunos del pasado. 

d) No se cuenta con registros del movimiento del terreno en 

la región; que sean de interés ingenieril. 

4. MODELOS DE RIESGO SIS:1ICO · •. 

4.1 Modelos de riesgo s!smico 

Los modelos de riesgo s!smico son modelos matemáticos que en 

una situaci6n ideal sintetizan el conocimiento actual sobre 

el proceso de generaci6n de temblores y que se combinan con 

·la informaci6n sismotect6nica disponible en una región, para· 

estimar los valores esperados de las intensidades máximas 

del movimiento del terreno en un sitio dado durante ciertos 

lapsos (periodos de recurrencia). 

Los modelos de riesgo sísmico que se han utilizado en los 

Gltimos años en el Instituto.de Ingenier!a, UNAM, tienen co

mo hipótesis fundamental que las intensidades máximas del 

terreno en un sitio determinado res.ultan de las contribucio

nes de la actividad s!smica 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 información s!smica dis 

ponible y sobre los modelos conceptuales del proceso de gen~ 

ración de temblores. 

Se tiene un tipo de modelos que aqu! se denomina bayesianos 

en los cuales las incertidumbres sobre la información y los 

modelos m~ncionados son explícitamente considerados por me

dio del teorema de Bayes· (Apéndice A). Los; otros modelos, 

que llamaremos no bayesianos,.manejan las incertidumbres men 

•; ,; 
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cionadas apoyandose exclusivamente en la ·información estadfs 

tica con que se cuente (generalmente escasa) o en la opinión 

(generalmente· conservadora) de los especialistas para modifi 

car alguna hip6~esis sobre •1 proceso de generación de tem

blores. 

En ia Parte II se .presenta· un modoüo de riesgo sísmico no-bay~ 

siano utilizado recientemente. En 4.2 se propone un 

inodelo de riesgo sísmico bayesiano y en el cap 5 un ejemplo 

de su aplicación a la determinación de las intensidades má

ximas esperadas del terreno para un sitio en el estado de 

Jalisco. 

4.2 Modelo de riesgo sísmico con parámetros bayesianos 

4.2:1 Sismicidad regional y local 

La sismicidad regional, v, en un sitio determinado; o sea el 

efecto que producen los temblores que ocurren en la región 

vecina al sitio, depende principalmente de la contribución 

que a la misma hacen los volumenes de la corteza terrestre 

alrededor de dicho sitio. Dada la atenuación de la intensi 

dad con la distancia, solamente los temblores localizados a 

algunos cientos de kilómetros del sitio contribuyen en forma 

importante a esta sismicidad •. 

tos voldmenes citados se d8signan como fuente~ sísmicas y se 

caracterizan por las incertidumbres asociadas a la frecuen

cia de ocurrencia y las magnitudes de los. temblores que gene. 

ran. Se denomina sismicidad local, >., al proceso de ocurre!! 

cia de temblores. de diversas magnitudes en una fuente sísmi

ca. De lo anterior sé puede concluir que la sismicidad re

gional para un sitio puede estimarse a partir de las sismici 

dades locales de las fuentes sísmicas correspondien~es. 

1 

1 
• 1 

1 

1 

1 
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Por.ejemplosi >.(M) representa el número de temblores de mag_ 

nitud igual o mayor que H generados eri promedio por unidad 

de volumen y poi año en fuentes sísmicas vecinas.a un sitio 

específico, el efecto de e·stos ·temblores en dicho sitio .se 

puede evaluar con la expresi6n (ref 10) 

ve· (y) = fv .\ {M(y, R)} dv ( 4 .1) 

donde ve (y) es el número medio anual de temblores con inten 

que "y" registrados en el sitio de 

las fuentes sísmicas, M{(y, R)} es 

interés y 

la magnitud 

sidad mayores 

generados por 

M que produce una 

volumen elemental 

intensidad "y" a la distancia R y dv es un 

de la corteza terrestre distante R del si-

tia de interés. El subíndice e de v significa·que las inten 

sidades "y". son calculadas a.partir de las magnitudes, pro

fundidades y distancias epicentrales provenientes de catálo

gos de temblores y de leyes de ate·nuaci6n que relacionan mag_ 

riitud-distancia-intensidad como se comenta más adelante. 

4.2.2 Modelo de sismicidad local 

La sismicidad local, >.(M) 1 asociada a una fuente sísmica de

terminada puede estimarse utilizando un modelo del proceso 

estocástico (aleatorio) de la-ocurrencia de temblores de di

versas magnitudes en dicha fuente. Si se adopta una forma 

para el proceso, la sismicidad local podría calcularse una 

vez que se estimen los parámetros que definen a dichb proceso. 

En este trabajo se supone que la ocurrencia de eventos se 

puede idealizar mediente un proceso homogeneo de Poisson. 

Lo anterior implica que la distribuci6n de los tiempos de 

ocurrencia de temblores es independiente de la historia pre

via. Esta independencia se supone también por lo que respe~ 

ta a la distribuci6n espacial de los focos de los eventos 

sísmicos. De acuerdo con ~a ~eferencia (11) 1 .\(M) ~e expr~ 

1 
• 1 

1 
1 

1 

1 
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sa como 

= o 

donde a., 8, y y Mu son pa.rámetros del 

deben estimarse a partir de los datos 

14 

( 4. 2) 

M > Mu 

proceso, los cuales . ' ·-
estadísticos, y de las 

características sismotect6nicas de las fuentes vecinas al si 

tio o de zonas similares de la tierra. Mu es la magnitud má 

xima que dichas fuentes pueden generar. 

4 . 2 .. 3 Ecuaciones· de a te.nuac i6n 

Lasecuaciones de atenuaci6n son expresiones scmiempíricas 

que relacionan magnitud-distancia-intensidad (aceleraciones, 

velocidades y desplazamientos máximos) de temblores en terr~ 

no firme. Dichas expresiones pueden obtenerse a partir de 

los datos que existen sobre los parámetros mencionados. En 

general, los procedimientos utilizados para obtener las le

yes de atenuación consisten en ajustar curvas a los datos de 

eventos ocurridos en diferentes regiones, por lo cual las 

expresiones así obtenidas reflejan las características geote~ 

t6nicas de la regi6n para la cual fueran obtenidas (ref 12). 

En este estudio se utilizarán leyes de atenuación de la for 

ma siguiente 

donde b 1 , b 2 , b 3 y Ro son los parámetros estimados del ajus

te y R fue definido previamente. 

En este ·trabajo se usarán las leyes de atenuación propuestas 

en la ref 12 las cuales· fuero'n.::ób.tenidas a partir de lu in-
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fcirmaci6n corrcspond~ente a temblores ocurridos en terreno 

firme de la costa oeste de los Estados Unidos y de la_ Repú

blica Mexicana. Las expresiones propuestas en dicha ref para 

estimar la aceleraci6n, a, y la velocidad, v, máxima del te

rreno asociadas a un temblor son: 

a= 5600 e 0 • 8M (R + 40)-2 en (cm/seg 2 ) (4.4a) 

V= 32 eM (R + 25)-1 • 7 .. 
en (cm/seg) (4.4b) 

donde M y R, la magnitud y la distancia del sitio de interés 

al foco del temblor se obtienen de la inforrnaci6n del catálo 

go de eventos para la región de interés. 

En la ref 12 se efectuó un análisis.estadístico de los erro 

res de predicción asociados a las expresiones 4.4a y 4.4b. 

De este estudio se determinó que los logaritmos naturales de 

los cocientes de las intensidades (a o v) predichas a las 
·,;.,!--f:· 

registradas instrumentalmente tienen distribución lognormal. 

Los parámetros de las mencionadas distribuciones fueron: pa~ 
, .... 

ra la aceleración máxima del terreno, media igual a 0.04 y 
- ' 

desviación estándar igual a 0.64; para la velocidad máxima 

del terreno, media igual a 0~124 y desviación estándar igual 

a 0.74. 

4.2.4 Modelo de sismicidad re_gional 

. La contribución de una fuente sísmica de volumen elemental 

Av a la sismicidad regional v en un sitio, distante R de la e 
fuente, se puede obtener combinando las ecs (4.2) y (4.3), 

de lo cual resulta la siguiente expresión, (ref 11). 

A vc(y) =a bf (R+Ro)-q y-r (1-(y/y¡)t) Av, y~ Y1 
( 4. 5) 

= O, Y > Y1 
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En (4:5), r = B/b 2 ,· t • y/b 2 , q = b 3 r, y 1 -es la intensidad 

obtenida con la ec3 para M= Mu; a, 13 y y son parámetros de 

la ec (4. 2) • 

Para obtener la contribuci6n de varias fuentes sísmicas a ve 

en un sitio basta con integrar la ec 4.5 con respecto al di

ferencial de volumen. .El resultado de dicha integraci6n no ·. 
variará en "y" como la ec 4.5; sin embargo, para fines prác

ticos dicho resultado se puede representar por una expresi6n 

similar a su segundo mielnbro, es decir (ref 11): 

= o , 

donde k~ r; t y y 1 son par~metros que se 

partir.de informaci6n estadística de los 

( 4. 6) 

Y > Y1 

p~~den estimar a , . 
. teritblores y de las 

características sismotect6nic~s de las fuentes vecinas al 

sitio de interés o de zonas similares de la tierra. El pará 

metro y 1 es el valor máximo esperado, que resulta de aplicar 

la ec 4.3, a la combinaci6n mas desfavorable de Muy R, para 

las diferentes fuentes sísmicas vecinas al sitio. 

r.os valores de v obtenidos en termines de los datos estadís

ticos sobre intensidades calculadas (a partir de magnitudes 

y distancias) con las ecuaciones de atenuaci6n de 4.2.3 de-
.. 

ben corregirse para tomar en cuenta las incertidumbres deri-

vadas de la utilización de dichas leyes. La corrección men

cionada se trata en 4.2.6. 

~eneralmente los catálogos de temblores que contienen la 

informaci6n mencionada en el párrafo anterior. están incornpl~ 

tos; es decir, no incluyen todos los eventos que pudieran ge . -
nerar intensidades máximas del terreno cap~ces de producir 

dafios en las estructur~s que se construyan en el sitio de 
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interés. Esto proviene de que s6lo cóntiencn información com 

pleta para magnitudes por encima de un cierto limite inferior. 

y por lo tanto emplear estos catálogos sin corrección equiva

le a ignorar la contribución al riesgo de los temblores muy 

pequeños, pero frecuentes, que pueden ·ocurrir a distancias 

muycortas. Debido a lo anterior resulta necesario introdu

cir una función correctiva f(y), por. la cual 

carse la sismicidad v obtenida a partir del e . . 

deberá multip1i

catálogo; al va-

lar corregido de v se le designará por v ; f(y) deperide de . co 
los parámetros de las leyes de atenuación y de las intensid~ 

des máximas calculadas con esas leyes. En forma aproximada 

f(y) puede· representarse asi (ref 11) 

f(y) 
. S 

= 1/ (1-·b(1-y/y1) ) ; y < y{ (4.7) 

donde b, s, y y{ son definidos como sigue s > O, O S b S 1 y 

y{ es el valor máximo de y 1 que puede esperarse de las fuen

tes sismicas vecinas al sitio de interés. Los valores espe

cificas. que adoptan s, b y yl dependen de los parámetros de 

:>.(M), de las leyes de a-tenuación utilizadas y de la distribu 

ción espacial de 1~ sismicid~d en la zona vecina al sitio. 

De la ec 4.7 se puede ver que f(y) es igual a 1/(1-b), para 

y= O e igual a 1 para y= y{. Los valores limites manifies 

tan el hecho de que en general los catálogos de temblores e~ 

tán completos para magnitudes grandes y siendo lo contrario 

para magnitudes pequeñas. 

De lo anterior se sigue que la v(y) corregida por incompletez 

del catálogo se expresa como 

v (y) = f(y) vc(y) co . 
(4.8) 

donde f(y) y vc(y) estan dados por la¡¡ ecs· (4.7) y (4.6) res

pectivamente. 
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4.2.5 Estimaci6n bayesiana de la sismicidad regional v(y) 

··En este trabajo la estimaci6n de v(y) consistirá en obtener 

la esperanza de esta varible a partir de la distribución co~ 

junta de probabilidades de los parámetros k, r, e y y 1 , que 

son los que definen a vc(y) de acuerdo a la ec 4.6. Para de 

terminar esta di!;tribución se efectuará el análisis bayesia

no de dichos parámetros, que escencialmente consiste en apli 

car el teorema de Bayes (Ap€ndice A) a· toda la informaci6n 

geotectónica y sismológica significativa de que se disponga 

en la regi6n donde se localiza el sitio de i~ter€s. Si se 

representa por Z el vector formado por los parámetros k, r¡ 

¡e, y¡; por YN el vector constituido por los N valores de las 

intensidades yi. observadas durante un lapso t, por f' y f" a 

las distribuciones bayesianas inicial y posterior de z respec 

·. · 'tivarnente; por L la función de verosimilitud del vector YN 

para.un Z dado. Se tiene la siguiente expresi6n (Ap€ndice A): 

(4,9) 

La distribuci6n fz(z) depende de las distribuciones margina

les iniciales de los parámetros de A(M), es decir de a, S, 

y y M (ver ecs 4.2 y 4.5). En relación a a se puede partir 
.U 

de estimaciones de los valores esperados de A(M) para magni-

tudes pequeñas en zonas sísmicas que involucren volümenes 

considerables de la corteza terrestre. También se. puede uti

lizar la informaci6n geofísica sobre la liberación de ener

gía sísmica en regiones de dimensiones intermedias (ref 11) ; 

En cuanto a 8 se puede utilizar valores que provienen de re

giones sísmicas semejantes a la de interés, además de que su 

rango de valores posibles tiene una cota superior (ref 11). 

Como no se tiene informaci6n sobre los posibles valores de y_, 

difu-para 

sas. 

este parámetro 

Finalmente la 

se requiere utilizar distribuciones 

distribuci6n inicial de M se puede formu 
u 

¡ 
.. •, 

" ' 

J 
'.''! 
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lar con base en la infonuC~ción geotcct6nic.:" de la región ve

cina al sitio, o si dicha información es esc.:asa o Ú1existente. 

para las m~ximas magnitudes observadas en la mencionada re

gión. 

Cuando se carece de información significativa en la región 

sísmica de interés, la distribución fz(z) se puede determinar 

asignando a los parámetros k, r, e, y 1 distribuciones rnargin~ 

les uniformes en intervalos que se consideren apropiados; ad~ 

mtis se suponeque dichos parámetros son estadísticamente inde 

pendientes. De lo anterior se puede obtener que 

f' (z) = f(k) f(r) f(c) f(y¡) (4.10) 

donde f(i), i =k, r, E:, y 1 representan las distribuciones 

marginales de los parámetros k, r, e, Y1• 

Para obtener la función L(.) se suponé 16 siguiénte: que las 

intensidades observadas (es decir las intensidades calculadas 

para valores observados .de magnitud y di'stancia) YN son vari~ 

bles aleatorias independien.tes con identica distribución, que 

dichas intensidades tienen un límite inferior y , así corno la . . o 
hipótesis mencionada anteriormente de que la ocurrencia de 

los temblores constituye un proceso de Poisson(sección 4.2.2). 

De acuerdo con 

que la función 

cionc.lidad 

las hipótesis anteriores se pueden escribir 

L(.) satisface la siguiente reiación de proPor . -

N 
v (y)+.l:

1
Lnv'(y.) co o 1= co 1 . 

(4.11) 

En esta relación, v (y ) es la tasa de excedencia corres
ce o 

pendiente a y calculada con la ec 4.8, t es el lapso de o . . 
observación de YN y v~0 (yi) es la derivada de vc

0
(y) con res 

pecto a y valuada para y= yi. En el. apéndice B se muestra 

la obtención de la ec (4.11) así como la forma expl.fcita de 

. 
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sus términos. 

Sustituyendo las ecs 4.10 y 4.11 en la ec (4.9) es posible 

obtener la distribución de probabilidades a posteriori de los . . 
parámetros k, r, E, y 1 , de lo cual se sigue que la esperanza 

a posteriori, E"(.), y la variancia a posteriori, cr 2 ''(.) de 

v para y = y. se pueden estimar con las siguientes expre-co . J. . 

sienes: '· 

= f v (y.) f" lz!YN; t) dz ¡; co 1 z (4.12) 

flv (y.)-E"(v (y.)) 2 f"lz!Y ; t)dz 
¡; co J. co J. z ~ 

(4.13) 

en estas ecs dz = dk dr dE dy 1 y ~ es el dominio de Z. La 

integración de las ecs (4.12, 4.13) se efectuará discretizan 

do ~ por medio de la concentración de las probabilidades bay~ 

sianas de Z en los puntos del dominio definidos por valores 

preseleccionados de los parámetros k, r, E; y 1 ; es decir: 

E"(v (y.))= co J. 

n1 n 2 .·n3 
l: l: l: 

m=l n=l.s=l 

a~"(·; (y.))= . co J. 
m=l 

(zm n s ~ IYN,t) 

( z !Y ·t) 
m n s ~ N' 

n4 
l: (V (y.)-E"(v (y.)) 2 f" 

~=l co 1 · ca. 1 z 

(4.14) 

14 .is> 

En las e~s (4.14, 4.15) n 1 , n 2 , n 3 y n, representan el ndmero 

de valores seleccionados de k, r, E y y 1 respectivamente, 

f"(.) es la distribución de probabilidades a posteriori de Z 

valuada en km' r ' n En las ecs 4.14 y 4.15 esta 
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impl!cito que v (yl) tambi~n debe ser vallw.di\ en los mismos co . 
punto~ que f"(.). El co~ficiente de variaci6~ a postcriori 

de v (y.), V"(v ·(y.)) se puede obtener directamente con la co 1 co 1 . 
ec 4.16 

(4.16) 

donde cr"(.) es la desviación estandar a posteriori. 

4.2.6 Correcci6n por incertidumbre en las leyes de atenuaci6n 

En 4.2.3 se mencion6 que los cocientes de las intensidades 

reales entre las predichas con las leyes de atenuaci6n que se 

utilizan en este trabajo (ces 4.4a y 4.4b) tienen una distri

buci6n de probabilidades lognormal con medias y desviaciones 

estándar indicadas en esa secci6n. Para tomar en cuenta el 

efecto de las incertidumbres impl!citas en las leyes de ate

nuación en la sismicidad calculada a partir de dichas leyes, 

en la ref 13 se propuso la siguiente expresión 

"' 
(4.17) 

donde v(y) es la sismicidad en el sitio asociada a la inten-
' sidad y corregida por incertidumbre en las leyes de atenua

ci6n,v (y/u) es la sismicidad en el sitio sin incluir dicha co . 
corrección, a = y/y 1 , y f es la función de densidad de pro u e -
habilidades del cociente de las intensidades reales entre 

las predichas con las leyes de atenuación. 

En el caso que nos ocupa v (y/u) esta dada por la ec 4.8, co . 
f (u) es la funci6n de densidad de probabilidades de la dis e . . -
tribución lognormal y Yl se defini6 anteriormente. Combinan 

do las ecs 4.8 y 4.17 se obtiene (ref 13) :· 
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v.(y)., C1K Y-.r (1- ~ (·Y-l"l 
c1 Y1 

Q. Ln (y/y1l -m -.cr 2 r. · 
e i = e ~ (1 - <:> ( ___ .:..__0-:----..-::.~ l l 

i = 1, 2 

r2 = r - e: 

22 

(4.18) 

K, r, E y y 1 son los parámetros de E~ (v (y.)), m y a son ' co ~ 

respectivamente la media y·la desviación estándar del error 

de predicción de las leyes de atenuación (ecs 4.4a y 4.4b) 

y <l> es la función normal de distribuci6n de probabilidades 

con media nula y variancia unitaria. 
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S. RIESGO SISMICO EN UN SITIO EN EL ESTADO DE JALISCO 

En este cap se presenta una aplicaci6n del modelo descrito 

en el cap 4 para la determinaci6n de las intensidades maximas 

del terreno para.diferentes periodos de recurrencia, de.un si 

tio que tiene como coordenadas 2l.3°N, 104.4°W, localizado 

en el estado de Jalisco. 

5.1 Informaci6n para el sitio 

Con base en la informaci6n tect6nica y sobre la sismicidad 

de la regi6n (la cual fue discutida· en el cap 3) se decidi6 

adoptar como fuente sfsmica un prisma de 14 x 14 grados de 

latitud y longitud con centro en el sitio y 300 kil6metros 

de profundidad. La informaci6n de tipo estadfstico sobre 

los temblores ocurridos en dicha fuente provino de las refs 

(8, 14). 

-
De las refs (8, 14) se gener6 un catálogo de temblores con 

magnitudes mayores o iguales a 4.5 para el lapso 1900 a 1981. 

Como las magnitudes reportadas en dichas refs (10, 18) incl.l:!. 

yen magnitudes asociadas a la trasmisi6n de ondas de cuerpo 

(~) y de superficie (ms) para los eventos ocurridos en di

versas épocas, fue necesario uniformizar el catálogo a una 

s6la magnitud. 

Para lograr lo anteriOr se utilizaron eventos registrados de 

1900 a 1981 y de los cuales se tenfan ambas magnitudes; se 

_efectu6 un ajuste de mfnimos cuadrados a dichos datos, lo 

cual condujo a las siguientes ecuaciones: 

m
5 

= 1.12 ~- 0.705 

(5.1) 
~ < 5.6 

. ' . 

r 
1 
! 
1 

¡ 

1 

1 
i ., 
i 
j 
l 

11 
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ms e 1.312~ - 1.565 
(S. 2) 

Estas expresiones fueron utilizadas para uniformizar los tem 

blores del catálogo inicial a la magnitud m dnicamente. 
S 

Por otro lado la profundidad de un número importante de even 

tos del catálogo no fue re~ortado y dado que se requiere di

cha información para poder convertir el catálogo d•~ magnitu

des a uno de intensidades (a través de las ecuaciones de ate 

nuación) se utilizaron las siguientes ecuaciones ref (15) 

1 n 2 
(H + 40)- 2 = l: (H. + 40) n i=l l. 

(5.3) 

1 n . -2· 

Cii + 25)- 2 = l: (H' ·+ 25) n . 1 l. J.= 
'(5.4) 

para.calcular una profundidad promedio H de los temblores 

ocucridos en la fuente sísmica seleccionada. 

En las ecs 5.3 y·5.4 Hi es ia profundidad reportada para el 

i-ésimo temblor y n es el.número de eventos cuya profundidad 

sí fue reportada. Las ecs 5.3 y 5.4 son utilizadas para cal 

cular la profundidad de un temblor al cual se le determinará. 

su aceleración o velocidad del terreno en el sitio de interés 

respectivamente. 

De la aplicación de las ecs 5.1 - 5.4 se obtuvieron dos catá · 

logos con magnitudes ms y con sus profundidades correspondie_!! 

tes para determinar-la aceleraci6n y 1avelocidad del terreno 

en diferentes sitios de interés. 

l 

1 

i 
1 

. 1 

1 
¡ 
1 

1 

i 

1 

1 

.¡ 
1 

·1 
1 

1 

1 
1 

1 

1 

1 

1 

1 
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5.2 Riesgo sfsmico en el Gitio de inter~s 

El modelo de ·riesgo sfsm.i.co descrito en 4.2 fue aplicado uti 

!izando la información mencionada en 5.1. 

' A partir de las magnitudes, las coordenadas epicentrales y 

las profundidades focales de los temblores de los catálogos 

mencionados al final de 5.1 y haciendo uso de las leyes de 
atenuaci6n para aceleraciones y velocidades máximas ecs 4.4a, 

4.4b, se calcularon las intensidades del terreno correspon

dientes a los 81 años de observaciones. 

A continuaci6n se·procedió a calcular la tasa media de exce

dencia de las intensidades observadas, v (y) (donde y repre-, e 
senta las aceleraciones o las velocidades máximas del terre-

no). Para ello se ordenaron en forma ascendente las y's y 

para calcular las v (y) correspondientes se divide el número . . e . . 
de intensidades mayores o iguales a la intensidad de interés· 

entre el lapso de observación, que en este caso es de 81 

años. . 

En la fig 8 se presentan los valores obtenidos de ve (o su 

reciproco el periodo de recurrencia T ) para· la aceleraci6n . . r 
máxima del terreno para el sitio de interés. En la fig 9 se 

muestran los correspondientes valores para las velocidades 

máximas del terreno. 

De la localización de los epicentros de los temblores del ca 

tálogo con relaci6n a 

ner que f(y) en la ec 

los sitios de interés se decidió prop~ 

4.7 

Con esto se supone que el 

tendría un valor igual a la unidad. 

catálogo esta completo en todo el 

rango de magnitudes utilizadas. 

De acuerdo a lo mencionado en el cap ~, para el cálculo de 

·la tasa media de excedencia E~ (vc
0

) se requieren los valores 
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iniciales (a priori)"de losparámetros k, r, c"y y 1 • Los va" 

lores utilizados son los mostrados en la tabla 1. De la ins 

pecc16n de los datos de la muestra para el sitio "Se decidió 

que k, r y E estarfan comprendidos en los rangos indicados 

en dicha tabla. Los Hmites -de Y1 se obtuvieron a través de 

las ecs 4.4 y se consideran con base en lo discutido "en el 

cap 2 una magnitud máxima esperada de 8.2 (refs 3), y dos v~ 

lores de R, 24.5 y 40 km, los cuales conducen a un rango de 

"aceleraciones y de velocidades máximas del terreno de 617 a 

950 cm/s 2 y de 96 a 150 cm/s respectivamente. De estudios 

sobre el efecto de y 1 en la estimación de E"(v ) para los co " 
datos del sitio se observó que no era necesario que y 1 fluc-

tuará en los rangos indicados, sino que bastaba con tomar sus 

limites superiores, por lo cual se decidió utilizar los y 1 

"indicados en la tabla l. 

En este trabajo se supone que a priori los parámetros k, r, 

E y y 1 son estadfsticamente independientes por lo cual la pr~ 

habilidad a priori de cada una de las combinaciones de los 

diferentes parámetros es igual a 1/1024, donde el denominador 

se obtiene de multiplicar el número de valores utilizados de 

cada parámetro es decir, 8x8x8x2, correspondientes a k, r, E 

y Y1 respectivamente. 

Finalmente los valores de m y a en la ec son los mencionados 

en 4.2.3. es decir, m= 0.04 y a = 0.64 para la aceleraci6n 

máxiMa del terreno y m= 0.124 y a= 0.74 p~ra la velocidad., 

máxima del terreno.· 

Los resultados obtenidos se presentan en las figs 8 y 9, la 

primera corresponde a las aceleraciones y la segunda a 

las velocidades máximas 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 veo' 

' 

1 

1 

1 

1 

1 
1 

" ' 
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E"(vc
0

) y V"(vc
0

) corrcspo11dientcs. L.:ts curvas de E"(\>c) 

tienen la forma de la ec 4.6 eón los p.:tr~metros k, r, E y 

Y1 de ·la tabla 2. Ta'mbü!n se muestran en dichas fi•JS las 

curvas E"(v) que representan las esperanzas a posteriori de 

v obtenidas despúés de aplicar las correcciones por incerti

dumbre en las leyes de atenuaci6n de acuerdo a lo mencionado 

en 4.2.6. Estas curvas proporcionan los valores finales de 

lai aceleraciones y velocidádes máximas del terreno a y v · . · r · r 
para el sitio de interés para diferentes v o T • En la tabla . r 

·'3 se_presentan los valores de ar y vr para varios periodos de 

recurrencia obtenidos de las mencionadas curvas. 

-Comparando los valores de las aceleraciones y velocidades má 

ximas del terreno para periodos de recurrericia de 50, 100 y 

500 años obtenidos en este trabajo con los proporcionados en 

la ref 16 se· puede concluir lo· siguientt:!: 

a) Las aceleraciones de la ref 16 son 2. 42, 2. 7 :Y 3. 66 veces me 

nores que las obtenidas en este estudio para los T men-
r 

clonados; 

b) Las velocidades de la ref 16 son l. 87, l. 9 y 2. 64 veces 

(- menores que las obtenidas en el presente trabajo. 

Lo anterior quiza se.deba a que la informaci6~ utilizada en 

este trabajo es mas completa, as! como ·a que las ecuaciones 

de atenuaci6n utilizadas en la ref 16eran menos precisas que 

las usadas en este trabajo. 
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6. CONCLUSIONES 

Con bas~ en lo descrito en los 6apitulos anteriores, se con

cluye lo siguiente: 

l. Existe evidencia del ·alto potencial sísmico del·occidente 

de M~~ico en particular en los estados de Colima, Jalisco 

y Michoacán. 

2. 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 sísmico detallados para las ciudades 

más importantes de la regi6n. 

3. ·seria muy conveniente que a la brevedad posible se p~opo~ 

qan reglamentos de diseño sísmico para las ciudades más 

importantes de la regi6n. 

4. Seria muy recomendable que a la brevedad posible se insta 

len aceler6grafos para registrar los movimientos sísmicos 

que ocurran en las ciudades irnportant~s y otros sitios 

del occidente de M~xico. 

.. • 

.. : -:. 
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PARJ\I'.ETRO kini k fin bk · rini . · rfin Ar &ini. &fin M:. Y1in1 

a 

V 

20 27 1 . 1.SO 2.06 0,08 0.10 B. 1 S 1.1 S 949 

o.S9 0.73 0.02 1. 77 1.84 0.01 0.10 8.15 1.15 149 

TABLA 1 VALORES A PRIORI DE LOS PARAMETROS k, r, E, y 
1 

PARA ACELERACIONES 

(a) Y VELOCIDADES (v) PARA UN SITIO EN EL ESTADO DE JALISCO 

P11R!\MI;":TRO. k" r" . E" 
n 

y 1 . 

22.2053 1.7922 ~.6756 950.00 

V 0.64-19 1. 803.3 <.;6891 149.99. 

TABLA 2 VALORES ESPERADOS A POSTERIOR DE LOS PARAMETROS k, r, e;, y
1 

PARA 

ACELERACIONES (a) Y VELOCIDADES (v) PARA UN SITIO EN EL ESTADO DE 

JALISCO 

so 
P~RIODO DE RECURRt~CIA Tr (~ños) 

100 200. 300 400 500 1000 
PARl\HE'I'nO 

92 135 202 "250 292 330 . 495 

v (crn/s) ·1 o.J 15.2 22.2 2G 33· 37 

TABLA 3 ACELERACIONES (a) Y VELOCIDADES (v) MAXIMAS DEL TERRENO PARA VARIOS 

PERIODOS DE RECURRENCIA (Tr) PARA UN SITIO EN EL ESTADO DE JALISCO 

y f.y¡ 
1fin 

9S1 2 

151 2 
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APEriDICE A · Teorema de Bayes 

Si H¡ (i = l,n) representa un conjunto de hipótesis mutuamente excluyentes 

·y colectivamente exhaustivas sobre un fe!16:~en0 p=.rcialmente cc:::)cido y A 

es una observación del fenómeno, el teorema de Baye~ se puede expresar co

mo (ref -Al) · 

n 
P(H¡IA) = P(H¡) P (Á/H¡)IJ¡ P(Hj) P (A/Hj) (Al) 

---- ....... • J-= 
/ \ 

donde P(a/b) sig~ifica la probabilidad de a dado b; P(H./A) es 1a probabi-
' 1 

lidad a posteriori de que Hi es verdadero dado que se observa A; P(Hi) es 

la probabilidad inicial de H. asignada antes de observar A y P(A/H.) es la 
¡ .1 . 1 

· probabilidad-de A si H. es verdadera. El término en el denominador del se-
~.~ . .:-·- .' 1 . 

gundo mie;;Jbro de la ec (Al) proporciona la constante normal izador?. pat·a que 

el primer miembro sea una probabilidad. 

Para el caso que se tiene en el cap 3, se desea aplicar el. teorcir.a de Bayes 

para o tener la densidad de probabilidades a posteriori de Z (donde Z es el 

vector formado por los parámetros de la sismicidad regional vc
0

(y)) dado 

que se han observado N temblores con intensid~des·YN durante el lapso t, 

·-Al. Raiffa, H. and Schlaifer R., "f,pplied Stotis.tica1 Oi:cisicn Theory" MIT 
Press (1968) 

A2. Gcnjamin, J R ~nd Corncll, t A, ''Proh~hility, s:ati~tic~ ard D~cisions fcr 
Civil Enginccrs", }~cGrav: .. ni l! ( 1970) 
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es decir el primer miembro de la ce Al se asocia a f~(Z/Yi'l;t) de. la ce 9. 

El término P(H;) de la ec (Al) corresponde a la densidad de orobabilídades. 

inicial (supucst<l) de Z¡ rcprc~cntado por f~(Z) en la ec (.9 ). 

El término P(A/H¡)· de la ec (Al) es la probabilidad de que ocurran las in

tensidades YN, en caso de que los parámetros que definen la sismicidad 

regional, ("k_
0

(y)),;;ean precisamente los que se asignaron inicialmente a Z. 

Se puede demostrar (ref AZ) que esta probabilidad es proporcional a la fun-. 

ci6n L(Y";t/Z) de lá ec (9). 
11 • 

El tér;ni no en e 1 denominador de 1 segundo miembro de 1 a ce (Al) se omitió en · 

la expresión 9 , por lo cual en lugar del símbolo de igualdad de la ec 

Al se ti ene e 1 de propot·c i o na 1 i dad. 

.• 
·'-..._ ____ ./ 

f 

.. 

,· 
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APEt:OICE B ·Deducción de la ec 4.11 

La función de verosimilitud que se requiere es la probabilidad de que en 

ur.a _reg'i6n específica durante un lapso t ocurran N temblores con inte!1si-

dades y.· mayores o iguales a una intensidad y , tales oue n 
1 . . o . . 1 

rresponden. al intervalo ~y 1 de intensidades, n
2 

al 'Jntervalo 

intervalo llyk. Lo anterior puede escribirse como P(YN;'t!N). 

' ' . 

P(Y:¡;t!N) .= P(\ ,n
2

, ... nk!N) P(N,t) 

temblores co

lly,~ .. nkal 
2 . 

(Bl) 

De acuerdo a la hipótesis de que la ocurrencia de temblores en la región 

de interis constituye un proceso de Poisson, se sigue que la intensidad Y¡ 
asoCiada a cada temblor es independiente de la historia 'previa, por lo 

cual la distribución conjunta den ,n , •.• nk dado n es mul'tinomi~l (ref 
' ' 1 2 

Bl) 

k 
P(n ,n , .•• nkl N)=Nl TI 

l. 2 . . 'i=l 
'(B2) 

en la ec (B2) P1 es la probabiliaad de que caca vez que ocurre un temblor. 

en le región de interés su intensid~d y. se encur:ntre en el intervalo !Jy
1 
•• 

. 1 

Si los lly. son muy peque".os, los n.adoptarán va·lores c2ro o uno, pcr lo . 1 1 

ct;Jl n.¡ = i. Su:; ti tuycndo este úl ti;r.o valor en la ce (S2) condu:e ,~ 
- 1 • . 

.• 

·1 

i 
'1 
i 
i 
i 
1 

1 
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. N 
P(n ,n , ••• n,IN) =NI n pi 

l 2 " '1=1 

44 
(B3) 

~n ·la cual · 

(B4) 

el .t~rmino f (y.) .de la ec (B4) es la ordenada de la función dri densidad 
y 1 . . . 

de probabilidad de las intensidades ~ara un temblor cualquiera valuada en 
Y¡ Y dyi es el intervalo infinintcsimal en que se encuentra yi. La fun
ción de densidad mencionada puede obtenerse a !)artir de la tasa de excede~ 
ci a de 1 as i ntens ida des observa das 'J lv . ) , de acuerdo a 1 a expresión si-co 1 

· gui ente. 

(l\5) 

= v' {y) 1 "co(y) 
. CQ \ o 

sustituyendo la ec (B5) en la ec (84) y e$ta última en ·ra ec (B3) 

N . 
P(n ,n , , •• n11 1 N) ,; N 1 n (v' (y )l(v 

0
(y } ) 

1 2 'i = 1 e o i e " 
(136) 

donde y es la intensidad mínima del catálogo de intensidades observadas, 
o 

v~0(y0 ) es la veo (ec 8) corrcspon~iente a y
0

, el término v~0 (yi) es la 

derivada de 'Jco con respecto a y Valuaaa para la intensid~d yi. 

Utilizando de nueva cuenta la hipótesis de Poisson sobre la ocurrencia de 
temblores en la región de interés, la probabilidad, P(N,t), de que durante 
un lapso t oc.urran N temblores con tása media de excedencia v (y ) se co o 
puede valuar con la expresión siguiente (ref 81) 

(87) 

Sustituyendo 1 as e es B6 y .87 en 1 a e e ll r se ób ti .:-nc 1 a ec 88 
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. . . N 
P(Y ;t N) = tN e-v,o(~ >t n 

N . 1al 

Se puede demostrar (ref 6) que 

y si se obtiene el Ln de ambos· mierr.bros de {B9) 

N 
l(YN. ;t!Z) a: -v (yo) t +.r

1
Ln v-

0 
(y

1
.) 

. co -1 = e 

( 

( 

'. 
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l. I::TROOUCCION 

El objeto de este trabajo es la determinación de Mpetctlto~ de :IL\cJio ,;L\,~-Leo 

para diversos tipos de te1-rcno en la Planta Geot<~rmica de Cen·o Prieto, 13.C. 

Este sitio se localiza en la vecindad de la ciudcd de i·lexicali, 13.C., y sus 

coordenadas geo~ráficas son 32°24' de latitud norte y 115"14' de loi1gitud 

oeste, fig l. 

Los espectros de diseno slsmico son gráficas que relacionan las 'envolventes 

de las re~puestas máximas esperadas de sistemas estructurales-sencillos (i

deal izados como de un g·radc de libertad} sujetos a diferentes temblores con 

los periodos naturales de vibración de dichos sistemas. A partir de los 

mencionados espectros es posible 'estimar las solicitaciones sísmicas r~ra 

las cuales se debe diseHar una estructura localizada en una zonJ sísmica, 

tal como el sitio donde se local iza la Planta Geoténnica de Cerro Prieto 

( PGCP). 

Los criterios de diseño que se propongan d2ben tener por objetivo optimizar 

las estructuras, es decir, conducir a sistemas estructurales en los cuales 

la ,,til idad obtenida de su ejecución sea máxima. La deter;ninación de la e,; 

trm:tura óptima se: puede log¡•ar a tl·avés de estudios costo-beneficio que in 

cluyan explfcitamcnte los siguientes parámetros: los beneficios esperados 

de su construcción, 1-:Js costos esperados de las posibles fallas, les costos 

'1 
1 
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iniciales de discnar y construir, asi como lus probuliil iuudcs dG ocurrencia 
(c. intensidades nh'íxini.JS) de las solicitacioncJ. · 

.. :' 

/\unque se cuenta con las herromicntas necesarias para 12fcctuar los estudios 
costo~beneficio citaúos arriba (ref 1) su aplicación práctica se ve a veces. 
limitada por las dificultades asociadas con la estimación de las consecuen
cias de falla o utilidades de la operación de las estrt1cturas proyectadas. 
Por ello la detet·minación de la estructura óptima ante solicitación sfs~ica 
se llevará a cabo siguiendo el criterio propuesto en la ref 1, el cual. se· 
·basa en la comparación de las intensidades esperadas de diseno (aceleracio
.nes, velocidades, etc)., en dos sitios diferentes, para un mismo periodo de 
recurrencia; Este parámetro se define como el reciproco de la tasa media 
de excedencia de una intensidad dada durante un lapso previamente ·definido. 

Como no se cuenta con un número suficiente de registros del movimiento del 
terreno en el sitio de interés, ni de información suficiente sobre las carac 
terísticas sismotectónicas de las fallas ce<"canas al sitio, la deter:ninilción 
de los espectros de diseno se efectuará a partir de la información estadís
tica (catálogo) sobre las magnitudes y las coordenadas foc~les de temblores 
generados cerca del sitio de interés durante este siglo .. 

Con la información anterior y utilizando leyes de atenuución (reluciones 
magnitud-distancia-intensidad) previamente propuestas en la ref 2 se obtie
nen expresiones que relacionan aceleraciones y velocidades máximJs del te-

, 
rreno con tasas de excedencia (periodos de recurrencia). 

Las expresiones mencionadas se corrigen para tomar en· cuenta las incerti-· 
dumbres asociadas con las intensidades reales en comparación con las calcu
ladas a través de las leyes de atenuación, asi como las incertidumbres re
lacionadas con el uso de un catálogo que no incluye todos los eventos que 
pudieran producir intensidades importantes en el sitio de inter6s. Lo des
crito en los párrafos a·nteriores se tratará con detalle en el cap 3. 

Los espectros de diseno para diversos periodos de racurrencia se obtienen 
a partir de las intensidades máximas del tct-reno. El espectro de diseño prQ. 
puesto se selecciona siguiendo las recomendaciones de la ref 1, tal como se 
indica en el cap 5. 

1 
.j 

1 

; 1 

i 
,l 

'i 

' 

1 
• 1 

' 
' 
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2. GEOLOGIA, TECTONICA Y SISr1ICIDi\D DE LA REGION 

. 2. 1 Geolog.<.a 

La PGCP se localiza en el Valle de nexicali (fig 1) el cual forma parte de 
la provincia geológica llamada del Golfo de California o depresión de Sal
ton (ref 3). Estructuralmente está formado por graberns.(depresiones) lle
nados por aluviones y horsts (levantaQlientos) de rocas paleozoicas forma
das antes de la .actividad tectónica (ref 3). 

La litología de la región de Interés corresponde a la del delta del Río 
Colorado (¡·efs 3 y 4) y está formda por arenisca, arcllias y lutitas de-

. positadas cíclicamente. Dichos sedim~ntos se encuentran cubiertos por 
aluvión de la Sierra Cucapa y áreas adyacentes (réf 3). La distribución 
horizontal de los sedimentos deltaicos es desconocida debido a la irregu
laridad horizontal en que se h~.n depositado los sedimentos mencionados. 

2. 2 T ec.:t6n .. ic.a. 

La estructura tectórii<;a de la región ha sido descrita por un ancglo simple 
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de f~llas transformudas y centros de-dispersión que se c<JrJctcr'izan por 
gene~~~ enjambres de .temblores, actividad volc5nica reciente, áreas geo

·térmic'as y depres·iones topoc¡r;íficas sul!:narinas (ref ·s, 6). 
" '. . 

. '· ' 
. Entre'· las fJllas principales que se localiZiln en el Valle t!e ~:e:<icali se 

pueden mencionar a las siguientes: Imperial, Cerro Prieto, Elsinore (tam
bién. llamada Laguna SaladJ). Otras fallas en la zona son las de A~ua Bla! 

. ca,·San Miguel, de Sierra Juárez (refs 5, 6). Recientémente se ha locali
zado un sistema de fallas secundario denominado Volcano en la zona donde 
se encuentra la PGCP (ref 4). Estas ~ltimas fallas se asocian al movimien 
to lateral derecho de las fallas Imperial y Cerro Prieto (rcf 7). 

Una característica de la mayoría de las fullas mencionadas en _los pát-rafos 
anteriores es que solo se conocen parcialmente sus dimensiones (ref R, 9). 

2 . 3 S.üm.i..cJ.dad 

En la ref 5 se reportó que la actividad sísmica de la regi5n de inter~s se 
concentró en las fallas Imperial, Cerro Prieto, Sierra Juárez y San Miguel. 

En particular se observaron 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 sfsmica asociada 
a. la falla Cerro Prieto únicamente. 

Otros estudios de la sismicidad en la región donde se localiza la PGCP 
(ref 10} mostraron que la mayoría de los eventos identificados se concen
traron en el extremo· noroeste .de la falla Cerro Prieto y el sureste de la 

·falla Imperial. 

Desde el punto de vista ingenieri 1 recientemente ocurrieron temblores que 
causaron daRos a estructuras; estos temblores fueron los de octubre 15 de 
1979 y junio 9 de 1980. El primero tuvo una magnitud de 5.6 (magnitud de 
ondas de cuerpo) y. aceleraciones máximas de hasta 500 cm/seg2 (ref 11). Su 

¡ 
i 
i 

. ' ¡ 
' i 

• 1 
1 

¡ 
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e¡¡iéentro se localizó ccrcJ de la ciudad de l·lexic~li (rel' 1?.). 

El segundo· temblor ocurrió el 8 de junio de 1980 COil tlr13 magnitud local de 
6.7 y aceleraciones m5ximas cli;l terreno de hasta G63 (cm/sell. Su epicen
tro se localizó cerca de la falla de Cerro Prieto; las coordenadas fueron 
32 .. 213" N y 115.028"W (refs 13 y 14). En la ref 13 se describen los daHos 
observados en diversas estructuras en la región afectada. También se des
criben en la rcf (14) los efectos de los mencionados temblores en el terre-

. no, entre los que destaca la fct-mación de pequeños "•1olcanes" de arcnJ muy 
fina y agua con cl<?vaciones de hast,J40 cm sobre el nivel original del te
rreno, lo cual indica que las capas de suelo superficiales en·la región de 
interés son ~usceptibles de licuarse. Este efecto de licuación pued~ ser 
peligroso para estructuras que se desplantehen terrenos susceptibles a tal 
fenómeno, 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 licuación y efec~ 

tuar estudios detallados especificas para decidir sobre uso del suelo, es 
decir, sobre sitios en dondepueden desplantarse estructuras y en donde debe 

impedirse 1 a construcción. 

. ! 

'1 ; i 
! 

1 

1 
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3. nODELO DE RIESGO SISt1ICO 

' 3. 1 Sí.6m.<.cwad Jteg-i.onai y toca..i 

La sismicidad.regional, v, en un sitio determinado, o sea el ef€cta que prQ_ 

ducen los temblores que ocurren en la región vecina al sitio, depende prin

' cipalmente de la contribución que a. la misma hacen los volumenes de la cor

teza terrestr~ al~ededor de dicho sitio. Dada la atenuación de la intensi

dad con la distancia, ·solamente los volumenes localizados a algunos cientos 

·de kilómetros del sitio contribuyen en forma importante a esa sisniicidad, 

·Los volumenes citados se designan corno fuentes sísmicas y se caracterizan 

. por las incertidumbres asociadas a la frecuencia de ocurrencia y las magni

tudes de los temblores que generan. Se denomina sism"icidad local al pro
ceso de ocurrencia de temblores de diversas magnitudes en una fuente sísmi

ca. 

De los párrafos anteriores se puede concluir que la sismicidad regional pa

ra un sitio puede estimarse a partir de las sismicidades locales de las 

·fuentes sísmicas correspondientes • 

. •:..:_ .. ,· 
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La sismicidad local ascci.1da a una fuente sis1:lic~ dctcrmin~da f!~cdc csti,'Jar 
'¡\. 

s,: util iza.ndo un modelo del proceso estoc.ístico (alcHorio) de la ocun·::n-

ciJ de tf:mblor·es d6 divcr·sas rn<tgnitudes en. dicha fuente. Si sr: adopta una 

·.· .. fonna para el proceso, la sismicidud local podría calcularse una vez que 

se estimen los parámetros que definen a dicho proceso, 

Como se mencionó en el cap 2, la información sobrelas características sis-

. motectónicas de la zona vecina al si tia no es suficiente corno para definir 

v2rias fuentes sísmicas, por lo cual se calculará lu sismicidad en el sitio 

de interés 11 partir de las intensidades calculadas de los temblores con fo

cos contenidos en un prisma de 12 x 12 grados de longitud y lati.tud, con 

centro en el sitio y profundidad .de varias decer.as de kilómetros. Para es

.tos fines, la sis:nicidad se definirá en terminas de la tasa media de exce

dencia ·de cada .intensidad por unidad de tiempo. En forma aproximJda la 

sismicidad de un sitio puede expresarse mediante una expresión de la forma 

r¡ .~ Yj máx . { 1) 

\J = O j i¡ > Uj máx 

j = a, v 

En la ec 1 vj{r¡) es el número medio anual de terr.blores con intensidades ma

yores que u registrados en el sitio de interés y generados por las fuentes 

sísmicas vecinas al sitio, aJ., r; y y. - son los p2rumetros del proceso, 
" J max . . 

los cuales deben estimarse a partir de los datos estadísticos, j de las 

características sismotectónicas de las fuentes vecinas; y son las intensi

dades máximas del t~rreno (aceleración, a, y velocidad, v) que pu2den cal

cularse a partir de las leyes de atenuación.que se presentan en 3.2 

Los valores de v obtenidos en t~rminos de los·datqs estad1sticos sobre in

tensidades calculadas (~ partir de magnitudes y distancias) con las leyes 

de atenuación de 3.2 deben corregirse para tornat· en cuenta las incer·tidum

bres der·ivadas de la utilización de dichas leyes, así-como las incertidumbres 

r·clacionadas con el catiilogo de temblores empleado. Este no incluye todos 

. i 
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los·;.ev.'qntos que pudieran oencrilt' intcnsid.tdc:; del teiTI.!no impod.1ntes (de:;~ 

de éi'punto de vista de'diseilo) en el sitia,· Las correciones mc"ncionado15 
' . 

. se tratan ~n 3.4 y 3.3 re~;pccti•;,,":nQnte • 
. , 

:. ,.·': .. 

Las leyes de atenuación son expresiones semiemp1rtcas que relacionan magni~ 

tud-d.istancia-intensidad (aceleracionés, velocidades y desplazamientos ma~ 

ximos) de temblores en·terreno firme. Dichas expresiones pueden obtenerse 

a partir de los datos que existen sobre los pai5metros mencionados. En 

general, los procedimientos utilizados· para obtener las leyes de atenuación 

consisten en ajusta"!- curvas a los datos de eventos ocurridos en diferentes 

regiones, por lo cual las expresiones así obtenidas reflejan las caracte~ . 

rísticas geotectónicas de la región para la cual fuet·an obtenidas (ref lti). 

En este trabajo se usarán las leyes de atenuación propuestas en la ref .z, 
·las cuales fueron obtenidas a partir de la información correspondiente a 

tenblores ocurridos en .terreno firme de la costa oeste de los Es tacos Uni

dos y de la República Mexicana. La elección de. dichas leyes de atenuación 

se justifica dado que la región de interés tver cap 2) se localiza cerca 

de la zoni de los Estado~ Unidos mencionada arriba. Las expresiones pro

puestas en la ref í: para estimar la aceleración a, y la velocidad, v, má

ximas del terreno asociadas a un temblor son: 

(2} 

M 1. 7 
v = 32 e (R + 25}~ en (cm/seg) l3) 

. donde~~ y R, la magnitud y la distancia del sitio de interés al foco del 

temblor se obtienen del catálogo de eventos para la región de interés, 

·En la ref 2 se efectuó un análisis estadístico de los errores de predicción 

asociado~ a las expresiones 2 y 3. De ese estudio se determinó que los 
logaritn1os naturales de los cocientes de las intensidades (a o v) predichas 
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., · :a la5 registraduS instrumentalmente tienen distt·ibución J~OI'Illcll, 
1 . 

.. , .. 
i .' ·,. 

',.tos parametros de 1 as mene ionuda; distribuciones fueron: para la aceleración 

0.04 y desviación cstSndar i9r1al a 0,64;. 
'. 

.·.:máxima. del terreno, mediu i9tWl a ., 

para la velocidad m5xima del terreno, rnedia igual a 0.124 y de~viaci6n es

, ··' tándar igÚal a 0 .. 74 . 
. ! 

3. 3 Co,uz.ec.u6rt polt .{.nc.ornp.e.e.tez del'. c.a.ta.tago 

·corno se mencionó en 3.2 la sismicidad en un sitio puede estimarse a partir 

de la información estadística sobre las magnitudes, coordenadas y profundi

dades focales de ·los temblores ocurridos en las fuentes sísmicas vecinas. 

Esta ir,formación·se uti.liza en combinación con las leyes de atenuación 

(ecs 2 Y 3) para evaluar las intensidades·mSximas d~l terreno en el sitio 

de interés. Sustituyendo estas intensidades en la. ec 1 es posible evaluar 

la sis;~¡icidad en el sitio, \'e• Jsociada a la información estadística util i

zada . 

Generalmente los catdlogos de temblores que contienen la información mP.ncio 

nad3 en el parrafo anterior están incompletos; es decir, na incluyen tocos 

los eventos que pudieran generar intensidades máximas del terreno capaces 

de producir da~os en las estructuras que se construyan en el sitio de in

teres. Esto proviene de que sólo contienen información completa para mag

nitudes por encima de un cierto límite inferiot· y por lo tanto emplear es

tos catilogos sin corrección equi~ale a ignorar la contribución al riesgo 

de los temblores muy pequeños pero frecuentes, que pueden ocurril' a distan

cias c.uy cortas. Debido a lo anterior resulta necesario introducir un factor 

de corrección, fe, por el cual deberá multiplicarse la sismicidad v obteni e -
da a partir del catálogo; al valor corregido de v se le designará por v., 

1 . 

Como se verá más adel.ilnte, ·fe depende de los parametros de la sismicidad 

local, de los parámetros ·de las 'leyes de atenuación y de las intensidades 

;náximas calculadas con esas leyes,. 

Para fines de obtener el factor correctivo fe, la sismicidad lcc~l A aso.: 

.¡ 

1 

1 

i . i 
l 
' 1 
i 
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ciada, a una fuente ·s·ismica se cstimar.l con la cxpresi6n sir¡uiente (ref 15): 

( 4) 

donde \(t·1) es la tusJ de cxccdcl~cia dd la magnitud PI por u¡lid,ld de ·;olumen 

y por unidad de tiempo, y a y S son parámetros que dependen de las ca

racter1sticas sismotectónicas de la fuerite sismica tonsidcrada. 

Dado Gue interesa evaluar la si9nicidad en terminas de las intensidades 

1::ii;<imas en el sitio, se deberJ expresar la cc.4 en terminas de esas inten

sidades, para lo cual se utilizar5n las ecs. 2 y 3. Estas últimas pueden 

representarse por 

(5} 

donde y es la intensidad calculada (aceleración o velocidad) asociada a 

i·l, R
0 

y bi (i = 1,2,3) son los pará'metros de las ecs mencionadas y R fue 

· previc:;nente definido. Despejando f1 en la ec (5) y sustituyendo en la ec 

4 se obtiene 

(6) 

donde y 

La sismicidad regional v puede evaluarse con la expresión siguiente (ref 15) 

. v(y) = f >.(n(y,R))dv (7) 
V 

donde la integral con respecto al volumen incluye todas las fuentes sísmicas 

que contribuyen a la sismicidad en el sitio de interés. 

Para calcular el factor fe partiremos de lo siguiente: supon<Jumos que para 

una región se tiene un. catálogo (para un lapso dadoi que se considera con~ 

fiable para temblores con magnitudes mayores a una magnitud seleccionada, 

. digamos M
0

• La si.smicidad total en el sitio de interés, vt(y), o sea la 

.¡ . 
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correspondiente a todos los eventos ocurridos en la región, puQdC obtcner·se 
·co1r.o la sum~ de lc1s sismicid~dcs producidas por los teu:blores con n:Jgnitu

.des menores o iguaics que no y los mayores que dicho valor; a .est~s dos. 
cc::1ponentes las llamaremos v

1
(y) yv2\u) respectivamente; es decir, 

(8) 

El factor f es función de la intensidad y, y se ohtiene co1r.o el cociente e . . 
de la sis1nicidad total que rosulta de integrar la ec 7 para 11n volumen ili-
mitado, con A dado por la ec 6, entre·la que se obtiene cuando al integrar 
la ec 7 para un volumen i1 imitado s.: toma il dado por la ec 6 para N> ~10 e 
igual a A(~l0 ) para M :5.. M

0
; es decir, 

(9) 

en donde v(u) está dada por la ec 7 y v2(y) se obtiene co:no sigue: 

¡ A(i~0 )dV + ¡ 
R ~ R* R > R* 

oe-BM{y,R) dV {10) 

En esta ecuación, R* es la distancia a la que un temblor con magnitud M0 
·produce una intensidad calculada igual a y, de acuerdo con la ec 5. 

Para calcular vt{y) se supondrá que la sismicidad es uniforme en un semi
espacio limitado por la superficie del terreno*,. por lo cual al combinar 
las expresiones (6) y (7) se obtiene 

4 -r R {3-s) 
- cryy o .. 

= (1-s) (2-s) (3-s) (11) 

S > 3 

* Au11que esta hipótesis no serfa la adecuada para evaluar vt, se considera 
aceptable para la estimac·ión de f

0
• 

·. 
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La .expresión pJra R* se puede de,Jucir de la ec 5, 

(12) 

donde todos los parámetros han sido previamente definidos. 

Una .. vez que se tiene el valor de R* se obtienen las integrales que aparecen' 

en la ec 10: 

( 13) 

en donde 

(14} 

R*2 R (1-s) 
-r 1 

Y y { (1-s) 

. 2R* R¡ (2-s) 

- (1-s) (2-s) 

2R(3-s). 
1 

+ (l-s)(2-s)(3-s)} (lS) 

S > 3 

En la última ecuación, 

Al sustituir las ecs 

R* 3 e-~Mo -r 
{ . 3 - y y 

s> 3 

11, 13, 14 y 15 en la ec 9 se obtiene: 

2 Y y -r Ro (3~s) 

R*2 R (1-s) 

(t1-!)-.-

(1-s) (2-s) (3-s) 

2R* R (2-s). 2R (3-s) 

- '('"""1--s),-::
1
-,-,(z::sT + \l-s)t2-s)(3-s)}} 

( 16) 

-1 

(17) 

Finalmente, la sismicidad conegida por incompletez v .(y), asociada a la 
l . 

intensidad y, se obtiene. como 
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(13) 

En 3.2 se mencionó que los cocientes de l~s intensidades reales entre las 

predichas con las leyes de atenuación que se utilizan en este trabajo (ecs 

2 y 3) tienen una distribución de probabilidades logriormal con medius y des

viaciones cst5ndar indicadas en esa sección. Para. tomar eri cuenta el efecto 

ce las incertidumbres implícitas en las leyes de atenuación en la sismicidad 

calculada a partir de dichas leyes, en la ref 15 se propuso la siguiente ex

pt·esión 

(19) 

donde v (y) es la sismicidad en el sitio asociada a la intensidad y corre. e 
gida por incertidumbre en las leyes de atenuación, v (y/u) es la sismicidad · . p . 
en el sitio 'sin incluir dicha corrección, 'D = y/ymáx' y fe es la función 

de densidad de probabilidades del cociente de las intensidades reales entre· 

las predichas con las leyes de atenuación •. 

En el caso que nos ocupa vp(y/u) esta dada por la ec 18, fc(u) es la fun-. 

ción de densidad de probabilidades de la distribución lognormal Y Ymáx se de

finió en· la sección 3.1. Combinando las ecs 1B.Y 19 se obtiene (ref 15): 

( 20) 

donde 

= -r K
0 

-ay. 
max 

,. 
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. ,é1 = !!XP 

. ~ ; ' 

: K1 =a 

:q 1 =2 

',• 

·Ln(!J/tf á ) -m.- o2 r 
(Q) { '111 ~-------} 

a 

a, r, Ymáx son los parámetros de la ec 18 

16 

m, o son la media y la desviación estandard de las ley~s de atenuación 
(ecs2y3) 

es la distribución de probabilidades normal éstandurizada 
acumulada 
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4. RIESGO SISN!CO EN LA PLANTA GEOTERiHCA DE CERRO PRIETO 
i! 

La infonnació_n de tipo estadístico scbre los temblores ocurridos en la fuen
te sfsmica 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 kilómetros de· 

·profundidad, pro~ino de las refs 16, ~7, 18, 19. De las refs 16 y 17 se 
generó un catálogo de temblores con magnitudes mayores o iguales a 4.5 
par·a el periodo 1932 a 1980. De las refs 18 y.19 se obtuvieron dos catá
logos, ambos para el lapso 1932 a 1974 y para magnitudes mayores o iguales 
a 5 y 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 yj máx (j = aceleración, velocidad) es decir, las cotas 
superiores a las intensidades máximas esperadas del- terreno en la región 
de interés,se estimaron a partir de las ecs 2 y 3 adoptando una magnitud 
de ondas de cuerpo máxima e~perada M= 7.4 y una distancia R = 15 km. El 
valor de M fue seleccionado con base en las refs 20 y 21 y el valor ue R 
se tomó como un valor caracterí$tico de la región en cuestión (fig 1). Con 
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los' #lores de 11 y H ·mencion~dos se outuvo:· . ' ': ,• ' . ~ . 
. ' . •, 

'.; .... 
. :! 

vm.lx = 100 lcm[seg l 

.El \!á lar del parámetro. B en la ec, '1 fue calculado a pat·tir de la siguiente 

exp'i:esión (ref 2?) 

B = 2,3 !i (21) 

donde bes un partrnctro que depende de las cilracter{sticas sis.'notectónicas 

de '1~ región de inter§s lre~ 23). En este trabajo se tomó un· valor de 

b = 0.87 con base en las refs.l8Y 24, con lo cual se obtuvo un B = 2. 

Finá.lmente .los ·valores de m y o utilizados en la ec. 20 son los mencionados 

·en 3~2, es decir, m= 0.04 y o= 0,64 para la aceleración m5xima del terr! 

no y m = 0.124 y o = 0.74 para la velocic!ild máxima del terreno. 

El modelo de riesgo sismico descrito en el cap. 3 

la información sobre. el sitio mencionado en 4.1. 

fueron los siguientes: 

ft¡e aplicado utilizarldo 

Los resultados obtenidos 

En las figs 2 y 3 se presentan los valores calculados de la tasa media de 

. exced2ncia v (o su reciproco el periodo de recurrencia, T
1
.) para las a

celeraciones y velocidades ·máximas del terreno respectivamente. En am

bas figs. se tienen los resultados para cada uno de los catálogos, asf 

cc;r.o 1 as curvas de ajuste correspondí entes. Dichas curvas ti en en la fa!., 

ma de la ec.l con parametros a= 3600, r = 2,23 para aceleraciones máxi-· 

mas (fig 2) y a= 150, r = 2.8Z para velocidades mdximas (fig 3). Los 

valores de a y r se calcularon aplicando un criterio de mínimos cuadra

dos dandole mayor peso a las v asociadas a las intensidades medias, 
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En l~s figs 4 y 5 Se presentan las curvas v versus aceleraci6n·y veloci
dad máxima· del terreno obtenidas después de aplicar las correcciones pm· 

. incompletez del catillogo y por incertidumbre en las leyes de atenuación 
respectivamente. Las curvas résultantes de la corrección por incomple
tez ·(llamadas la corrección en las figuras) tienen como par~nctros 
a= 75 000, r = 2.74 pura aceleraciones (fig 4) y a= 200, r = 2.9 para 
velocidades (fig 5). Las curvas obtenidas de la corrección por incerti
dumbre en lus leyes de atenuución (denominadas curvas finales en ambas 
figuras), proporcionan los valores esperados de las aceleraciones.y ve-

.. locidades máximas del terreno ar y vr para el sitio de interés para dife
rentes v y Tr. Por ejemplo, se tiene 

T r ar vr 

(años) (cm/sell (cm/seg) 

30 270 29 
50 331 38 

100 410 53 

1 ,· 



i ~. . . -~":f'., ' 

• 20 

5. ESPECTROS DE DISEÑO. 

En el capítulo 1 se mencionó que los espectros. de diseño pa1·a un sitio, es 

decir, las envolventes de las 1·espuestas máximas esper~das de sisL~.,:tus es

tructurales sencillos sujetos a diferentes tEmblores pueden cbte:Jerse a 

partir de las intensidades m§ximas del terreno en el sitia. Dado que estas 

al timas dependen, entre otros. fa~tores, de las propiedades mecánicas de los. 

materiales que forman los estratos superficiales (ref f.::>), en este trab:'ljo 

se consideran tres t'ipos de terreno atendiendo a su r.¡gidez. La c1asHi

caci0n propuesta es la si~uiente: terreno firme, tal como tepctate, are

nisca medianamente cementada, arcilla ccmp;¡cta; ten·;;no intermedio, tal 

como an:nas no cementadas, limos de mediana o alta comp?cidad, arci'llas 

de mediana compacidad; terr.enos compresibles, cOlllo arcillas blandas muy 

compresibles. 

Para definir que t1po de terreno se tiene en un sitio especif1co se puede 

a pi icar el siguiente criterio lref 26); 

<.) Se localiza1·á el nivel del terreno firme, bajo el cual todos los sue

los tengan módulos de rigidez mayores que 5 x 104 ton¡m2, o rc(Juieren 

mas de 50 golpes por cada 30 cm, en la prueba de penetración cstiindar. 
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P.ll'il estr6tos comprer.dilfos entre el rl(v(•i dr.l teneno 'fi,·~oll1 y el nivel 

en qu·e las acr.lC!ruciones ii(J,·i::cnt,,·¡r._~ del t~rl'cno se tr<,>:.titan a 1<1 

CJilS trucc ión se ca 1 cu l üfd 1 il Sllí~<l ¡; il./y7G~ donde 
l l l 

H. = espesor 
1 

del i -és imo estrato, en m 

y. 
1 

= su peso vo 1 umé tri co en ton!m3 

Gi = móaulo de rigidez 
. 2 

en ton/m -

Si la suma L:H/y;fGi es m~.~nor que 0.20, el terreno se cono:iderará firme. 

Si la suma EH /y. /G. 
1 1 1 es mayor que 0.20, y menor que O. 45 e 1 terreno se 

cunsiderará intermedio. 

' A falta de información precisa, para la aplicación del criterio anterior 

püede tomarse para Y; el vulor de 1.5 ton¡m3 y los valores de Gi pu~den 
estimarse como G. = 0.3~ E-, en c¡ue E- es l<l pendiente inicial de ·¡a cur 
. 1 l 1 
va esfuerzo-deformación de una 'prueba de compresión simp-le, 

Los terrenos cuyas propiedades se desconozcan se supondrán como terre~ 

nos compresibles. 

Para la clasificación del tipo de terreno anterior se tomurán en cuen~. 

ta todos los suelos que se encuentren debajo del nivel en que las ace-

1 ~t·aciones horizontales se trasr,1iten a la construcción; por ejemplo, en 

el caso de un cajón de cimentación este nivel corresponde rfa al des

plante de la losa inferior. 

El criterio que se seguirá en este trabajo para ca'lcu·lar espectros de di- · 

seño para terreno firme se apoya en las ref 1 y 27 .Dicho criterio consis

te en ~ultiplicar la ~celeración y la velocidad máxima del terreno en un 

sitio p:ira un periodo de recurrencia dado, a y v , por los factores de · r r . 
en:plificaci6n fa y fv (que dependen del amortiguamiehto) ~espectivamente 

(ref 1). Los valores resultantes, qlle se denominaran a* y v*, son .respec-

1. 

. ' 
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i 
' i tiva~::Qnté.las ci,volvcnte de los espectros ele úiseiio de aceleracionc~ y ve-

·loc·id,1úes· paru sistr.mas de un grado de 1 iber·t¡;d sujcto5 a dift't'cntc:s tem

'búíres. Esi:os últimos son congru•1Htes c0n la sis1aicid.:Jd del sitio de in

terés. 

Dado que las ley,,s d;; ntenuució:1 utilizadas en este tl·abajo (cap 3) corres 

ponden a t2tTeno firme, los espectros de diseño obtenidos .scr·an apl icilbles 

.para estructuras que se apoyen en suelos de esas características. 

Las ordenadas A,, del espectro de diseño de aceleraciones pura un pr•riocto 
T 

de recurrencia \ se obtienen a partir de ar, a* y v* que ya se definieron, 

y T, que son los periodos naturales de los sistemas de un grado de. libertad. 

De· acuerdo con estos parámetros, las ordenadas Af(T) se calc.ulan asi: .. 
. Para T = O, Af = ar 

. Para o< .T < T* (en donde T* = 2:r v·•;a*), se ti'enen dos casos: 

il) Si a*/Q>·ar, Af varía linealment2 con T desde T= O hasta T = 0.12 en 

··que adquiere el valor miíximo a*/Q, que se mantiene constante para 

0.12<T<T*. 

b) .·si a*/Q < ar' Af varía linealmente con T desde T = O hasta T = T*, en 

·que adquiere el valor a*/Q. 

Para T > T*, Af = (,1*/Q)(T*/111/ 2 -

En las expresiones anteriores, Q es el factor de ductilidad, definido para 

una sección, un miembl'O o una porción de una estructura con co1~portamiento 

elastoplástico, como el cociente de su deformación máximd entre su deform-ª._ 

ción de fluencia. Q caracteriza la· capacidad d" absorción de energía por 

co:nportamiento inelástico de una estructura. En diseño sísmico los valores 

de Q usados comúnmente son los siguientes: 1 para sistEmas frágiles, 1.5 

·para mamposterías huecas refonadas, 2 para mam;:>osterías macizas confinadJs 

y 4 para estructuras efe marcos de concreto y acero. En la ref (2!:!) se 
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proponen vulores de Q pJra diverSi15 condiciorH:s de la <:!stru.:turac ión y de 

:. los materiales utiliz~dos • 

. :Las figs 6 a 9 contienen e"pectros el5sticos pura amortiguurnicntos viscosos. 

·con val6res 0.02 y 0.05 del critico, respectivamente, para distintos tipos 

de terreno as{ como lo~ correspondientes espectros reducidos por ducLilid~d 

de·acuerdo con lbs criterios propuestos arriba para obtener A (T). En las 

estructuras reales, la parte del amortiguamiento que se presenta pura defo.r:. .. 

mac iones pequeñas es muy inferior a los números que su.'! len citilrsc como · 

repr2scntativos del amortigucmiento "·tiscoso" para distinto tipo de estruf_ 

turas; es decir, la mayor parte del amortiguamiento que convencion<ilmente 

se asigna a cada tipo de estructura proviene en realidad de disipación de 

energía mediante comportamiento no lineal histerético. En las pár¡inas que 

siguen se adopta el criterio de determinar los espectros de diseño s ismico 

en el sitio de interés mediante cal ibraci6n con los que la experiencia héi 

·cons)derado adecuados en otros sitios. En dichos espectros se adopta la 

conv~nci6n de separar el amortiguam.ientó en una parte "viscos~" que no de

pende del tipo de estructura y en otra que se rep~esenta mediante la re

ducción por ductilidad; la parte viscosa se hace corresponde•· a 0,05 del 

critico. Esta miina convención se adopta aquí¡ por. lo tanto, en lo que 

sigue los espectros que se proponen para dis2ño debeÍ·án corresponder al 
amortiguamiento de o:ps del critico y al factor Q reductivo por ductilidad 

que s~ recomienda para cada tipo de estructura. 

En las figs 6 a 8 se presentan los espectros de di.seño aceleraciones para 

terreno firme en la PI;CP. Dichos espectros resuharon de aplicar el cr:itedo 

descrito en los párrafos anteriores a los datos del sitio de interés, Los 

v~l6res de ar y v utilizados corresponden a periodos de recurrencia T de . r r 
30, 50 y 100 años y aparecen tabulados al final del cap 4. Los valores de 

fa Y f v emp 1 eado~ tomados de la ref 1 son, respec ti vamcnte 4. 3 y 2.8 para 

amortiguamiento de 0.02, .y 2.6 y 1.9 para amortiguamiento igual a 0.05 

(ver ta b 1 a 1 ) . 

Como se mencionó en el cap 1, los criterios de diseño deben conducir ~ sis 

temas estructurales en los cuales la utilidad obtenida de su ejr.cución sea 

1 
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n:.íxi::v\,. También sc·comcntó qu~ la <!::t::;i:li•wcirln d8 l.i e:;t:ructt!ra 6ptitil<\ r ..• :ul_c_ 

ro: ·lle._estudios cosl:o-bcncficio. Dicho> ,~studios pc•·,ni ten s·~1lcc:ionQI' Je c,ntn~ 

~.:n co::junto C·J ~osiblcs sc1ucionc:;, c..¡:12l preyccto que conr'uce al cquil ibtiu 6~ 

timo 'é::1tre la seguridad y el costo de la estructura. P.ado que los prii::1etros 

ncC(óStitios para la apl-icJción directa de los c:;tud·ios costo--~er1:~f'icio y ortimi

taci6n son muy dificiles de evaluar, en la práctica suele acudirse a criterios 

de calibración de diseno y seguridad. En este t1·ab~jo se utili¿ara el criterio 

.ele calibración propuesto en la ref 1, rj:Je consiste e.1 determinar la int•;nsidad 

d:: disciio en un sitio a part·ir <.le e:<prc~iones que r2lacionDn los vulore;, 6ptic 

mos ds diseno para estructuras da caractertsticas similares en dos sitios con 

diferentes niveles de riesgo sfsmico. Es decir, el ~riterio supone que se to

man como base de comparación las intensidades de diseño en un sitio <in donde 

dichas intensidades hayan sido establecl~as a partir de estudios te6ricos, ex 

periencia y juicio ingenieril. 

El criterio msncionado en el párrafo untcrior se traduce en lo siguiente: pa

ra definir la intensidad de diseno . Y01 (o el periodo de recurrencia respectj_ 

vo, T01 l de una estructLira que se- construirá en el sitio 1 se utiliza la expr~ 

.sfón 
1' 
1 

(22) 

la c:1al relaciona v01 con la intensidad de disE~O v
02 

(o el periodo de recu

rrencia respectivo r02 ) que se juzgue satisfactori~ para construir una estruc 

tura an&loga en el sitio 2. 

En la ec 22 ar1 y ar2 sori las aceleraciones máximas del terreno en los sitios 

1 y 2, ~saciadas a la misma tasa de exceder.cia (o periodo de recur1·encia) y r 

es ·uno de los par&metros de la·ec l. 

El criterio de optimización descrito en el párrafo anterior se aplicó con oil

jeto de definir la intens·idad de disc~o utilizando los datos del sitio de in.:. 

terés, denominado sitio l. Como sitio 2 se eligió el Distrito Federal para el 

cual se tiene toda la información que n:qujere lu ec a. 

La tasa .de excedencia seleccionada fue de 0.01 (o sea un periodo de recurren-
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cii\ de 100 uiios); el vulor de r p-cre~ iHHbos ~;itios f11c de2.7, 01 Clhil ·~s Cc'il

grucr;tr. en los re:.ul taclos de est-.1 ittV•!stioaC'i(in y la n;f l. Los valot·es 

. arl = 410 (cm/scg 2) ~· '\·z = 100 (cm/se~?.) se outu•¡ieron de la t,¡[l]a ir.cluid·l 

al fin¡¡l del car ·i, y de la ref 1 i·esper.tivc:mente. 

Sustituyendolos vJlores de arl' a
1
, 2 y r en la ec22 se obtiene Y01 = 2.79 '1 02 . 

Si las intensidades de di,eño v
01 

y v
02 

son las or·denadas máximas del espectro 

de aceleraciohes_pJr~·Q = 1 y t = 0.05, el ~alar de v
02 

obtenido de la ref ~H 

es 210 cn/seg 2 y por t:>.nto v
01 

= 587 cm/seg". Esta ültim.1 int·2nsicl:J ccrr:;~~o~ 

de ~proxi:nadamente a la orde.1uda :n(JximJ d.el espectro de dise~o para un_pel'io,_!o 

de recurrencia de 17 años. 

Dicho periodo de ~ecurrencia es excesivament~ .corto de acuerdo con la pr6ctica 

ordinaria teniendo en cuenta los factores de seguridad y métodos de análisis j 

diseiio usuales (ref 28), por lo qu2 se prorone adoptar los espectros de diseño 

de la fig 6 que corresponden a un periodo de recurrencia de 30 a~os. Estos ·:·s

pectros deberán apl!carse en combi11aci6n con los factores de seguridad y critc 

rios de análisis y diseño de la r·ef 28, que se acaba de mencionar. 

5. 2 f6pedtM de cLV.. vio pa.:;,a :teM.C?.Il0-1 .útte.:tme.Ua tj b.tando 

La determinaci6n de los espectros de diseño para terrenos de baja rigidez s~ 

puede ef'"ctuar a p~t·tir de los espectros para terreno firme. 

se seguirá para este propósito se basa en las ref 26 y ?.tl • 

E1 criterio que 

Dicho criterio 

consiste en multiplicar las ordenadijs del espectro de diseno para terreno fir 

me por· factores deampl ificaci6n. Los valores de estos fa.ctores dependen de 

los periodos, T, de l•Js sistemas estructurales considerados, cmr.o se verá mils 

a del ante. 

El criterio mencionado se apoya en estudios analfticos sobre amplificaci6n d! 
namica del movimiento del _terreno debida a la presencia de mantos blandos, asf 

cerno en los esp;:ctros de respuesta obtenidos a partir de acelerogramas registr~ 

dos en t·1éxico, D.F., durante sismos ocurridJs en los últimos a~os. También in 

cluye dicho cr·;te.·io las inccrtüiun1bres as,;ciadJs con la determinación de los 

periodos natur~les d.; vibraci6n de lilS estructuras, las cuales r;t·oviencn de la 

estimación d~ ri•Jidc<:es tanyentC:s iniciales, así como do= la inf1uenciJ del ccm 
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pl'tJ~1iento no i incal y de la inlr:r~.:ci(jn su2lo-e~truc1.ura (rcf 28 ) • 

El criterio de co~strur.c~t~n de c:,p:·cL:-os uc disé'iio pa;·a ~.err.:r.:Js de bajct rig_j_ 
dcz en u:~ sitio d2tcrminado ¡¡ pa¡·l;·ir d,~ los csp,xt.ros p;wa terreno f"irme se 

traduce en lo siguiente: 

En terrenos de tipo intermedio las ordenadas del espc~tro correspondiente,·A1, 

se cbtienen partiendo de las ordcn~d~s Af del espectro para terreno firme como 
si~ue: 

. Para T = O, 

< . Para O< T- 1.6, se tienen dos casos: 

a) si a* ./Q es maxo¡· queA.(O), en donde a~ = 1.25 Af(O.l2), A. varía 1 i nea 1 ~ 
1 1 . 1 1 

rc.ente con T desde T = o hasta T = 0.20, en que adquiere el va.i ot m~ximo 

"*'Q se mantiene < 
L6. 

(! i 1 ' 
que constan t~ p<lra 0.20 < T -

b) si a~/Q <-A.(O), A. varía linealmente con T desde T =O hasta T = 1.6, en 
. 1 . 1 . 1 
que adquiere el v~lor a·~;q. 

. 1 

Para T > 1.6, Ai = (aj!Q) (1.6/T) 2/ 3 

En terrenos compresibles, las ordenadas de su espectro, Ac~ se evaldan como 
sigue: 

< . Para O< T 2.9, se tienen dos casos: 

a) si a*/Q es mayor que A (O), en donde a*= 1.5 Af (0.12), A. varía lineal-e e . e · e 
mc;¡te con T desde T =O hasta T = 0.30, en que adquiere el valor mdximo 

. < 
a~/Q, que se mantiene constante para 0.30 < T- 2.9. 

b) si a~/Q es menor o igual que Ac{O) ,·Ac varfa linealmente con T desde T =O 
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ti.Jsta T ~ 2.:J, en qur. ;ulqrJicr·c el volor ,¡~/Q. 

Pora T > 2.9, 1\ ·· (i1"/Q) (?.9/T) 
e e 

En la flg 9 se presentan los esp~ctrns d~ diseHo de acelcraclnnc5 para terre

nos intermedio; y compresible en la PGCP. ·Dichos espectros res~l taren de aplf 

car •J criterio descl'ito en los p.),·rafos antel'iores al espectro de diseño pro

ruesto para terreno firme que es para un periodo de recu;Tencia de 30 aHos, 
' 1 

(q•.Jc también ~e incluye en la fig 9) con un factm· de ductil id~d Q = 1 y un pu_¡:_ 
ce~taj-·" de a·mortiauamiento crítico E;= 0.05. Los espectros de .Jis~ño para 

otros valores de Q y E; se pueden calcular siguiendo los pasos sr~alados en los 

p6rra fos anteriores. 

Los espectros de la fig 9 deberdn aplicarse en comblnaci6rl cor1 los. factores de 

seguridad y cri cerios.de an~l isis y diser1o de la ref 28 .• 
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PERIODO DE . ~-.. 
RECURRENC IA MOVIMIENTO DEL TERRENO At10RTIGUAMI ENTO FACTORES DE A~1PLIFICACION ENVOLVE!'.'TES DE LOS ESPECtROS 

Tr a V ~ f f a* v* r r· ~ V 
(años) (cm/ seg 2 ) (cm/ seg) (cm/ seg<) (cm/seg) 

30 270 29 0.02 4.3 2".8 1161 81 

50 331 38 0.02 4.3 . 2.8 1423 106 

100 410 53 0.02 4.3 2.8 1763 148 

,. 
30 270 29 0.05 2.6 .1.9 702 55 

50 331 38 0.05 2.6 1.9 860 72 

lOO 410 53 0.05 . 2.6 1.9 1056 lOl 

TABLA 1 VALORES }1AXIr•!OS DE ACELERACIONES Y VE~OCIDADES DEL TERRENO Y SU RELACION CO:i ~AS ENVOLVENTES 

DE LOS ESPECTROS DE· DISEÑO 

·'·· ------·-~· ___ e[_·- • -----·-
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Fig 2. Curva de ajuste de las parejas de valores de la tasa media de 
excedencia 11 y aceleraciones máximas del terreno ar obtenidas 
con datos de diversos catálogos, para Cerro Prieto B. C. 
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Fiy 3. Curva de ·ajuste de las parejas de valore~ de la tasa media de 
excedencia v y_ velocidades máximas del terreno vr obtenidas 
con datos de diversos catálogos, para Cerro Prieto B. C. 
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Fig 6. Espectro ele diseño para terreno firme, periodo de recurrcncia 
de 30 años,· en PICinta Geotérmica de Cerro Prieto, B. C. 
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Fig 7. Espectro de diseño para terréno firme, pe-riodo de recurrencia. 
de 50 años, en Planta Geotérrnica de Cerro Prieto, B. C. 
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PROPAG~CION DE ONDAS ELAST!CAS EN UN MEDIO SEMINFINITO 

fra_ncisco .J Sánchez-Sesma 

lnh.tür.d:o de Ingen..<:eJÚa., UIUveJtl>-<.dad IJauonal Au.t6noma de MU:co 

l. INTRODUCCION 

Las ondas sfsmicas se propagan desde la fuente de acuerdo 

c¿n la& propiedades mec~nicas del medio en que viajan y, 

por supuesto, dependen también de las características de 

la fuente. La descripción del fenómeno ha podido hacerse 

de forma satisfactoria al recurrir a simplificaciones e 

hipótesis que llevan a la formulación de modelos que repr~ 

sentan los aspectos más importantes de la propagación de 

ondas en la tierra. Es usual aceptar que la tierra es un 

medio elástico lineal, homogdneo e isotrópico. En un me-

dio de esta naturaleza con extensión ilimitada se pueden 

propagar dos tipos de ondas elásticas; las ondas P o de 

compresión y las ondas S o de cortante. Las primeras se 

propagan con mayor velocidad y por eso se les suel.e llamar 

primarias mientras que las segundas reciben el nombre de 

secundarias. Existen diversa~ soluciones pari las ecua-
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cienes que qobierna= el fenómeno de propagación. Así, para 

una fuente puntual 6e podría hablar de ondas esféricas, 

que a grandes distancias de la fuente se pueden represe~ 

tar como ondas planas. En algunos casos se modela el pr~ 

blema de propagación como bidimensional y las soluciones 

para una fuente se dan en términos de ondas cilíndricas, 

que también a grandes distancias son aproximadamente planas. 

Un buen nGmero de soluciones de las ecuaciones fundamenta-

les puede enéontrarse en el excelente texto de Ewing, 

Jardetzky_y Press (1957). 

La existencia de una superficie libre introduce reflexiones 

de las ondas al llegar a esta. Para estudiar la naturaleza 

de las reflexiones dicha superficie debe considerarse libre 

de.esfuerzos. Dado que a grandes distancias de la fuente 

las ondas pueden suponerse planas y que para las longitudes 

de onda de interés la curvatura de la tierra es, comparati-

vamente, pequeña se estudiará el problema de reflexión de 

ondas planas por la superficie de un medio elástico semin-

finito. Dicha superficie se supondrá plana. 

A continuación se presentan algunos aspectos de la pro-· 

pagaci6n de ondas en un medio elástico de extensión ilimi 

tada y se éxpresan las ecuaciones que gobiernan el fen6m~ 

no en términos de potenciales de desplazamiento. Poste-

riormente se discute la reflexión de ondas planas por la 
' . 

) 

- ' 

\ 
1 

' 
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frontera. J!fJ)re de tm semiespacio elástico, homogeneo e 

isotrópi'co. La incidencia de ondas P y SV armónicas se 

3 

estudia e _,n u .... "lil~. Fi.nalmente se presentan las ondas 

superficiales de rtaxlei~~· y de .Love, las primeras como 

caso limite en que la veloéidad. aparente es menor que las 

velocid~des de propagación de las ondas de cuerpo y las 

segundas como ejemplo de propagación en el caso más sim-

ple de un medio estratificado. 

2. PROPAGACION DE ONDAS EN UN MEDIO ELASTICO 

1 

Pu~de demostrarse que en un sólido elástico, homogéneo. e 

isotrópico las ecuaciones de movimiento están dadas por 

( 1 ) 

donde u, v, w = desplazamientos en las direcciones x, y, z, 

respectivamente; A, ~ = constantes de Lamé, p = densidad 

del medio y t ~ tiempo. Estas ecuaciones pueden escribirse 

de una manera compacta en notación vectorial, esto es 

.. 
~V 2 Ü + ( >. + ~) VV • u = p u ( 2 ) 

' •. 
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doride u ~ (u, v, w) = vector desplazamiento, V2 = opera-

dor Lapiacia·no 'f V = operador gradiente. 

Antes de considerar soluciones generales de las ecuaciones 

de movimiento dos ejemplos'simples permitir~n ilustrar 

las principales caracterfsticas de las ondas planas en un 

sólido el~stico de extensión ilimitada. 

Supongase que u 1 O, v = w = O y que u es solo función de 

x y del tiempo. Las ec9 1 se reducen a la expresión 

= ( _3 ) 

una solución de esta ecuación es 

u= f(t- x/a)+ g(t +x/a) ( 4 ) 

donde o,2 = (~+2~)/p y f,g son funciones de una ~ola ua~ia 

ble que pueden describir una forma de onda arbitraria. Un 

simple an~lisis de los argumentos de f y g permite estable-

cerque f(t-x/a) representa una onda que viaja en la direc-

ción p6sitiva de x con velocidad a y g(t+x/a) describe una 

onda que viaja en la dirección negativa. Debe notarse que 

f(t-x/a) puede representar una onda armónica estacionaria, 

exp[ iw(t-x/a)] donde.i ~ .r:l y w =frecuencia circular 

del movimiento. Puede demostrarse que la ce 4-reprcscnta 

ondas ~e compresión o P. 

' 

) 
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Un segunao ejemplo simple se obtiene si se supone que 

v que v= ~·(x,t). De las ecs 1 se obtiene que 

)J a p (5) 

y la soluci6n tiene la misma forma que la ec 4 pero repr~ 

senta ondas que viajan con una velocidad S, donde S2 =JJ/p. 

Debe notarse que el movimiento es perpendicular a la di-

recci6n de avance. Puede demostrarse que las soluciones 

de la ec 5 representan ondas de cortante, sin cümbio de 

volumen. 

Las ecuaciones de movimiento pueden resolverse de u:1a m~ 

nera más general por medio de po-teac.{.a.l'.e.!> de de¿,pf.azam.(ento. 

Si el vector desplazamiento se expresa como 

u = V~ + Vxw, con V·~= o ( 6) 

donde ~ es un potencial escalar y ~ es un potencial vecto 

rial, puede demostrarse ~ue la ec 6 iepresenta una solu-

ci6n de la ec· 2 (o de la ec 1 en coordenadas rectangula-

res) si ~ y ~ satisfacen 1 respectivarnente 1 las ecuaciones 

de onda: 

{7) 
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( 8) 

1 
·~s!¡ por ejemplo, una solución de la ec J que representa una 

onda plana de compresión que viaja en una dirección arbitra 

ria. está dada por 

4>=f(t- xt + ym + zn ) 
a ( 9) 

donde t, m, n = cosenos de los ángulos formados por la dire~ 

ci6n de viaje y los tres ejes coordenados, respectivamente. 

Si r = (x, y, z) y ñ = (t, m, n) donde r = vector de posi-

· ción y n = vector unitario que da la dirección de propaga-

ción, la ec 9 puede escribirse como 

4> = f(t- r·~/a) ( 1 o) 

Es evidente que sol~ciones similares pueden encontrarse p~ 

ra los tres componentes del potencial vectorial y represe~ 

tarfan ondas de cortante via1ando con una velocidad B. 

En coordenadas rectangulares la ec 6 se desarrolla como 

ócj> a1)! z alj; 
__ y_ 

u = ax + Ty- az 

a<P av' a~' z X 
V = ay - + ax az ( 1 1 ) 

~ 
alj; al)! 
__ J._ X 

w = + - --¡y-az dX 

donde ~ = (t¡Jx' ~J J y 
~J ) z • 

.-- ... 

_ .. · 
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Los poten.:¡;ia.les de desplazamiento ~ y 1jJ _permiten espe¡cifi-

car onda's p1::c•:nas i,!e compresi6n y cortante, respectivamente, 

que viajen en Ct''a"if~;;!'!j!~. direcci6n y con cualquier forma. 

Además, dado el car~"<:r lineal de las ecuaciones involu-

eradas, cualquier combinaci6n de soluciones sigue satisfa 

ciendo las ecuaciones de movimiento de-un s6lido elástico, 

homogéneo e isotr6pico de extensi6n ilimitada. La utilidad 

de este hecho se hace evidente cuando se hace necesario 

seleccionar una combinaci6n particular de ondas planas que 

satisfaga una cierta condición de frontera o que describa 

una fuente. Tal es el caso en el problema que se aborda a 

corit1inuaci6n. 

3, REFLEXION DE ONDAS PLANAS POR LA FRONTERA LIBRE DE UN 

SEMIESPACIO ELASTICO 

Considérese que la frontera libre es el plano yz como se 

~uestra en la fig l. Además, sin p~rder generalidad, su 

p6ngase que las direcciones de avance de las ondas están 

alojadas en el plano xz. 

Para describir el movimiento debido a ondas de cortante 

se introduce el concepto de planos de polarización. Así, 

se descompone el movimiento en la d:!.rccci6n de la coorde 

nada y (ondas polarizadas horizontalmente o SH) y en la 



B 

., ," 

dirección perpendicular a la dirección de avance en el 

plano vertical xz (ondas polarizadas verticalmente o SV) . 

En la propagación de ondas P el movimiento es en la direc 

ci6n de avance de la onda. Esto se ilustra en la fig 2. 

z 

X 

F.i.g 1'. S.i<~.tema de c.ooJtdenada<l en e.t <~em.iupar . .<:o v.l'.á-~-Uco 

La propagación de ondas SH está gobernada por la ecuación 

( 1 2) 

Que es precisamente la ecuación de onda en dos dimensiones, 

en este caso no es necesario recurrir a la ~ormulaci6n del 

problema en t~rminos de los potenciales de desplazamiento. 

Puede de~os~rarse que, en la reflexión de una onda SI! plana 

por una frontera libre, el 5ngulo de i~~idencia es igual 

al lngulo de reflexión y la onda reflejada mantiene la for 
) 

ma de la onda incidente. Si la onda incidente está dada 
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por 

x e os y - z sen y 
e 

) . ( 1 3) 

y 

Onda plana 

Plano horizontal 

FLg 2. Nomenclatu~a pa~a ondaa planaa 

z 

FLg 3. Ondaa SH incidente y ~e6lejada 
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la onda reflejada está dada simplemente por 

x cos r + z sen y. ) 
a ( 1 !¡ ) 

aquí r ~ ángulo de incidencia. Puede verificarse que 

v ~ v(i! + v(r) satisface la ec 12 y la condición de que 

el plano x = O est€ libre de esfuerzo pues los Gnicos es-

fuerzas relevantes están dados por 

' xy = 'jJ 
av 
ax ' yz 

y .combinando las ecs 13, 14 y 15 resulta. que 1 =O en 
xy 

( 1 5 ) 

x ~ O. Debe observarse que en estas condiciones el movi-

miento en x ~ O, la superficie libre, se puede escribir 

como 

V X= Q = 2 f ( t - z S ~-~__y ) , ( 1 6 } 

por lo que el factor de amplificación es dos. 

En la propagaci6n de ondas P y SV el movimiento está en el 

plano xz, es decir u= u(x,z,t); w = w(x,z,t) y v =O. Sn 

este caso las ecuaciones de onda que deben satisfacer los 

potenciales, si w = Wy• son 

( 1 7} 

. . .1 
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( 1 8) 

Los desplazamier.'tc<~ qu-z,dan como 

u = ( 19) 

w .. ( 2 o) 

Los esfuerzos que al valuarse en la supérficie deben anular 

se ·son 

( 2 1 ) 

\ 
(22) 

ya que 'xy = o. 

Consid,rense los caios mostrados en las figs 4 y 5, la in-

cidencia de ondas P y de ondas sv, respectivame~te. 

z 

p 

F-tg·4 . 
. • 



12 
' 

z 

X 

Fig 5. · Inc..i.denc.ia de ondall SV 

Mediante la técnica de separación de variables se puede 

demostrar que las soluciones de las ecs 17 y 18 son de 

la forma 

donde 

"' = B '1'. o 
Kx 

e 
Lz 

e 

y 

flt e 

(23) 

(24) 

( 2 S) 
' 

llastn ahora K, L, M y n con valores complejos son posibles 

soluciones, pero parq los actuales propósitos basta hacer 

rl-iw y L=- ii ·( 2 6) 

) 

·, 
) 
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que les potenciales sean finitos. Al definir L como imagi-

nario negativo con 1 = w/c se observa que el producto 

-iLz lwt lw(t-z/c) 
1!! e ae ( 2 7) 

representa una onda arm6nica que.viaja en la direcci6n po

sitiva de z con una velocidad de fase e, si e es negativa 

la direcci6n de viaje es en la direcci6n negativa de z. 

En términos de los ángulos de las figs 4 y S se tiene que 

e a 
sen Yp 

a 
sen Ys. 

(28) 

Con estas definiciones M y K deben ser o reales o imagina-

rios pues, de las.ecs 25 y 26, se tiene que 

(29) 

y 

( 3 o) 

Así, para e < a< lcl, M y K son imaginarios; p2ra 

e< lcl < a, M es real y K imagir.ario; para !el < ~ < a, 

M y K son reales. 

Para el primer caso, e < a < 1 e 1, se ti.enen · los potenciales 

.., " (A 1 mx A - 1 mx) - ! R.z '+' _ 
1

e + 
2

e e 

.. 
. .. 

iwt e 

\ 

( 3 1 ) 
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lwt e 

14. 

( 3 2) 

Si B1 =O se tiene el caso mostrado en la fig 4 de inciden

cia de ondas P. En cambio si A1 = O se tendrá incidencia 

·de ondas SV. Sustituyendo las ecs 31 y 32 en las ecs 21 

y· 22, haciendo que o = t =O en x=O y resol viendo el sj_s 
X XZ 

tema de ecuaciones resultante se obtiene que 

· a) Para B1 = O 

!¡ cot Yp cot Ys - (cot 2 y 5 -1)?. 

4 cotyp coty
5

+ (cot2 y
5 

-1)2 

. :· 

1i cot Yp cot Ys + (cot 2 y 5 -1) 2 

.(33) 

(34) 

donde.Yp = ángulo de incj_dencia y de reflexi6n de la onda 

P y y5 = ángulo de reflexi6n de la onda SV. Debe recordar 

se que la velocidad aparente está dada por 

• a ·s 
---"'--- = ----"--

sen Yp sen Ys 
( 3 S) e = 

b) Para Al = o 

A2 
_B_1_ = 

4 cot Ys (cot 2 Ys -1) 

4 cot Yp cot y
5 

+ (cot 2 Ys -1)2-
( 3 6) 

6· 
2 

--~ 
~ ( 3 7) 

' 
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La incidencia de una onda P puede variar de vertical (e 

inffr""ll:a) a ht>d.zontal (e =a} y las ecs 33 y 34 permiten 

calcular las ar~;-:t.itudes de los potenciales de las ondas 

reflejadas. Para la incidencia de una onda SV se tiene 

-1 
que O~ y5 <sen Ca/u). 

15 

Si se toma la energfa cinética por unidad de volumen como 

1 . . 
T p(u 2 +w 2 ), puede calcularse el flujo de energfa media!!_ 

te el producto de la energ!a cinética por la velocidad de 

propagaci6n y el área del frente de onda considerado. Para 

incidencia de una onda P puede demostrarse que las frac-
1 

cienes de energfa reflejada co~o ondas P y SV están dadas, 

respectivamente, por 

B~ tan Yp 

Af tan y 5 

y, similarmente, para incidencia de una onda SV se tiene 

que , .. 

A2 
2 

tan Ys e' 
2 

ez tan Yp 
y -82-

1 1 

. En las figs 6 y 7 se present'an valores de /ElE-.-- para 
~nc 

incidencia de ondas P y SV, respectivamente, en funci6n 

del ángulo de incidencia y con diferentes relaciones a/B. 
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'~ /// '~\ ·\1\. 1 , / a{/3 ~ \1.\: 
1---1----'\A--4'--/--+--- - 1.789 0.273 \\ 

\~// --1.732 0.250 \ 1 
-·- 1.711 0.239 

f--+--+--',X ----1.660 o.21s-1---v• 
1 \ ,-o 

1--~--4~,~~,~~'~~ ~-~----f----+----~~1\11 

/VoC> \ \ió 
1---+-,-4-,1 !.:;, ~ ' ,"P _j ! 

1----!-i-11 1 t \ \ q 1 
:;~ \ . \ ;.(: 

1 ' \ ¡:+ 
.'/ \ \~\ ¿---, J~-

l \ · \_~ J~ Lr¡_) 
V 1 \ :;~~7;~~LL 

o 40" ao· 
Yp 

Fig 6. Rai~ cuad4ada Je la 4elaci6n de ene4gla 4e6lejada a 
ene4gla incidente pa4a una onda P incidente en una 
~upe46ieie lib4e 

Para el segundo caso, B < lcl < a, se tie~en los potenciales 

-iR.z iwt 
e e 

'" e ( B i k x B - i k X. i R. z "' 1e + 2e ¡e 
i wt 

e 

(38) 

(39) 

Para evitar que • crezca indefinidamente al aumentar x se 

hace que A
1 

= O por lo que no hay onda P incider1te en este 

caso. Mediante un proce~o ·an1logo al del cnso a11tcrior se 

obtiene que 
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l 
7 

11 

,. 

10' 

17 

20' 30' 40' 

Fig 7. Raiz cuad4ada de la 4elaci6n de ene4gla Ae6lejada 
a eneAgla incidente pa4a una onda SV incidente en 
una ~upe46lcle llb4e 

.. - . 4 cot y
5

(cot 2 y 5 -1) 
( e o t 2 y 

5 
- 1 ) 2 - 4 i ( 1 - e 2 1 a 2 ) ,:IJ;...<_c_o_t_y_

5
_s_g_n_w_· - (~o) . 

sgn w 
( ~ 1 ) 

sgn w 

donde sgn w ={-1 si w<O o 1 si w>1). En este caso, la in-

cidencia de ondas SV con ~ngulos de incidencia Ys mayores 
• 

que sen-1 (B/a) genera ondas P no homog6neas que se atenuan 

. con la profundidad. 

\. 
'• 
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4. ONDAS DE RAYLEIGH 

. 
·. Para el tercer caso, 1 e 1 < B < a, se tiene que 

... 

-mx - 1 R.z e e lwt e 

- kx - 1 R.z · 1 w t e e e 

(42) 

(43) 

han eliminado A1 y B1 pues no representan ondas incidentes 

con potenciales finitos. Las ecuaciones de esfuerzos nu~ 

los en x.Q O conducen a 

(l¡l¡) 

( 1¡ 5) 

como las ecs 44 y 45 deben ser iguales se obtiene que la 

velocidad de fase, e, debe satisfacer la siguiente ecua-

ci6n: 

2 e 2 lh e 2 1 ¡, 
{2- E.._¡ 2 - 4 { 1 - (12) ( 1 - -} 2m o ( 1¡ 6) ¡p 

• 1!2 

La raiz real de esta ecuaci6n, CR' encontrada· por vez pri-

mera oor Rayleigh, da la velocidad de las llamadas ondas . ~ 

de Rayleigh. En la fig S s~ presentan valores de cR para 

,. 

t ___ ,. 

. .. .. 
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. " ' . 

··distintos \T?."l'aró.':;z·~el m6dulo de Poisson v. Las ondas de 

Rayleigh son ondas ~upe~6iciateQ y debido a ello sufren 
' . 

0.8 / 
l7 

~ 

"" 
. 13 

1---- /a 

0.94 

1 -...... 
~ "' ~/ ~ a. 

0.4 

~,· 
0.2 

\ 

CR 

o:n 
7/j 

V 
1 1 lo.9o 

V 
1 

1 
V 

0.2 0.4 o 0.2 0.4 o 
F.ig 8. Relacione' a/a, cR/a y cR/a como 

lo de Poú' on v 
6uncioneQ del m6du 

menor atenuaci6n geom~tri.ca. Puede demostrarse que el mo-

vimiento generado por ondas de Rayleigh hace que las par-, 

tículas describan trayectorias elípticas con ciclos retr6-

grados, a diferencia de los ciclos progresivos que se pre-

sentan en las ondas superficiales en liquides. La fig 9 
• 

• muestra un dibujo esquemático de las ondas superficiales 

.de Ráyleigh. 



Dirección de propagación 

Velocidad lnst. 
Trayectoria de 
uno portlculo 

....................... -------·----.......................................... ----... --... -........................ --
...... ---- .... .. ......................... --
.................... --- ---·--------· 

F.lg 9. Onda' de Rayle.lgh 

·1' .• 

5. ONDAS DE LOVE 

•, 

20 

Puede demostrarse que la propagaci6n de ondas superficiales 

(qu~ se atenQen con la profundidad) del tipo SH es imposible 

en un semiespacio homog6neo. No obst~nte, las ondas SH 

superficiales se observan en la superficie de la tierra. 

Love demostr6 que una teor!a suficiente para explicar las 

ondas SH superficiales puede desarrollarse si se tiene un es 

trato homog6neo de esp~sor uniforme H con propiedades ~l y 

el sobre un semiespacio de propiedades ~2 y s2 como se mue~ 

tra en la fig 10. Sup6ngase que los desplazamientos son in 

' dcpendi8ntes de la coordenada y, y además que la variación 

ce~ el tiempo está dada"por eiwt .. El plano x = - H repre-

senta la superficie libre. Las ecuaciones de movimiento 

fecs 1) se reducen a 



\ 

' 

%t-H --------,,.-"'---

:;z(¡ ·-·------.----1---
z 

X .. 

F.lg 1 O. !Jo.ta.c.l6n pa!r.a. un elJ.tlr.a..to llob~r.e un ¿¡ em.le¿,p~::c.<.o 
etáll.t.lco 

para el estrato y 

donde k~. = w/~i' 1 = 1,2 
l. 

para el semiespacio. 

21 

Haciendo uso de soluciones del tipo de las ecs 23 y 24 se 

puede escribir que 

'1 ., (A 
1 

v = e 2 

-kv x e • 1 

-ky X e z ik'(z-ct) 
e 

d (l ··c2/a.z¡ 
1
h ande y 1 = ~~ 

si e < s2 , v2 ·• O cuandb x ~ • 

í 4 9 i 

(50) 

Se observa que 



-·~' 

22 

Las condiciones de frontera son que v1 = v 2 y (Txyl 1=(Txyl 2 
en x=O y que. T = 0 en X =-H. Estas condiciones conducen 

. . . xy 
a un sistema de ecuaciones homog~neo en A, B y C. Para 

que se tenga solución diferente de cero el determinante 

del sistema debe anularse. Así, se tiene que 

(51 ) 

es la ecuaci6n pura obtener la velocidad de las ondas de 

Love. 

Si s1 e s2 la ec 51 d~ valores reales de e, en el intervalo 

s
1 

< e < fl 2 , que dependen de k y H. Pueden obtenerse ondas 

de Leve de forma general superponiendo ondas de Love del 

tipo de la ec 49 con diferentes k. 

La dependencia de la velocidad de propagaci6n de la frecuen-

cia ocasiona el fenómeno de d.<.~pe~~.<.6n y, en general, este 

es el caso en medios estratificados. 
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8.. WAVl PROI'AGATION IN I:::LASflC ll.IEDIA 

Now we at.ld thcsc two c:qu;tti('m to g.:t 

and cros~-multiply in Eq. (3-71.) to obtain 

·--'·---

4qGsN' = (s' +!V')[(). + 1G)q' - i .. V'J. 

CHAJ>, ) 

(3-71) 

(3-72) 

Squaring both '3idc:s of Eq. (3-72) and introducir.g q from Eq. (3·5?} and s 
from F.q. (3-60), wc gct 

I6G'N'(:v'- w') (N' -: ro'). 
v}. v~ 

Now. di,iding through by G'!N', we obtJ.in 

( 
w

1 
) ( ,.,• ) [ (• + 2G) ( ,,• ) ] ' ( w' )' 

16 1 - ,.~.lV~ 1 - ~~N' = 2 - --G- r~x=.. 2 - t:~N: 
(3-74) 

Thcn. using thc following rclationships derived in the footnotc• iivcs 

• By de6nition. 

or 

"' ( _. 

A+ 2G 1 2- -2v 
-G-- = ;t ==- 1 - 2v 

{3-75) 

(3-76) 

(3-77) 

~_.....:_ ~---~-------- _....;.,_..._~---~-· -·-·-· __ _:. ___ _ 

-.._..--.. 
1 -

···----·--··--------------

SEC., J.J· 

Eq. (3-7-1) can be written 

16(1 - •'K'J(l -K')= 

1\fter expan;ion nnJ. re;urangement, Eq. (3-78) become~ 

K'- 8K' + (24 - 16•'JK' + 16(·~ - 1) =o 

( 

(J-78) 

(3-79) 

EquJiion (3-79) c:1n· b..: con,idúcd a cubic cquatión !"K' ~nd real v;~.l;;~d 
solutions can be: found for gi·•cn values of ,._ The quant.Jty Kreprcscnts a Cil.llo 
~tw~en the vdocity of the ¡urface wave and the vclocity or lhc 5hcac wa~e. 

Alw. 

t.nd, (ro"m abo"Vc. 

and 

"' N--•• 
w' N•-, .. . . 

Lct K ami c.. be dcfincd •~h thal 

TI: en 

1- K 1 and 
·: 

a.•· t' 
--~-2-'X' 
li;.H' "~ 

w• r 1 

- -2-x• 
~~~ . ..,.. , .. : 

Svbstituti"n or "' and P, rrom Eqs. (3-46) and (J-48J :ivc:s 

J.+ 2G 

and u~ing 

'1 &::~ p ;, + 2G' 
;.-~-T-.~ 

p 

}, ·----2(i. ~ e;¡ 

;. + 2G l- 2, 
-¡;- ~ r=r; -;. 

• 

~ 

' J -

... ~ . 
-~~--

.. 

!i 

!l l. 
11 

1 
il 

'1 

-~ 
1• 
ol 

"· '1 1 
1 

li q 

1 
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86 WA.\'E PROPAOAUON IN ElASHC ,\IEUIA cu.w. J 

-~" 
1 l 

> 

l 
~!;" 

-;; 
~· .. , 
~ 

2 

S- \\'-.~es 

R-W:JIII?S 

oL.---,o~ .. .---~o~,--coh,r---<or.•.---ao.> 
Poos~on's Rctio, .-

Fi¡ure ).J). Rc!Jtion betwcen 
roiss.:on'1 rnio. ,., and ~docit¡el of 
propl!;ltion o! c:cm;¡rc,ai>)n {i'), 
1hcar (S). lnd R1ylc;¡h {R) WHU 

in ¡r, 1emi-inf•n;tc ct.utic mt!divm 

((rom Ric.~art, 1761). 

From this solution it is ckar that K. 1 is ind.:¡X""m!cnt of the frequency of thc 
' \\J\e: c0n~cquo:ntl)·. the vdocity of the surfacc \\ave is indo!p.::ndent of fre-

qucnq· anJ is nonJi~p~rsh·e. · 
Ratio~ of ~·uf~".-: an~t ¡·1.ft·s can be oblaincJ from-Eq. (3· i9) for \·alues vr 

Poisson's. rati\J v from O h> O. S. Cun·cs of thesé ratios as a functioi1 of ,. are 

shO\'n in Fif!. J-13. 

So iar. a rclatinmhip for the ratio of thc Rayki~h-wa\1!' wlo .. ~.:ity to the 
shcar-wan: \·cl~1city has bcl!n obtaincd, but aJJiti~'nal inlorn~ation :J.bout the 
Raykic.h w;ne ca~ t-e dctermineJ by obt:1ining thc C.\rr~~sions fvr 11 and »' 
in tcn;s 0f l..nl'l\\·n quantities. U pon substituting th.; ~xpn:~sions f!)r '-ll and 
'f from Eq!O. ()-65) and (3-66) into thc: cxpressions for u and n·, we gct 

Ctll C'l~ 
w--+ax a: 

and 

-e:::- -A¡iS exp {-q: + i(OJI- Nx)]- A~.s (Xp {-.s:...:.. i((uZ- Nx)] 

(3-SO) 

<4> o'l' 
w ..... ---a: a~ 

-. -A, iN exp [-q: + i(wz - Nx)} + A1 iN cxp I -s= -:- i(w:- S.x)] 

(3-Sl) 

• ~ 
(:· 

·- ··~----,--: 

!f;LC. J.l W.\VU IN, AN HAUIC HAU~PACC 87. 

FriJm Eq. (3-70) wc can gct 

Az = _ 2qiNA 1 . 

S:+ N 1 

and substitution·of A 1 into Eqs. (3-80) and (3-81) gi\"Cs 

u = A,[-iN cxp ( -q:) + ;iqsN 
2 

exp ( -s:)J cxp i(wt- N~) . (3-82) 
s -to. N ·. 

and 

w = A1 [ 22~·"
1

, 1 exp ( -s:) - q exp ( -qz)J exp i(cJJ/- Sx) 
s. ¡ ,, . 

(3-83) 

Equatiom. {3-82) and (3-~3} can be rc~o~o·rilten 

( 2.'!._!_ } 

"= A,.Yol-cxp [- ~(zN)J +,(;VI up [-~(:S)] 

and 
X exp i(wl - .Vx) (3-84) 

x up i(••'' - Nx) (3-85)' 

~ow. frvm Eqs. (3-84) and {3-85), the variation o( u and w with depth can be 
- \prcs.s~d as 

2 .'L .!. 

[ 
q J. N'i [ s J U(:) = -exp --(:N) + --·- exp --(:S) 
N ,~ . \' 
J -+1 ... 

. N' 

(3-86) 

and 

,!]_ 

W(:) = ~ exp [-.!. (:s¡J - !L exp [- !l(:s¡J (3-87) 
~..!..l N. :..;· .s .. .. 
N2 . . 

~ The s:;:-.if..:.a.."l:e of the p:nence cf i io. thc uprc-ssion for" fEq. 3-F..;,¡o.d iu a.bwncc 
io. the .::..¡:-r.:-1~;(\n fur ... (Eq. 3·8~) !~ l~t :he M""C'mp.:J;h~nt o( cl.i,pl~ U 90" out of 
pha~oo: \>Íih thc: .. ·-c.Jrr.poncm of displ•ccm.:nt 
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1. IHTROOUCTICIJ 

EFHCT Of" LOCAL SOIL cn::Dl7!(l;¡') 

UPO:I E:MT!!C:.J.'I:E üROU;:u ;.:IJT lnS 

by P.obert V. Whitman 

It has long teen reco~nized that local soil conditions can have 
a profound effect u~on the da;;:age caused by en t>-,rthquJke. S..:ch an 

effect was clearly ~vident In accounts of the great Lisbon earthquake 
of liSS, and in the accour.ts of almost e•tery 5ubsequent majar earth

quake that affcct~d a large ctty. The effect of soil ~onditions upon 
da:;a~e ~uring U~! l~C6 San Francisco e.1rthquJt.e was well recJgnized 

In st~die~ or that et;thqua~e. Th~ tapie received consiCe~ab1e study 
following the ~..!r.to {iolo:yo} earthquake or 1923. rr.e effect of local 

soil coñdlticns u~on earthguake d~~a9e is hardly ~ new proble~. T~~ 

se1s~1c co~~s cf r.ost CJuntries s~ecitically requfre Cifferen! ~arth· 

quake reststu;ce for di fferent so11 conditio:1s. Coc!es n~1·1 fn effe~t 

in the Vnfted States ccntain no such reGufre~~~~.-~u! n~t ~eca~sa · 

so11 c-Jndl~fcns ;.re t~l(?ught to be unirr.porta:1~. ih~ \·lrf!er:> of t~e U.S. 

co~cs recoifnlzed the I~?Ortance of sofl cónditicns, but falt. the prot· 

lé1.1 was se cor.:plex ·and pt"orly understood that .:!d~qu:lte codc provisfor.s 

CCJl~ n~t te "rltten. ft!thout a doubt,.soii Ct"nJition~ wiii be incor

por~tPd 1n~~ U.S. seismic cedes in the ~ery near future. 

~UCh of th.e eHth~cake dar:l~(je to buildin¡_;s buil t upon peor soiis 

result:. fror.~ car-tlal cr co:::plete failure of the soil. Such failures 

_1nc1ude slu:-:;lin; cf river banks, failure o-:'waterfront retatoing struc

turcs. hq;e lar.dslides, fouodattcn sattle:nent and fi:lur.d.:.r.i~., failures: 

See:j {1970) has pro·1ided an exce11eot sur::;rcry descri?ticr . ..:.f such f,;.fl-· 

ureL ~lany such faf1ures úe caused by to~.:il or.putidl 1 ¡~~.:-c:·;;ctjc!l 

of locse saturated cchesionless soils. The possibility of 3:; .. il f.!ii~r-es, 

especially li~uefaction failures, t~ any given locale or site requires 

todlvidual st~,;dy by experts. · Appendix B ccntains a very brter dts.:ws

sion of ltc;uefaction. 

Thfs chapter cons1ders the effect of local so!l con_dj;.~cns uton 
earthquake g~ound ~~tions, and hence u~on the shl~ir.~ of butldir.~s. 

• • 
~ . 

_r_· -'------- {' __ ...:___ 

( ( < 

! when there is nO failure of the soil. Ficid <Jbservatior.s and the· 

oretical studies of this c:-rcct ha-~~ bc~n stn-::~Jrized in recer.t pa;:er-s 

by Ohsaki (l9ó~) _J,nd Seed (1969). t:uch is n~w ~.no·.m about .the ::.rcb~ 
lem, although by no m~ans is there co~j1ete"un~erstandi0g. There ire 
several ~o~·ays in Hhich ~his new knowledo;e can be put to practical u~e. l One way 1s the develo;¡rr.ent of site-cor.ditioned earthq'.Jake-r...ot1oris for· 

¡ ~nput to the analysis cf im?ortant structures; th1s apprca~h is ncw 

' 1 

1 
i 
1 
J 
1 

·¡ 
'i 

being used in the design of tall buildings in San Frar.cisco and Tokyo. 

The second way is to gu1de the develo::-ment of n~w building code pro-

visíor.s. This chapter deals pr:marily with the latter ap~11cation. 

That is, the chapter will discuss how the base shear coefficient e 

should vary with so11 conditions. A plot of e vs. r. the fun~~;.ental 

per1od of the building, will be called a seisnic coef~icier.t ~i~1ra~. 

Figure 1 111ustrates several different forms or seismic coef

f1dent dhg·rarns 1ncorporating :.oil cond1tions. The sirnplest forras 

are those in tigures la ar.d lb; here all ordinates are mult1plled by 

a factt.; that 1s inc!ependent of period. That fs:_ 

(1 J . ,j C(T) • S C
0

(T) 

·¡ where S fs a soil faCtor and C
0

(T} is the seismic coefficient func· 

·]. t1on for a reference soil condition. Ohsaki (1969) has ~z~·Jl~t~d 
j 
.. 

values of S required by the cedes of 13 countries. Table 1 gives 

used in examp1es of such factors, ranging frc~ the very si~ple ta~le 

' l ear.a~a to the so::~ewhat coo.:plex table in effect in Japan. 
'1 

i Fi~ures le through lf show w.ore co~plicated prooosals for 1ntro· 

ducfng·the effect of local so11 conditions into seisnic coefficient 
J 
,, d1agr~•~; now the effect of soil is varied depen~ing upon the ~eriod T. 
1 

i 
1 

1 
l 

1 
1 
' 

l. Figure le cor.:es fro1:1 the new Chileln cede. The cur·te of e 

vs. i varies in sha?e deper.ding upon a para,..eter T0• Tt,e 

parar.~ter T
0 

is related to the characteristfc frequency of 
the site of ti~e building being Gesi~ned. 

2. Fisure ld shows a seismic coefficicr.t diagram pro~osed by 

Mt.:to in Ja?an in 1S53, Both .the tr.oll:.dr.:u:n seisr.;ic .cce:-fic1ent_. 

ana the ~eri~d scale are Adjusted tn accorGJ~ce ~¡~~ the 
ty;K- of ~ro~.;nd • 

) 
(j 

. . 

' 

• 
1• 
l 

l 
1, 

·'· '1 
' 
' ., 
l 

• 1 ,, t 

1 

1 

:> 
¡ 
. 
' ¡ 
1 
' 
} 
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3. According to thc proposed curves sho~m in r;gure le, lo·,.¡ 

stiff b_u,iiaings having a sr.:a11 period r wo~ld be desfgn~C. 

for a tarser seisr.'lic coeff1cient i f on hard groun~ t:1an 

tf en soft ·gro~nd. for ta11 flexible buildings, the re 
~erse would be true. 

4. Figure 1 r sho'!S the cede provisions developed for ~lextco 

City, so as to account for the effe .... t of the unusually soft 

and deep clay khich uncerlies rnuch of that city. 

Thus, a great vartety of ~cthods have been pro~os~d for incor
poratfng the effects or soils· conditions into the s~ismic prov1Sions 

of building codes. A building officfal faced with the sele~tion of 
a suftable provision. or an er.gincer faced wi th irr:ple;;cnting such ' . 
provfsfons, must unders~and the ·basic thinking lying behind the vari-

ous proposats. To develop suc;, basic understanding. tt is useful to 

constder four categories of sotl conditions: 

r. Shallow sofl éeposít with a d1stinct chsracterfst1c frequ~n~. 

u. Ceep deposit of firm son.-

nr. Shallow soft soi1 overlying dee;> d~~osit -of firm s-011. 

IV. Oee~ depos1t of soft so11. 

Wh11e these four cases do not encorr.pass all poss1ble son condi .. 

tfons. they sern to bring out th.;! funda::-.er~tal· considerations. 

In arder to und.:orstand adequately the .;!ffect of local soil cor.di

ttons, ~'<'e rr.ust combine i_nterpretations of Jctual accelerograph records 

together with theoretical anaiysis·:. Witilin tite recent past, it has 

.been necessary to rely very heavily upon tr.e~ry, since the field ddta 

fror:'l accelerogr.lj:lhs has been \·ery scanty indeed. Be.:aus~ of th~ .. 1any 

· accelerographs which have. been installed withln tl".k past few years 

and wt 11 be f ns ta 1 J ed wi th in th~ r:ear futur~, there so en shou l d be 

·1nany more records tnvo1ving ~ varfety of scil ccnditions. Ho;,·ever. 

theo~ wi11 conttnue to be of vital tm~ortance in helpirig to sort out 

. __ and unders~and thc potenthlly sta~gering c;uar.tity of rJther conf~:oing 

data. 

( 

-4-

• 
The theory of ground ~mpllfic,Jtion as ~t e:dHs toda~ f~ b¡ 

no means perfect. Hwever, in many cases predictions' frorn the theory 

-··-are fn accord With observutions (Seed, 1969}. There now has !leen 

considerable experienc:e in the practlc:al ~se of the .theory._l;r.o ,..e 
'understand b~th its limitations a~ well as how ft. can be use~. Used. 

w1th judgement, _this theory is a :very useful tool for ur.derstanGing 

·the effects of local soil condftions . 

3. CASE I: SHALLOW SOIL OE?OSIT I-IITH OJSTiiiCT CHJI.P.ACTERISiJC 

FREQUEf~CY 

' ·¡ 
where H • ~hjckness of ~eposit 

Cs Sh~?!r l-f11V~ velo:'t:lty_ 
'• 

·.Case t fs typified by T
0 

< 0.5 sec. The following tabulat~.::J:l. ir,.;:i ... 

' ,cates typ1cal co_mbl~attons or_ c
5 

and H satisfylng this cor~dltfc~. 

";! 
" :¡ 
·¡ 

.. 
' ·' 

' 

H(m) 

100 (\'ery soft t:lay or silt) < 12.5 

200 tLoose sa~d, soft clay) < 25 
300 (Dense sand, stiff clay) < 37.5 

'400 (Co~pact sand, hard clay)< 50 

·soi1 de~os\ts with a dep:h greater than ~bout 50 meters pro~ab1y do. 

:not belong in Case I. Th~ soil de:.criptlons in the t~t:le are in:en-ied 

to give a very general lC~a Gf ty?ical shear wave velocitfes in so~ls; 

for further discussion of the evaluation of soil pro~erties for s~::i

ff e cases., se e A¡¡pu.c l x A and \.ih i tr7:an ( 1969). Si nce the soii i s r.oo

~linear, the shear wave veloclty and hence the fu~1arr~ntal ~erfo~ ~~nd 

upon the 1ntensfty of the earthquake. C:ecreasing as the intensity 1n
creas~s . 

The natur~ of_ this theory is o¡,;:l"ined in Ap;¡endfx A. 

--------'---~ -··--····-·· 
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where c0 ls the d1latat¡onal, or.compressive, wave veloc1ty. 

The wa-,re ve!oc1tJ for granite serves a:. a reference agafnst 

wh!ch a soil is rated. The sma1ler this ratio, the more 

severe the expected darnage .dut1ng an e4rthGuake. 

The dep_th to the water table. The shallower the watér table, 

the greater the ~xpected damase. 

These ~ factors are c~~b1ned· In the e~uation 

[ 
(yC0) roe' J 0 l 

n • 1.67 loglO + .- .04h 
. · ¡,c0) so; 1 

(5) 

where n ts the 1ncre~ent in 1ntens1ty unlts on a scale equfvalent to 
the modffted J>:ercalll scale. and h is the C¿pth te the water tz.ble fn 

reters. Eq.S typ1cally gives an 1ncrease in 1 to 2"lntenslty un1ts 

(ec¡uh"ll!"'t t., ! l or 4 fclij 1r..:::reHe ~n !~=~~~:-.!:~e~} ~cr :;oft gr~:..;;-;~ 

as COr.-¡¡llred to firm 9round_: Medvedev's rr~thod was orfglnally <!eveloped 

for use In c:cnr.ect1on wit.h shallow so11 deposits and bu1ldfngs having 

only 1 fe~ storfes. 

The relatior.sh1::o between Medvedev 1s methcd a01c! a~plificatíon 

t..i~ory r.;ay be unC¿'rHood by t:",eans of the exe::-;¡le 1:1 Ffgure 9. lo.'ltén the

~ater table 1s ~ery low, then the ratio C0tc
5 

is tr.¿ sa~e for both the 

son ar.d the rock. Thus ratfos 3 and 4 are e::;u1Valent, and 11edveCev 1 s 

rr.ethod ad a~pl1flcatlon theory will prec!ict the sar:-e tre.1Cs. The soil 

fn F1g"Jre 9b tiH th~ Sar:1e c
5 

as fn Figure So, and thus a::".¡:!lifh:ation 

theory ~otc-uld predfct the sarre-behavior for bo;.h cases. Raising the 

water toble ;.e:tns that c
0 

1ncreases cons1derably in t!'le soil, ar:d thus 

the first term in ~leveGev's equaticn Cecre3ses Hc·o'l'.:;over. thls éecrease 

fs C~?ensated _by an in:rease in the secor.C te~. Th~s. Xedveéev's 

~ factors taken tosether g1ve rows:hly the sa;::e resvl:. as amp1lficat1on 

theory. ~.;reover, the 1ncreases in lntensity prcdicted by :-tedvedev-

ue cons1stent lllith 1nu-e.ases in olcce1erat1on predlCted by ar.Jpllficaticn 

lheory. 

' ~-------------.m----------... ---------------------~--,--~----------------~ 

o 

--~-·----~,---------·--·-----------

·lO-

~:t 
For the com:r.on case Of shalloW sofl deposlts. 'the predtctfons- of 

~mpl1f1cation theo~y are c;ú-erally tn accora with actual et.oerience 
· are 1n accord with the sem1·err.~1r1cal_ durir.g earthqvakes and ~oreover 

methods of m1crozontr.g proposed by Kanat and ~~edvedev. 

Figure 10 sulr.7lart.:es the effect of local soll and rock conditions 

upor. res?onse spectra (say for St damplng) at a given dlstance from the 

epicenter of an eartr.qua:.:e. ~iith 1ncreas1ng softness of the earth 

rr.ateiial. the peak o.f ttie spectra increases and sh1fts toa lar9er 

period. Thus, the response of low "'tlff bu1lCin~s ts strol"lg1y affected 

by sol1 condltlons. On the other hand. a shallo~t so1l ée;10sit has 

11ttle 0,. nc effect upon the ~esponse ·of the f.u~d~~ental perlad of tall 

bu11dln~s hav1ng long natural periods (although the shallow sotl will 

affect the response of the hlgher modes of such a building). 

easea upon current :O:no\~leci¡;e. a se1smlc coefi1Clent didyrc:.m s"'ci' 

as type (b) ln.F1~'Jre 1 should be use:! to -1ccount for d1fferences in 

near surface earth materials withln a s~all region. That 1s to sa¡. 
· ~ ~ t of perlod. There are several the sotl fact~r S should be 1n~epen~en 

reasons for thls recc~endation. 

l. Because of u:-Jcertaint1es in both the funda~ental period vf t.io¡e 

soil and :.he predo~inant perlcds .in the Input ground motlon. 

1t 1s difficult to predict the pred?minant perlcd in rnotlon 

at the top of son Use o.f ccr.stant S for T < o·. S seC:. 

covers these ~ncertatr.t1es. 

2. use of constant S tor T ~ 0.5 sec. reccgn1zes that the con· 

· "' ·~- h. h ... ~ ... ,·¡¡ >e affecteé by soil con-· tri~uticn o. to~e . 1g er rr.o •. e~ .. "' 

ditior.s, and provH~es extra conservatlsm with regard to the 

des~gn of ~all build1ngs. 

W1th further re.search, it may te poss1ble to u~e a redu•:eC ~alue of S 

for i > 0.5 sec. 

:; 

i ¡ 
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l•ble 2 g1yes recommended so11 factors. lhese factors are based 
upon both theory and exp~rience. ·and constder poss1ble settlement prob

lems ·in add1t1on to a.mpltflcatton effects. In the 2nd column of the 

ta~le, hard cr,stalllne rod; founr1 at conside-rable depth has b'een Uken 

as the referente¡ the so11 factor for a soft so11 ts 4. _However. ft 

generally ls more pract1ca1 to use surface exposures of rock as a 
reference (Jrd column}. and then_ the sofl factor f(lr soft so11 1s 2.2. 

In some 1oulft1es, 1t may e'leri be dest_rable to use flnn ~ofl as 1 

referente (4th_ column), In whfch ene the sotl factor for soft so11 

h only 1.6. 

4. CASE 11 OEEP OEPOSIT OF FJrui SOIL 

Severa 1 are as that ha ve exper1enced major eArlhquakes ue under

latn by more than 100 meters of compact all~v1um. Los Angeles, Caracas, 

Venezuela, and Santiago, Chtle are prime examples. 

Theorettcal Considerattons 

.. ·' 
A~pltftcatfon spectra: Figure 11 lllustrates. the general nature of 

the arr~~lftcatlon spectr~m for ~hls case. Now several peaks occur w1thtn 

the range of bu1ldfng pertods of practtcal tnterest. 

The fund~~nidl perfod 1s greater than tn Case 1. and tends to 

cotnctde·with the period·of taller structure·s. 'Because the shear wave 
velocfty of compact átluvtum ts rather hlgh (300 to 450 m/sec) the 

radtátton da.T.Ptng also ts greater than In· case I, and hence the ampl.t

ftcatfon at the fur.damental p¿ak genera11y ls less than fn Case l. 

Nonetheless. thls 4mpliflcation can be Qutte 1mportant. 

The htgher order peaks" typ1ca11y occur at pertods less than 0.5 

second¡ that ts, wtthtn the same ranqe of periods for whtch ampliffcatfon 

accurred tn·case I. Radlatlon damping ts less tmportant for these htgher 

I'IOdes, and hence when Interna! damptng 1s small··as <lurfng small ear.th· 

- ·r 
•. •i 

1 

o 

quak.es··the peaks correspond1ng to these modes crw.y be nearly u h1gh O 
as the fundamental peak. 

-12· 

Peak. acceleratlons:· Flqur~ 12 .,,ow~ Colñputed áccelef•.tfon at 

ground sur fa ce, for cond1 t 1 ons corrc~pond in'q to f 1 gure 10 .C the Input 

15 the sarne as 1n Fig. 3, bu_t wt_th a peak acceleratlon of O.Olg). 

Peak acceler.n1on 1s 1ncreased:· typicll 1nc,_eases ue flctors_of \.5 
to 3, .w1th the lafger "Values applyfng to sma11er earthquakes. 'Th1s 

tncrease ts caused by the htgher modes of the sollt these ~des have 
- ampl1f1cat1on peaks 1~ the range of the predominant per1ods of the 1Rput 

·JI'JOt1on.· The fundamental mode does not cause an 1ncre~se 1n puk 

accelerat1on, but does ~~~11fy the longer perlod coMpanents of ground 

motton. 

Response spectra: Ftgure1J corr.p.tres response spectra for 110ttons &t 

the surface of several different depths of compact altuvt~. Changlng 

the de;;th of the allu"Vfum has rehthely 11ttle effect upon tht general 

post tton of the spectra for T.<; 0.5 second. Howuer. 1ncreas1ng the 

depth of the 11-lu~lum hu a very sfgn1flcant effect upon 

el larger period~ ~;urrespondfng lQ taller buildings. 

Fteld Evldence 

the spectra 
. . 

There ts. to the author's knowledge, no ade'.luate dfract conftnn«tlon 

of. the~e theorettcal results, altilough Gutenberg (1957) hu shOtom that 

deep deposlts ar.r.p11fy the long pertod c.omponents of ground U~Ctlon. Actual 

accelerograph recor"ds from nearby s1tes_ll•flth very dtfferent depths of 

a11uv1um must be obta1ne<l befare adequate conftrmatton 1s possible. 

.
1 

Obsenatlons of damage to butldtngs durlng the Caracas earthquake 

of July 1961 do pfov1de stronq 1ndlrect conflr.nat.ton ·of the theory (\.'htt· 

~n~ 1969; Seed et al, 1970). Caracas ts underlaln by a co~pact 
a11uv1um n·hose depth generally 1s less than 100 meten. However. vndc:r 

_ene portien of the city~ the depth 1s a.s much as 300 rreters. Antl)'Sh o' 

the patterr.s.of damage shows: 

l. For bulldlngs hav1ng 8 stor1es or less, the J)ei"Cent~ge o' 

bul\dtngs damd~ed 1s more·or·less constant for all parts of 

the cttt. 

. --

'! 
. ' . '· -; 
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For thls S1tuatfon, 1t 1s appropr1ate to use a s~1sm1c coeff1c1ent 
d'agram of T)pe (f) in Ftg l. Now the setsmic coeff1ctent is less for 
very smal\ penods than for 1ntenned1ate periods. Ha~ever, at thfs 
ttme Use of such a d1agr4m fs Justtfted only for sttes where there 11 

considerable actual e•pertence whtch has been stu~ted 1n detafl. 

7. PILE fOUNOATiONS 

The evtdence currently a~atlable suggests that ptles usually do 
not alter the ground mottons at th~ base of a building (Ohsakf, 1969). 
Thts fs because p1les generally are flextble enough to follow the 
horfzontalaottons of the so1l {for example, see Yamamoto and- Sekt, 

1970) H~ever. p1les may lmpro~e the abtlfty of the building to 
rts~st the effects of the ground motton--by reductng both stattc 

settlements ( that may use \lp some of the reserve strength of the 
building) and dynam1c ~ocklng motton. Because of the need for tess 
conservatlsm, the sotl factor S mig~t be reduced so~what for p11e~ 
supported butld1ngs. 

large dlameter catssons may be sttff enough to resist followtng 
the ~t1ons of a soft soll through which they· pa~s (Ohsakl, 1969). 
Then ~e arnpltfytng effect of the sofl·calsson system wfll be more 
ltke that of a f1nm sotl rather than a soft sotl. Thus for catsson· 
supported butldings, T0 used In Eq. 7 could be somewhat less than the 
fundamental pertod of the sofl, 

Unfortunately, at tht present time there are no sound rules for 

de:clding Just how much S and T0 mtght be mod1fted In accordance wlth 
these considerattons. 

B. R(SPOIISE SPECTRA ArlO TlHE HISTORIES 

The tmphash In thts chapter has been upon code provfs1ons to 

o 

.o 

__ .. -::._ .. -- ---- ---

·lB· 

~f lec t so 1 1 cot~dl t ·ons Howe~er, there 1 s a growl ng trend toward 
.· .... 

--
The pr1nciple~ <hscussed tn connect1on wtth Cases l,~ll. an~ 111_ 

can be used to suggest ihe posslble fonm for a veneral destgn rtipo6se 
spectrum tn~orporattng sotl condltlons: 

(B) 

where S 1s the spectral acceleratton and S ts tht spectr¡l accelera-. a ao 
t1on for the referente so;t condttton. Thts equatton 1s plotted tn 

F1gure 17. The so1l factor S, wh1ch br1ngs 1n the effect of the near
surface sotl, m1ght be less than ln Table 2, stnce use of dynamlc 
analysts ~ln$ le!s n!:d for conservattsm. For t•ample, the followtng 

values m1ght be used: 

Ground co~dttton 

Exposed rock 
Ftrm soll 
Soft sol) 

__ s_ 

1.0 

1.3 

l.B 

r· 

The effect of the near·surface so11 upon spectra1 acceteratlon decrease1 
for T , r

0
. Thls 15 1n contrast to Eq. 7 where there ~as need to 

ac~ount for the contrlbuttons from hlgher modes~ ~hen 1 dynam1c 

analysts ts perfonmed, the response of hlgher modes ts tntnoduced 

daect1y 

For T, 3 seconds and T
0 

,.1 second, Eq. 8 becomes too conserva· 
ttve. Tezcan {1972) has recently presented a more general approach 
to development of response spectra tncludtng 5011 etfects. 

•• '----' 

T1~ htstories whose 5pectra lte above the spectra gtven by Eq. 8 

• 

V 

o 

1 ¡ ., •. . 
1 

1 

1 
1 

1 
1 

.. 
-. 



1 
' iO 

1 
1 

1 

-19-

would be su1~able IS Input tOr·dynamfc analysls. Gftat cautfon should 
be fo11owed in using'indivldual time histories generated by the 

theorettctl procedu;es delcrfbed 1~ Appendix A, s1nce tt.ere are u, ... 
certafntles both tn the vll1dtty' of the procedures and the selectfon 

of soll propertles.·. If suQl procedures. are used to genera te stte
condftlcned time hfs~rtes, 1t 1s very essentl~l that a set of time 
htstorle~ be developed by varyfng the 1nput assumpt1ons. 

9. FINAL COf1MEtiTS 

The four cases whfchl ha ve been d1scussed ln thfs chapter cer
tafnly do not co~er all poss1blu sofl condftlons, and many problems 
remafn to be solved by further theoretfcal reseArch plus analysfs 
of accelerograph records .• For e:-ample, the llne of demarcatlon 
between Cases II and IV fs not at all cle4r. However. the current 
understandlng of the effect of local son conditions 1s almost equa.l-... 
a.,d pe>rh,ps eve!l equ~l~-to t.~e current :.::u:~er:t.1n~h~; of tlie n.!ture 

and amp11tude of earthquake ground motions for average soft con• 
d1t1ons. That h to sa.y, the effect of so11 a>ndft1ons can be 

tvaluated wfth atmost 11 much conf1dence as can the referencl 

seism1c coefffcfent C0: 
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Table 1 
;,..,. 

EXAKPLES OF SOIL FACTORS 

f!!!lli Argentina 

General 1.0 Hard 0.75 ' . .;.:. 

Soft 1.5 Hedi.,. 1.00 

Soft ·1.25 
Very soft 1.50 

i. 

Japar. 

Ground/Structure Wood S te el Refnf. Conc. 

I Ro ele 0.6 0.6 0.8 

JI D11u~1um 0.8 0.8 0,9 

Jll A11Uv1um 1.0 !.O !.O 

IV Very soft 1.5 !.O l. O 

' 

• 
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Tablt Z 

RECOif.IENOEO SOIL FACTORS TO ACCOUIIT FCR 

EfFECT OF MEAR SURFACE SOILS 

Refarence ground condft1oR 

Ground conditfon Hard rock Expos ed .roe k Fina so11 

Har~ crysta111ne roct . 1 
tes , lZOO ll\lse<) at depth 1.0 0.6 0.4 

Exposed rack wfth m1n· 
1N1 weathering 1.8 1.0 0.7 
(C5 • 700 ll\lsec) 

Fin.. clay. compact 

sand/gravel, deeply z.s 1.4 1.0 
wea the red roe k 

(C5 • JSO 01/stc) 

Soft clay or sllt 
(C5 : IZO &i/sec) 4.0 2.2 1.6 
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The purpose ot·these r.vtes is to present scme of the ~·~hods 
now ava11ab1e to include the effect of local soil co~dit~ons in 
the derivatton of deslgn earthquakes or response soeCtra. 

The dynamic characterlsttcs -of a soil de?Csit can be expressed 

by its Transfer funct1on represent1ng the a:r.p1fficat1on experi

enced from bottom to top· by a sinusoidJ.l steady state rr.otion. The 

dcrivat1on of Zlf.'IPltftcatton curves usin~ both a ccntinuous and 

a d1screte solutfon 1s oresented tn II and the relati.ve advantage 

of each method is discussed. 

The ~eneral ptob1em of considering an actual earthquake record 
and ftlter1ng 1t through the soil is discussed in III. Finally. 

approxtmate simpltfted methods are pr~sented to obtain dircctly 

response spcctra lll'hich 1ncluGe the effect of the so11 frorn the. 

tncwledge of • respoose spectnuu on f1~ ground or at bedrock_.. ·-

( 

·.· 
~iii-
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The results of tt;1s 'step can· take d1fferé"nt. forms, thé -SfmplHt 
one be1ng a Sertes- of values for prObable ma!;Zt11tUdes J.nd aSSoC1ated J. H. Roesset 

·f·-·-INTROOUCTION 

·-· --~ · epÚentral dfstances. __ It 1~ possfble from these valueS, usfr.g the for

.. ;_-··---·--··--·----·-.·- nJlas suggested by Ro~enblueth, to c;han~te_rfze eath passfble dnfgn 

1.1 Stiteri-eñt ·o; ihe Problem, 

Dur1ng the 1ntt1al phases of development, Earthquake Enp1neerfng 
.•.. ~~s matnly ccncerned wfth developtng methods te estfmate the response 

of a structure to gtven ~amfc 1oads. Whfle thete are st111 many prob
. ·--- 1 ems te be sol ved in the are e. of Structurt~l Oyne.mf es, part 1 cul arly f n 

~~~-~ .the nonltnear range, ft fs somewhat d1sturbfng to observe the larpe dfs-. __ .,_ ' . 
H"":·.:crepancy between the accuracy souoht by sclll! methods of analysts and 
:!··: the uncertatnty fn the natura and magnttude of the loads to whfch the 

structure w111 be subjected, Th1s 1nconshtency has been recognized 
1n the last years and an ·tncreasing amount of effort 1s now beiñ9 de-
voted to study the characterfsttcs of earthauake mot1ons as a functton 
~f ~gnttude, dtstance to the epfcenter and local sotl condfttons. The 
purpose of thts research fs to arrfve at simple, but rea11sttc methods 
to represent the charactertstfcs of the pround motfon at a particular 
s1te". Among these rrethods ene of the 100st powerfut ·enes ~s through tfle 
use of desfgn response spectra. 

Oetermfnatfcn ?f the approprfate e~rthquake mottons at any gfven 
stte tnvolves two fundAmental steps: 

1. Evaluatfon of the sefsm1c r1sk of the regton. For an area w1th 
frequent strong earthquakes thts step rnay be relattvely easy and engt
neers may already know that a certatn city is pertcdically subject to 
earthouakes of sorne avJrage magnitudes with eptcenters at sorne -~ver4ge. 
dtstances. For regtons wtth relat1vely scarce earthquake htstory, the 

detenninat ton· .of a des 1 pn earthquake be comes much more COI!l>11 cated and 

~quÚ"es 1~ general geological ~nd se1smologtcal stud1es, whfch attempt 

'to 1dent1fy posstble sources Of earthquakes or actiVe faults. 

• e Hauachuse.tts Instituto of Technology, Mire~ 1969. 

., 

. earthquake by 1ts max1mum ground acceleratfon, veloctty and dtsplace-
-~- ment. Newmark has derived a sil!llle approxtmate n.!thod by whích t~e 

corresponding desi9n spectra can be estfmated, knowtn9 these three char
acter1sttcs. Jt ts possible then to draw response spectra for each 
design earthquake and to _ftnd the1r average or envelope. Altemathely 
ene can try to generate arttflcfal earthquakes that Would have the same 
averape character1st1cs. It must be rea11zed, however, that tf th1s 
procedure 1!- used 1t w11l not be enough to generate just ·one saq¡le 

· earthquake for a ghen set of val_ues of N~1tude and· epfcentral d1s
. tance. Quite the contrary, a substanttal niJirber of umoles shculd be 

generated and u sed for ea~h poss tb1 e earthquak.e, mak 1 ng the proced\•re 
extreme:¡ long and costly. 

tn· any case the correspondtng destgn earthquakes or res~se spec-
tra wfll apply toan ·overa,.l reg1on for fÍnn g"rouÍ'ld condittons. ·. 

2 •. Havtng obta1ned one or more earthquake ri!cords whtch coul .. occur at 
the s1te on f1rm ground, or better,a set of dl!stgn response sptctra, the 

next step ts to study how these motfons w~uld be modtfted by the local 

sotl condtttons of the particular stte where the structure 1~ gotng to 
be bu11t. The effect of the sotl fs go1ng to be one of f11ter1ng the 
mottons, tncreas1no thetr amplitude tn sorne ranqes of freouenctes and 
decreas1M tt tn· others. This prOblem 1s_ normally referred toas soil 

a~llflcatlon and wlll be the subject of the followln9. d1scusstori. 

The parttc~lar problem under constderatton can th~n be s~ated 
as~ Gtven a sotl proftle and a des1gn earthquakt or response spectrum 
at bedrock, determ1ne .the c~rrespond1ng_ earthquake or SPectru~ at the 
top of the soll.· 

It should be nOttced that tn order to be lbte to apply theie 

results d1rectly in the dynam1c analys1s of the structure. 1t must b~ 
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assumed that 1ts mass 1s negl1gfble in co~par1son .to that of the under

~ytng sol l. Otherwlse a thfrd step fs tnvolved correspondlng to the 
~ problem of sD11·structure 1nteract1on, In other words ft wfll , ~t be 

Posstble to. constder the structure and the sotl.as.uncoupltd systems._ 

·. 

1.· Only shear waves are constdered, ctther SU or SV 1t the)'·are prop.a .. 

~ gat 1ng ver ti cally. and on 1 y SH 1f they propaga te a t an. inQlt •. P llfl'fU 

j propagattng verttcelly could be constdered by ·rephctn9. tite apP.roPr.tate 
ccnstants (modulus; wave propagat1on veloctty). Surtace waves are; how· 
ever, neglected, . . "·;·- . ~----~.-~-----

General Constderattons. 
---·---·------- 2. T~e dtfferent layers of·soil are_assuf!'ed to be parallitl and utend- : 

1 .z 
-' Earthquake motlons may be decomposed lnto a ser1es of w~ves whlch 

propagate from the focus In all dtrecttons. Gtven ~n tnflnlte medlum 
· -these waves are ba_~ically of two types: dflatattonal or compressional 

waves and sheu .:aves. The ftrst are nonna11y called p waves. The 

· Secón_d· can be decoQllosed aga1n b,Y projecttng the 10tion in two ortho!Jonal 
dtrectlons. · SV waves· c~rrespond to mottons 1n a vertical plane. SH waves 
to.hor1zonta1 motfons. Of course when the dtrectton of propagatton ts 
vertical, both SH and SV waves would correspond to horizontal motton. 

When the waves·propagatfng throu~ a conttnuous ~dfum find a free 
surface, a new type of wave fs generated, normally referred to a~ surface 
or Rayletgh waves. If. in addttton, the-~redfum.ts not homogeneous, but 
there 1s a clear discontfnu1ty at sorre depth from the free surface, a 
second type of surface wave, called Love wave. fs generated, When there 
are several surfaces of dfscontfnuftfes fn the propertfes, other types 
of waves are created. 

The overall problem of followtng an earthquake as tt propa9ates 
from fts focus fs of course a three-dfmenstonal wave. propa~atton problem. 
By assumfng for tnstance a llne source of relatfvely large len9th or by 
consfderfng only the effects at some dtstance from the epfcenter. the 
problem can be reaso_nably reduced to a two-dfaensfonal one for SV and 
P waves and a one-41~nsfona1 problem for the propa9atfon of SH waves. 

. The methods descrtbed here relate all of them to the so1utton ot" 
the orie-d1mens1onal ~ave propagation equatton. T~etr baste ltmftatfons 
are thus: 

--~--~-·-·----~-----------·----~------~---~-------. ···-··--·-·-~--- .. ···---. 

1 
1 
' 

Cl 
1 

.. 

tng In the horizontal dtrectton fqr a dtstance severa\ tlnes 

the total depth to bedrock. 

hrc}er th&n 

In. spfte of these ltnrltattons; ti'W! solutions obtatned by then 
sethods seem to provtde a useful and reasonable esttmate of lhe ftlter-
1ng !ffect of the sofl. Two-dimenstona1 wave propagatton probltm5 can 
now be solved by the use of the f1ntte element rethod.· These ttchntqucs 
offer a prom1stng future. Tht'!tr app11cattoR h, ~owever, sttll ltmtted 

and there are several queSttons whtch sttll have to be solved befare 
they can ~e used wt~h conftdence. 

·The f11tertng erfect of the so11 can· be measured 1n two dtffer

ent ways: 

l. By considerlng a steady state harmonfc osctllatfon of the sotl •nd 
the-underlyfng rock and detenn1nfng the ratio of the amplttude at the 
free surface -of the sotl to the amplitude at bedrock or at the outcrop
pfng of rock (wlthout a.ny soll on top). Thh ratio wtll be a functlon 
of the freqveilcy of the (l'(ltton, and 1f there 1s damplng, a _colfiPlU func

. t1on. It fs- normally referred to as the Transfer Functton or the sofl. 
lts II'Cdulus is the ampl1f1catton functton. A!Jll11ffcatton ratio or ll'l'91t .. 

f1cat1on spectrum. 

2. By consider1ng a gtven eArthquake record (time hi~tory of accelera
tion} _at bedrock or at the outcropptng of rock, and detenninlng the 
corresponding accelerogram at the free surface of the soil. The ·result 
1n th1s case 1s not only a c~~lete ttme history of acceleratlon at the 

free surface of the sot.l but also. 1f so destred. ttrre hhtories o! 
shear stresses and stratns at any potnt w1th1n the sotl. lt prav1des 
~~erefore a ~ruch roore co~lete solutton. but 1t r~qu1res constdenbly 

'~- .... ~-··¡ 
. •: 

•• 

. -~· 
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~re computer time. Furthenmore, ~ecause of the reasons previcusly men
ttOned, the complete analys1s would ha ve. to be· rePeated for each earth .. 

quake U!Jllle, and tt would make ltttle sense todo 1t for just one rec .... 

ard. 

6oth types o1 results' can be.obtained ustng two different mathe
mat tea 1 rrode 1s: 

1. A conttnuous solutton of the dtfferential equatfon correspon~fng to 
the one·dtmenstonal wave propagatton problem. 

2. A dtscrete solutton replactng each layer of sotl by a system of 
r 

lumped masses ·and sprtngs and applying standard procedures of Struc-

tura 1 Dynamf es~ 

The contfnuous model offers tn general more flexfbtltty and has an 
economfC advantage tf the results are des1red only at a few potnts. At 
present the dtscrete model requtres less cow.putattonal time when com· 
plete histories of accelerattons, veloctties, stra1ns and stresses are 
necessary at many potnt~. 8oth modeh yf e 1 d exact ly the ume resul ~s- ·
(except for Smdll dtscrepanctes due to different round-off and trunca
tton errors) ..tlen: 

1) 0al!i)1ng fs assur:.!d constant in all roodes and vtscostty for 
each layer dlrectly proportlonal to lts modulus and .fnversely 
proporttonal to frequency. 

b) The underlytng rock 1s assumed to be rtg1d.or tn other words 
the Input motton ts·cons1dered at bedrock wtth the sotl on 
top, rathet tha,n at the outcropptng of rock. For elasttc 
roe~, results c'an st111 be made to agree if a_n addftlooal 
damptng ts tnserted tn the dtscrete model to stmulate the 
loss of energy \hrough radiatton In the rack. 

In the fallowlng pages the basls of both fol'!llllatlons wlll,be pru

sented. constder1ng ftr1t the case of steady state pertodtc motfoní 
(detenntnatton of the amp11ftcatfon cufve}, t.hen the case of translent 
motlons. The appltcatton of these ~thods to obtatn ftltered earth-

1 

·-· 

( 

e 
'¡ 

( 
. -6-

quake records at the free surface of the s~dl 1s 1rrmedtate. ~.t:M 

other hand. the1r.appltcat1on to dest~n respr.f"lse spectra,.m0d1fytng_ 
them to 1nclude the effect of the son. is not ¡o stntghtf~rw.1rd! Thh 
potnt and approx1mate solut1ons are diScussed at the end. 

11 - STEAOY STATE PERIOOIC KITIOIIS 

The Amp11ftcat1on Funct1on 

11.1 Continuous Solutfon. 

·A. Unifom layer. R1g1d rock.. 

let us cons1der ftrst a un1form hy"'r of so11 resttng on rock. 

The equat1on of 1110tton correspondtng to the one-dtmensional ... ve propa

gation ;-'"Oblem fs 

where p • denstty or mass per.unit.volume • ¡ 
y • untt wetght 

g • acceleratton of gravfty 

G • shear modulus 

n • v1scostty constant 

u{x,t) • dlsphcemeht of a potnt tn the son li.yer 

lf the reck ls r1gld but a dlsplacement uG(t) ls lmposed ot the 

base of the so11, the boundary cond1t1ons are: 

!Y. • O at x- • O .. 
u • uG(t) at x • H 

. .. . . 

.• 

• .. · 

• 

+ 
r 'i 

¡ 
·1 

., 

) 



( 

• -7-

and the 1n1t1a1 cond1t1ons: 

u • O at t • O 

if • o at t • a 

By calling y • u .. uG the relatfve dtsphceamt,-·the·equatton--
can be rewr1tten as: 

wfth ln1t1&1 Cond1t1ons 

y•o,!l.•o at 

' 

lt t • o 

and Bounda~ Condit1ons 

then 

y • o 

.!.l • o .. 
at x • ~ 

at x • o 

lf uG(t) • O, the free· v1brat1ons can be 1nvest1gated, Wr1t1ng 

2 2 J' . 
·,g•Gl..f•n.J..f. 

at ax ax at 

· and try1ng a solutton of the form 

whero 

y • U(x) ' V(t) 

U 1s a funct1on only of. x 

Y ts a per1od1c funct1on of t alone 

• U V 2 
[J'··~· -p 

GV + nY 

1 
·, 

. f. -8-
'· • i 

.1 o 

.r 
1 

1 

! l 
. . '¡% . 

-~~rr~rr.~~~Hr, . 1 ; J , 7 ; ; ? :>; ; 1; ~J; ~·7-T77 7 J'; ; 1 1 , 1 J 
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The natur&l frequeocies of the layer of soil are then given by 

f • 2n-1 ~ • 
rt 4H ~p ·-· 

and the natural periods · 

(2n-l)C
5 

.¡¡i 

T • 4H /[ ;. <H 
n 2n=T ' P , ' W-1TC: 1 ..... , S 

~ere C
5 

• ~ is the shear wave velocity of the soil. 

The corresponding modal shapes are 

U • ~ (22~1)11 X 

If the·sotl has v1scostty" 
we rus t ha ve 

4H ,.--
1\<~ fUI) 

·A crittCal value of viscosity can 
In particular in order to have at least 1 mcd• 

harmonic ooticn 

\' 

..... 
lt is fmportant to realize that if there is any viscosity the 

nur.ber of moc!es Nill be fintte. {Higher r..odes will have d_ar.1pfng higher 
than crftfcal). 

Constderlng now the 

.foi" 1 steadj' ~tate periodic 
by 

,o--~------------·~---~--~--

forced ~1brat1on problem, it is convenient 
mot1on tó repr~sent the base dfsplacement 

--------------·----
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and the so1ut1on by 

y(x,t) • U(x)e 101 , 
then 

() 

i 
! 

·12· 

.•·· 

o 
( 

' ' 

1 
It should be not1ced that 1f there fs vfscos1_ty, p h' comp1ex 

·1 variable and therefore cos pH has to be interpreted as 
1 
1 

112 (eipH + .-ipll¡ 
_u • E <OS px + F sin px • e 

• 02 

·---- -- ·-·--·----- --· 

- --- ·wlth i •_ n-r;¡¡¡ \-,--- ---··-·-··--·-·-·--· 

lapos1ng the boundary <ondltlons 

--------- F • O _____ e 
E cos p!l • e 

~r•c(~ . ú 
=. ~ 

ind, 

: 

and at.the free surface of lhe sofl tht absolute.acceleration becomes 

u ... n2C _1 __ e 1nt 

e os pH 1 

S1nce·the ~ase motion was uG •- r.2c e10 t 

-1 u • co;p¡r "e 

The transfer function of t!';e soil 
the free surface 1s. then def.ined as: 

TF(~) • 1 co;p¡r 

for absolute acceleration at 

·--·- - .. 

or 

The fact that the transfer funct1on is complex indicates that_, 
there is both a change in a~~lituée and in p~ase. If onlt the change 
in ~~litude 1s cons1dered the Amplification Functlon fs deffned as 
the modulus of the transfer functlon . 

-A(c) • 

C.111ng 

A(c) • 

For s¡r.all vá1ues of ~• 

S • Hnh 

IÍ + (nn/G)2 • 1 

l + (on/G) 2 

11 + ( r,íl/G)Z + 

1 + (c.O/G)2 

\ - . _; .:. 

.. '·~· •• 

,._.., 
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stresses in the sofl during an,earthquake to determine the factor of 

safety agalnst lfquefac!ion and to guide 1n the selection of sultable 
values for rnodulus and darnping ratios. 

In order,to obtaln these results severat·methods are st111 
avatlable using elth.er the continucus or the discrete m.Jdel. 

111.1 • Continuous Solutlon · 

Gfven a certafn t1~~ hlstory of acceleration representing an 
tarthquake record at the outcropping of rock. or at the interface 
beb.oeen son and rack. the correspondlng accelerogram at the free, 

SYrface of lhP soil can be obta1ned by: 

a) Obtalnlng the Fourier transfonm of the input earthQuake. 

b) Multtp:yi_ng ft by the Transfer function of the soil. 
e) Obtainfng the fnverse Fourier transform of thc resulttng 

function. 

The Fourier transfonn of a functlon of .ti m:¡: f{t) can be visu· 

al~zed as a l!mftfng case of a Fouri~r series expans1on. It fs 

gfven by the formJh - .. 
F(.)• J0f(t)e-

1"tdt·Jf~(t)e-i.tdt (if f(t) O for t ~O) 

ttas 

e 

f(t} _fs then safd to be the invéi-se fourfer transfom of F( ... ) 

+• 

f(t) • ~J. F(.)o1
"t d. 

It should be noticed that F(w). is a COí.I;J1ex functfon.wr1t1ng 

f(w) C(w) • 1S(w) 

C(.) • J:(t) cos .t dt(is the cosine transform) 

S{~);; [t(t} sfn wt dtQs the sine transfonn) · 

o . 

1 

( 

1 
1 
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If on the other hand it is Written as · 

f(w) • E(w) e·i>(w)t 

-1 
t(w) • tan gd_ 

C(u) 

( 

E{w) represents the amplitude Fourier spectrum, and o(~) the 
phase spectru~. The amp'itude sPectrum has an i~portant physical ~an· 
ing. Given two vah:es of .frequency, .. 1 • ..:2 , the area under th~ curve 

E(.¿) froril -.. 1 to w 2 gives t~e a~plitude of the r:-otion in this ran9e of 

fre~~encies. A simple lcok at the Fourier arrplltuCa spectru~ (often 

referred to for short as Four1~r spec:trurn) gives lr.r.oeGiately i!!'l 'i~ea 

of the ranse of frequencies where rrost of the ar.plitude of the rotion 

is contained. In fact Hudso:; :1as shc-,.,n that this s;:.ectrun is a ic .. er 

bound to the undamped velocity response spcctrurn arj in general a very 

Qood approximation to ft (they ..... ould coir:cide if u-.e maxiru::t res;>Jnse 

occurred after the end of the excitation}. Arias has also shown tnat 

1f E(w} 1s corr:;:~uted for different durations of the earthquake, the en· 

velope of these spectrá fs an upper bound to the undamped ve1oc1ty 
response spectrum. 

The arr.p1 itude Fourfer spectrum fs of cour1e closely relate<! to 

the spectral dens1ty f~nction 'S(._..) 

and 

\rrohere T 1s. the duration of the el(cftgtion f(t) 

The area unGer the.spectral denslty functlon between two fre~ 
· quenctes ~ and ' g1ves a rreasure of the l!nergy of the exc1tatfon in 

that rar.ge. · 

• 

) 

'. -, 
1 
1 
' 

-- J 

! 

1 
i 
! 
1 
! 
l 

i 
1 
1 ., 
• 
• 
i 
1 

1 
1 

l 
·¡ 

~ ¡ 

..... 

) 



• 

-39· 

The Fourter transform has not been used normally in Structural 

Oynamtcs. Its determinatlo-: 1s, however. e.xtrc;r.cly fast and Simple 

"!1th a d1g1tal computer. Even 1f thiS la'?thod of ~nalySIS 1s not gofng_ 

to be used, .the Founer transt'orm w1ll prov1de Slgnificant 1nformat1on 

on the nature of 'the e.a:cttatton and will help to answer-·süCh-qüesHO·n'"s----'-
u how rr.a~y mÓdes should be tnc1uded tn a modal analysiS. 

The transfer functlon or the soil as. d¿·_efi.llned tn II fs agatn 

a complex functton. The ono~uct of these two complex functtons can be 
ICCCHI'Ipl tshed by 

fo\Jltlplylng the Fourier arr:plftude spectrum ~~ the input by the. 

amp11flcat1on f~nc,tlon of the so11. The result 1s the Fourier 

amplttude spectrum of·the earthquake at tne free surface of the 
so11. 

Addlng to the Fourler phase spectrum the change 1n phase curve 

of the so11. The result IS the fourier p~u;e spect,.urr. of tl'le 

outptJt. 

The l,.!erse rourter transfonn of thJS pro~·Jct w11l toe aga1n a 

real functlon representtng the tlr.e htstory of attel~ratlon on top 
of the sotl. Not1ce that ff the tnput represents :he accelerogram 
at the Interface betwecn ~ck and so1l the transfer funct1on cor
respondlng to ngid rack shciuld be used. lf on the other han·d the 

'tnput represents. the accelerograrn ¡.,hich would be recorde1 en the rack 

w1thout any so1l on tJp,.the transter function for elast1c rocie has to· 
be used The second approath seems more log1cal However. at the 
present t1tne¡ ~here 1S no clear lo!dy to .determine what the earthquak.e 
records should be at bedrock w1th so1l on top or at the outcropp1ng 
of ~ck. s1nce most accel~rograms or real earthquakei ha~e been ob· 
tafned on ground {even tf t1nn grouno). 

Ftgures 13 through 17 summarfze the procedure as out11ned. {The 

phase 1pectra are not· plotted}. Ftgure 1J shows a reco,.d of the Taft 

éarthquake o&nd F19ure 14 \ts a~1ttuc1e Fourler spectn;m. F1gur:e 15 
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shows the ampl1flcatlm curve 'torf~ivé~ soll proflle (the unfform 
. l~yer prevfously consldered wfth rlgfd rock). Th' product of the 
'Fo~rter spectnnu.of·the tnput by th_e amp11f!cn•on tuncti~ is shown 1 

fn Ffgure 17,. 

Once the ~arthquake record at the surfate · ot the sot 1 has been : 
_.obU1ri'ed. desfgn response spectra can ~e obtatne4 tn two ·dlfferent 

ways: '.·. 

·_a) From.the -~our1er transform of the outpUt (b~tore _1nverttng 1t). 

by a.lttplytng Jt by the Transfer ·functton of a ~one.degree·of·free- · j · 
doca linear osc1llator. then 1nvert1ng ~he result ~d ftnd1ng the NX- ! 
fa:um. The Transfer functlon_of the one·degree-of .. freedoe SJ'Stem w1th 

:····· H(.) ........ ·: .. · 

. ·.· 
. b)_ · By integraÚng · through a step-b")·step proceel~re, the equat1on 

' ·. . L 
of mtton of·a one-degree-of-freedoal_system. . .. •' 

.. : ,;. . ., . -" ~ ·~· 2 .• 

.·'·y t 2an"'nY • "'rl • .. us 

"?.·· 

where us ts the accelerat1on t11ne h'rstory~ofr top of s_otl. 

The f1rst procedune 15 nonmolly refetred to as tntegratton 

fn the frequency domatn whereas 1n the second case tne solutton 1s 

satd to. be carr1ed out 1n the t1tre dol}la.ll'l krllle the hrst method 

would represent a consutent _conttnuatü:iri' of tl'le procedure followed 

up to that moaent u the present ur.e· _·twlf Second seems more econom ... 

fcal as far as computer ttme '' concerned. 

. . ' . 

·Figure 18 shows the ~pse~do·acc~leratlon resporlse spectrum 
for the Taft earthquaic'e f11t~red tht"ough the un1fonn so11 depostt. 

.· The response spectn= of the Input h•'a.l.so shown tn tha same figure • 

. _Figure 19 shows the r1tto af both re:sponie spec.tra tar 2 -:.nd. sr 
., ... 
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hysteret1c: ct1n1pat1on of energy. Correspond1ngly both shear rnodulus 

·and damptng are funct1ons of stra1n. Jf a non-11near analys1s 1s to 
be perfof"''red only lhe dhcrete model wfth phys1cal 1ntegrat1on .;.t the 

equat1ons of mot1on would be app11cable. Often, howevcr, the sy~te~. 
1s cons1dered ltneer, assumlng values of shear modulus and damping, 
determtning histories of stra1ns, computing new values of modulus and 
da~tng and cycl1ng unt11 convergente ot the process ts obtafned. For 
these prel1m1nary runs .the d1screte model w1th mdal analy~ts "ts con
ven1ent and 1t prov1des a faster, more economical solution. Once 
approprtate va1ues of modu1us and damp1ng have been obtained, the con
t1nuous modal can be used for a final series of analyses wtth dtfferent 
values of da~tng tn each laye~. (In the modal soluttOns the values 
of damptng are av~raged and expressed as modal damptng, constant tn all 
IIOdiS), 

!Y. lli'RIVAT:ON OF RESPOfiSE SPECTRA 

.The ~thods pre~tously outltned are mainly in tended to constder 
an earthquake at the base of the so11, ftlter 1t and obtatn the result~ 

tng ttmé htstory of acceleratton at the free surface. Whtle tt ts poS. 
sfble to obtain then destgn response spectra on top ot the sotl, the 
procedure hu for thts purpose severa\ dtfftculttes: 

a) tt requfres as an 1nput an actual accelerogram, be tt that of a real 
. earthquake, scaled or not,.or an arttfictal earthquake obta1ned by a 
stmulatton process. Wh11e the area of Earthquake S1mulat1on has seen 
a considerable progress tn the last ye~rs, 1t 1s stlll harder to derive 
the ttme.htstory of a~ earthquake correspondtng toa certatn magnttude 
and eptcentral distante than 1t ts to derive a response spectrum. 

b) ln-order to obtatn re11able results the analys1s cannot be-done for 
Just one tnput earthquake, but should be repeated f~r se~eral 1npu_ts 
ripresenttng ua~ples_ of earthquak.es .w1th the same average characterh· 
t1cs. Tho rosult1ng response spectra should flnally be smootned by 
dr~ing an everage or envelope. The process be,omes then too long and 

expenshe. 

~ 

1 -

' 
·' ( 
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It would be therefore destrable to have simple and approxt~te 
ways by whfc~ smooth response spectra on top of the soll would be de· 

.rtved frocn response sp_ectra at bedrock. or on ftnn ground. ftgure 19 
showed the amp11ftcat1on curve for a gt_ven sotl proftle and tht ratio 
of response spectra for 2 and 51 of strvctural damptng •. The stmtlar·. 
1ty of these cu11es 1s "apparent. In fact, 1f the Four1er spectn= 
were exactly the undamped veloctty response spectrum, the a~ltf1ca
tton curve should cotnctde wtth the ratfo of response spectra for no 
damp1ng. 

There are, however, severa\ tmportant dffferences between these 
! · two curves: 

1. The U1l11ftcatton curve tends to z.ero as the frequency increues 
or as the pe~tod becomes very small. The .ratfo of response spectra 
on the other hand tends to a f1ntte value .tt1ch 1s the ratto of t:.'le 
max1murJ acceleratton on top of the sotl to the maxtmum acceleratton 
of the input. (Thts ratto can be esttmated from the des1~n r:esponse 
spectra at bedrock tf the mode:. of the soll. are known). The ra_t!o of 
response spectra 1s therefore htghly dependent on the input e•rthquake 
tn.the htgh frequency range (or for ~ery short pertods, say T s~ller 
than.Q.l seconds). 

. _2. 'lhe ampltftcatton curve 1s a function of the sotl propertles only. 
The rat to of response spectra on the other ha"nd wt 11 depend on tite 
so11 propert1es (per1ods and damptng), the amount of structural d4mp

tng and the selec-ted earthquakc 1nput. 

3. The ratto of response spectra ts tn general smoother than th~ J 

amp11f1cat1on curve w1th lower peAks and hfgher valleys and lt becomes· 
smoother as the structural damping 1ncreases. For damptng values of 
20 or 251 the ratio of response spectra is pract1cally constaot over 
a long range of pertods. On the other hand for very small nlues of c:r') 

structural damping or for undamped spectra, the rat1o of the response Q 

spectra Should be el ose· to ~he ampltftcatton curve excepi in tha range 
of very small pertods. 

4. lt should olso be expected thot the ag·ree,..nt between the ·~1ff1· 
catton curve and the ratio of resp_onse spectra would be better for 
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htgh valueS of dal!l'1ng fn the so11 since this would tend to eltmfnate 

the transtents and furntsh a motfon closer toa perfodfc one. 

In arder to determine the appllcabillty of the ampltftcatton 
curve to reproduce the ratio of response srl!ctra, the ratto between 

bdth cur:ves b has been obutned at severAl ;m.:,u for unHorm soils 

wtth varying fundarrental per1ods and damping, subject to dffferent 

earthquake tnputs. The earthquake records constdered are El Centro, 

Taft and f1ve art1f1cfal earthquakes wfth a Tajfmf type spectral den· 

stty functfon. 

Ftgure 20 shows for one of the cases s~udted-the amplfffcatfon 

curve and the raUo of response spectra for El Ce:~tro- and. Taft earth .... 

quakes. Figure 21 shows the average ratfo ?' response spectra for 

the ffve artificial earthquakes, together wfth the 951 cot,f1dence 

levels (mean t Zo). Host of the pofnts of the curves for El Centro 

and Taft fa11 withfn th1s band. lt ioost be therefore realhed that 

even wt thfn sa111>les of ~arthquakes wfth t 1;:· Bme propertfes (magnltude 

and eptcentral distante) a substanthl varlatton ts c.o be expccted fn 

the ratio of response spectra. 

·Figure lZ sllows the effect. of tlle natural per1o.. of the sotl 

and the amount of damp1ng fn the so11 in the value of b at dlfferent 

potnts. For T • 2T
1 

(1st natural pertod) the-ratto 1s practtcally 

constant, independent of r
1

• For T • 11 1t has aga1n 11ttle var1a

tton for perlods larger th.m 0.3 seconds. Fo.r T • 0.5 r 1 the varia· 
. 1 

t1on 1s large for perlods smaller than 0.5 seconds and for T • j T1 
for pertods smaller than 0.8 or 0.9 seconds. lt sho~ld be notfced 

that fn all cases the varfatton is small for ~aiUes of T larger than 

0.2 or 0.3 seconds. If 1t ls acce'pted that 1n this range (say Oto 

0~2 or 0.3 seconds) the mxtrrum acce1erat1oo at top of the Son con· 

trols the response spectrúm, the values ot b can be consldered only 

s11.ghtly dependlng on t:he natural pertod of the so11 over the range 

of appltcatton. 
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Whtle all the cases consldered to derive the ·curves for the 

values b ha ve corresponded to a untfonn son Prof1Í"e and tUr.thér _test-• - . - . . 

tng 1s necessary for JI'Lilttlayer_s.ystems, tt 1s be11eved'that S!'ch a 
procedure could al so be applfed for the latter takfng the T1 as the 
perlad at whfch the maxfmum ampltftcatton occurt rather than the ftrst 
fundamental perlad. 

Figure 24 shows an example of appltcatton of the mathod. Curves 
of the standard dev1at1on a have aho beén obtatned; From theia ·cUrves 
1t 1s then poss1ble to draw not only ~he average i-aito of response 

spectra but also confidente levels, 
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• n~Li:&uc:::A: DE LAS .CONDICIONES LOCALES EN LAS CARACTERIS'riCAS· 

DEL ~10VUIIENTO SI SMICO . 

t . 
Francisco J. Sánchez-Sesma 

1 n<l t-i.tuto de 1 ng en.i.eJtla., UN ArA 

INTRODUCCION 

Las amplitudes y formas de ias ondas sísmicas generadas 

en un temblor dependen ~el mecanismo focal y de la cantidad de 

energía liberada en la zona de ruptura~ El mecanismo focal 

controla la manera en que las oridas son irr~diadas en el espa-

cio y en el tiempo. No obstante, las ondas sísmicas una vez 

emitidas por la fuente sufren modificaciones •n su trayecto 

que· ,dependen de las propiedades mecánicas de los ·medios en que 

se propagan y de las dimensiones de las inhomogeneidades o irre 

gularidades con que se encueritren. Si los cambios de las pro-

piedad~s en .una interfase son grandes_ o si el tamafio de las 

iriegularidades es comparable o mayor que la longi~ud de onda 

predominante de l·as ondas incidente~, se generar~n cambios si~ 

nificativos en el movimiento debidos a reflexión, refracción 

y difra~ci6n de las ondas. 

Interesa entender la naturaleza de esos cambios porque 

pued~n ocasionar grandes amplificaciones loc~les Y. variacione·s 

significativas del movimiento del terreno en distancias relati 

vamente pequeñas. Este efecto es de particular importancia en 

la· respuesta sísmica ~e estructuras grandes corno presas, puen-

tes· o lineas de trasmisión. Se trata de estructuras en las qu~ 

los movimientos diferentes en los apoyos pueden ser muy peligr~ 

so·~. Existe evidencia del papel ~ue juegan ios efectos·de las 

condiciones locales en estudios de la distribuci6n •spacial del 

dafio en temblores. Si bien el_dafio_ depende·de la calidad de las 

• 
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c~ns~r~ccion~s, en muchos casos los daftos severos están asocia 

d~s a fen6menos de amplificació~. En muchos casos se han utili 

zado en ~xito modelos de propagación unidimensional de ondas de 

co~tante cua~do la configuraci6n del sitio en estudio esta for-

mada por estratos aproximadamente horizontales. Debe notarse, 

sin embargo, que el uso indiscriminado de modelos unidimensio

nales puede dar lugar a errores de importancia ·cuando las irre 

gularidades locales son significativas pues no se toma en cuen 

ta·la naturaleza física del problema. 

Los temblores fuertes, de interés en ingeniería sísmica, 

ti~nen componentes importantes en la banda de frecuencias de 

0.1 Hz a 15 o 20Hz. Por otra parte, las velocidades de prop~ 

gaci6n cerca de la superficie de. la ~ierra varian de unos 200 

m/s a casi 2 km/s; de manera que las correspondientes longit~ 

des de onda caen en el rango de las decenas de metros a l.as 

decen~i de kilómetros. 

Las irregularidades geológicas y topográficas con dime~ 

siones comparables con las longitudes de onda predominant'es te~ 

drán, entonces, considerable influencia en el movimiento. La 

extensión y detalle con que deben estudiarse las condiciones lo 

cales ~odrá estimarse en t&rminos de las longitudes de onda as~ 

ciadas .. con ios periodos de oscilaci6n que son más significati-

vos para un análisis par.ticular. Para un edificio alto, una 

presa o un puente, ~or ejemplo, ·las dimensiones locales pueden. 

ser de varios kilómetros. Para una estructura pequefta y rlgi~ 

da, en cambio esas ~imens~ones-pueden.ir de l·as decenas a los 

cientos de metios. 

El problema de calcular el movimiento en la vecindad de 

tina irregularidad topogrlfica o estratigráfica ante incidencia 

de ondas sísmicas ha sido tratado como un problema de difrac- . 
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ci6n de 'ondas· el~sticas de un cierto tipo. No se han.desarro 

llad~ aun crÍterios pr~cticos para determina~ la contribuci6n 

de los distintos ~ipos. de ondas en un cierto t~mblor (es usual 

suponer que se trata de ondas SV propagándose verticalmente) . 

En parte, __ esto es debido a que las t~cnicas para tratar la d~ 

fracción de diversos tipos de ondas elásticas son relativamen 

te recientes. El hecho de que sean pocos los estudios que CO!:_ 

•ideren materi~les no lineales es tambi~n ilustrativo de las 

diiicult~des que en aste caso se present~n. La mayoría de los 

estudios de difr~cción de Ónd~s el~sticas consi~eran configur~ 

cienes bidimensionales y sólo algu~os casos de incidencia de. 

ondas SH admiten so-luciones analíticas (en el dominio de la 

frecuencia). Si bien _las soluciones bid~mehsionales son una 

ap~oximación, proporcionan infor~ación 6til sobre la respuesta 

sísmica de irregularidadei; de hecho, algunos resultados prel~ 

minares de difracción tridimensional son similares a los obte

nidos''para dos dime~siones, 

Los m~todos que se han empleado para estudiar el probl~ 

ma son de varios tipos (de acuerdo con cada caso particular) y 

en algunos casos son de reciente desariollo. Se ha empleado 

el m~todo de los elementos finitos, que permite una gran flex~ 

bilidad en el-modelado de dominios irregulares y aun de mate-

riales no lineales. Suele ser, sin embargo·, costoso y requi~ 

re precauciones especiales para tratar las fronteras del domi 

nio y definii apropiadamente la excitación .. Los elementos fi 

nitos pueden combinarse con esque~as de diferericias ·fini.tas 

en el tiempo o con soluciin en el dominio de ia frecuencia. 

Se han aplicado con ~xito esquemas de diferencias fin~ 

tas en el espacio y en el tiempo, ~in embargo, algunas de las 

restricciones mencionadas para loi elementos finitos limitan 

el uso generalizado de esta t~cnica. 

., 
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Los métodos de'frontera, basados en representaciones in 

'te\;_ra:les y/o en' expansiones en términos de familias completas 

d~:~oluciones, est~n en desarrollo y es de esperarse que no s~ 
fran las desventajas de otras técnicas; en particular, al trá

tar sólo las'fronteras se reduce la dimensionalidad del probl~ 

rna.; 

Por alg&n tiempo segui~~n faltando criterios para forro~ 

lar excitaciones en tirminos de tipos de ondas incidentes, ~n: 

gul6s de incid~ncia, contenidos de· frecuencias, etc. No obs-

tante, 'en tanto estos criterios se formulan, se contirtGa el de 

sarrollo de las técnicas de an~lisis de la difracción. 

Podr!a parecer que e• aun lejana lá aplicación de cri

teiios pi~cti~os en la'evaluación de los efectos de una cierta 

ir.regularidad en la intensidad sísmica. ,Es probable. que el e~ 

pleo sistem~tico de medidas integrales de la intensidad sísmi

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 respecto a una intensi 

dad de referencia permitirían definir un índice de efectos to

pogr~ficos que serviría para estimar la variación espacial de 

las acele~aciones _miximas. Sin ·embargo, al presente, se car~ 

ce de suficientes registros para estudiar con finura la varia 

ción espacial de la intensidad. 

El propósito de estas notas es.dar una intr6ducción. muy 

.general del problema de estimar los efectos de las condiciones 

locales en las características de ios temblores. Preceden taro 

bién a algunos te~tos mis especializados que el autor ha reuni 

do aquí. 
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1 

su·mmary. 11le Aki·l.amer techniqu.e is used to perform, in both the time and 
frequency domains, an analysis of the effccts of two·dimensionOJ e!evated 
topography on ground motion. Inciden! plar.e SH-. SV- and P-wavco are 
considered and thc respective irfiuences of su:face geomctry, elastic para
meters ~d the incident .wave chara.ctcfistks, as long as they remain within 
the limits of applicabi!ity of the A-L technique, are investigated in sorne 
detall. 

Besides the well·known amplificltion/deamplification effect related to the. 
surface curvature, wave scattering phencmena on the convex parts of the 
surface are shown to con tributé signiftcantly to. the disturba'lces in the. 
displaccment field around the topographic structtire. TI1t:se scattered waves 
are SH in the case of incideni SH-waves, and mainly Rayleigh waves in the 
P case, while both Rayleigh and horizonto! P-waves, sometimes of large 
amplitude, develop in the SV case. The frcquency dependence ofthis scatter
ing, though complex, seems to be mainly cor.trolled by the. horiZontal scale oí 
thc topographic structure. Tite parameter study points out the regular and 
intuitive behaviour of this wavc scartering in both SH and .P cases, \Vhile it 
exh.ibits a puzzling complexity for incident S V·wav¿s, which is ifÚcrpreted as 
resa!lting from the importance of the S-P rctle~tions on mountain slopes in 
that case. 

As to the ground motion, some general fea tu res may be pointed out. The 
· amp1iflc.adon on' mountain tops, which ·is systcmatically greater for incident 
S-waves th::m fo·r·P~waves, gc~1erally decreases as thc averr:ge s!ope decreases or 
as the anglc- of" incidence increascs. Mountain si o pes ur.dergo either amplitl~ 
cation or deamplification depending on sitr location, frequency and incidence 
anglc, but they a.lways undergo strong differential motion due to the lateral 
propagJtion of thc scatt~red waves and their intcrference with the primary 
wave. Finally, aH these effccts n1ay be greatly enhanced in the case of com~ ·. 
plex. topographics, wluch moreovcr give rise to a significant pro!ongation of 
ground motion becnuse of thc large number of scattered waves . 
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l. lntmductiun 

For many years, a great numbcr of alllhor8 hovo pninted out the hnportance of site effoccs In' 
01any seismologkal problcms 1 ranging frrun suur("C' paramcter computation to selsmic risk 
assl!ssment. These .si te effccts wcr'c at. first relatcd to the local sedimr.nt cover (resonance· of 
surface layers, sand liqucfaction. attcnuation of high frequencic,, etc.). More recently, how-· 
ever, observations have been· madc (e.g. Key 1967; Nason 1971; Trifnnac & Huúson 1911) 
showing the influcnce of topography on surface ground motion. 

BCsides field studies (D"'is & West 1973; Grifliths & Bollingcr 1979), or mode1 studies 
(Rogers, Katz & Bennett 1974; llan; Bond & Spivack 1979), the thcorctical investigations 
hJve focused more On numerical solution rather than on a detailcd study of the -effects o( 
topography on surfai:e motion. A ·lo! of numcrical methods have bcen devcloped to investi-· 
gate the scattered far-field'(small perturbations: Gilbert & Knopoff 1960; Hudson & 
Knopoff 1967; Hudson 1967; Maclvor 1969; small perturbations and finite differcnc.e: 
Aboudi 1971; Alterman &. Aboudi 1971), or the displaccment field over the topograph)i 
itself (ana1ytical mode1s: Trifunac 1973; Wong & Trifunac 1974; Singh & Sabina 1917.; flnite 
differences: Boorc 1972; Altem10n & Nathanicl 1975; llan 1977; llan et al. 1919; fl1iife' 
elements: Smith 1975; discrete wavenumber representation: Lamer 1970; Bouchon J9i:i; 
matched asymptotic expansion: Sabina & Willis 1975, !977;.integral equations:· Wong· & 

. Jennings 1975; Sills 1978; Sanchez·Sesma & Rosenblueth 1979; and boundary rilethoos:: 
Eng!and, Sabina & Herrera 1980). Al! these. theoretical models, invoh-ing a t•.vo-dimen,ional 
homogeneous elastic half·space with a simple topographic section (except Singh & Sabiria' 
1977, who consider a three-dimensional hemispheric valley), provide resu!is wlii<:li 
quantitatively agree with one another, and qualitativeiy confirm the experimental obse"f~ 

vations: amplification usually occurs on convex pans of the ground surface (mouritain top·s 
or valley edges), and- deamplification on con cave parts and shadow zones. Out purpose heré 
is thereforé not to present yet another numerical method, but to try to gain a better uridei-· 
standing of these topographic eff~cts, through their dependence on parameters sud\ as 

· inciden! wave type, frequency. incidence angle and anomaly height. 
In other respects, al! available theoretical results seem to underestimate thé obserVed 

effects of topography on surface motion, as teported by Davis & West (1973), and Griffiths' 
& Bollinger (1979). Since the model study values corroborate !hose obtained by riumeñcal 
methods (Rogers et al. 19:74; Han eral. 1979), it is believed that quantitative disagreement 
between theory and observation. is due, at 1east partly. to the compiexity of both incidetit 
signa! and topography. lt is thcrefore another aim of the present paper lo show how asome
.what complicated topography can produce greater effects than isolated ridges or valleys, and 
that the surface .motion at a particular si te depends a lot on thé topographic features of a 
wide area around. 

\Ve believe that the Aki·Larner method is the hest suited to this kind of stu<ly, since it is 
·a very tractable and computaticnally cheap method, and because the discrete wavenumber 
represcntation providcs uscful information on thc nature of the scattered e!astic fiel d. This 

_______ ,, 

Figure l. Ceomctrical shape of the mountain modcl introduced by Sills (197S).and corre~ponding to the 
cases investigated in Figs 2-17. The open cirdes indícate the sites where the synthetk seismograms of 
Figs 2. 3 and 14 are computed. 
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technlque h~s airead y been presented with m:iny details by Lamer (1 970), Aki & lamer 
(1970) ami Bouchon (1973), and lts rcliability carefully discussed. The limitation of our 
lnvestigations to topographic features having 'slopes lower than 40', and to inciden! body 

. waves only, with rather small inciden ce angles so as to avoid shadow zones,' together with 
the experimental Óbservations of Rogers el al. (1974) and Ilan et al. (1979) showing that the 
radiation lo bes of the diffracted \va ves are directed essentially downwards, ailow us to think 
that the Rayleigh ansatz error does not alter the accuracy of our results too rnuch. 

2 Effects of simple topography on inciden! plane waves - a parameter study 

2.1 GENERALITIES 

Our purpose is to evaluate the surface displacement and the scattered elastic fie1d produced 
by a plane body wave impinging upon a two-dimensional topographic feature lying over an 
otherwise isotropic homogeneous el as tic half·space, for various topography, half·space and 
incident wave characteristics. 

Our computations rely on !he same theoretical formulation as those . presented by 
Bouchon (1973}, except that we do not corree! the displacement field for the residual 
stresses; since we remain well within the validity limits of the A·L technique. Furthermore, 
in- order to investiga te the ground motion in the time 1 domain, we follow the approach 
described by Bard & Bouchon (l980a), making 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 ofbcith the frequency range and the time window. 

Topographic effects then depend on three kinds of parameters: 

2.1.1 Topographic shape 

This is the most dift1cult to quantify. For a better undersranding of the diffraétion and 
amplification/deamplification mechanisms, only simple topographic profiles are considered 
at first. The 'pseuáo-realistic' mountain model of Sills (1978) is chosen, defmed through the 
equation: 

l'(x) = h(J-a) ·exp(-3a) with a= (x/{)1 

this topography is completely defmed by its half·width and its height lz. .Its shape is 
illustrated in Fig. J. 

2.1.2 /lalf-spacc elastic parameters 

These reduce to the shear and .:ompressional vclocitics, respcctively denoted as~ anda, since 
the material density has no inOuence. ' 

2. 1.3 lnciclent wa~~ejh!ld characterisrics 

lh~se are wavc typc, incidcnce anglc, azimuth awJ frcquency spectrum. Only incident planc · 
waves are considered here, for simplicity O!O~d bccause nearficld studies introduce a lot of new 
parameters relnted to the so urce mechnnism. Mon:over, only inciqent body wavcs are taken 
into account. Tite effect of incident wave azimuth i:; not considered: only in plane and out 
of plan e motions are investigated. 

The remai~ing indcpend~nt dimcnsionlcss p::trametcrs considercd in .ihis paper are there
fore: the topography shape ratio h/1, the Poissnn ratio P, the dimensionlcss frequency 
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4 

17 = 21/"A (which is scalcd to the s·wavclength "A= P/f¡, and tlié incidence angle O, measured 
from thc vertical axis. 

For time domain studies, we gene rally choose an input signa! in form of a Ricker wavelet, 
having a time dependence:- · 

/(1) =(a- 0.5) exp(-a) with 

where 15 is the time of maximum amplitudc, and 1 P the characteristic period. \Ve also sorne
times use a combination of severa! Ricker wavelets. 

2.2 GENERAL CHARACTERISTICS OF TOPOGRAPHIC EFFECTS IN THE VERTICAL 

INCIDENCE CASE 

_.ln this section \ht.Cª.i.~.of P,.SV.and·SH plane waves vertically inciden! on two topographic 
features is investiga'ted, a mountain having a shape ratio h/1 equal to 0.375, anda symmetric 
depression. Materials with Poissori's ratio v = 0.25 are considered until Section 2.5. 

2.2. 1 Time domain study 

· Fig. 2 illustrates the time historyof ground motion at severa! sites located over the topo
graphic elevation and sorne _distance apart, for an íncident Ricker signal having a charac· 
teristic dimensionless frequency of l?p = 1.83, in each of the three ~'H. SVand·P inciden! 
cases. The well·known amplification· pattern on mountain tops appears on each. of the 
three components, but it is more importan! in the case ofincident S-wlvcs (43 per cent for 
SH and 30'per cent for SV) than in the case of inciden! 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 s1opes, significan! alterations appear; while the ground disp1ace
ment arnplitude is reduced, its duration is increased. The arnplitude reduction is more 
importan! for horizontal components (the mlximum attenuation is about 25 per cent for 
SH, 40 per cent for S V and only 1 O pe~ cent for inciden! P-waves). In the SH case, seismo
grams away from the topography show an outward propagating signa] having roughly the 
same shape as the inci<lent signal and an amplitude of about 20 pei cent at a distance 2/ 
from the mountain top. The_ phase velocity of this diffracted wave, together with the space 
dependence of its arnplitude, which fits an x' 11

' <lecay, are consisten! with a horizontal 
SH-wave generated near the mountain top. In the P and SV cases, seisrnograms exhibit a 
snmewhat greater complication, because of the outward propagation of two such diffracted 
waves. Their phase velocities, vertical/horizontal component ratio, and spatial decay (x- 112 

for the fastest wave, and nearly constant for the slowcst), allow their identification as a 
horizontal P·w3ve and Rayleigh 'wave, respectiveiy. 1he relative importance Úf these two 
waves undergoes grcat changes with the inciden! wave type. In the SI' case, the horizontal 
f'-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 si te x = 2 (), whereas in-the P case, 

. Figure 2. Response of the mountain illustrated in Fig: 1 (h/1"" 0.375) to vertically inddent, respectively, 
' SH, SV and P Ricker wavelets of characteristic·dimensionless frequ:ncy tlp = 1.83. na~ traces represent 
· the time history of the displacemcot at surfa~e receivers, spaced from O to 2.51 from the mountain top 

(numbers on the left represent the site location in dimensionless values x/l). lr. thc SH case, on\y the 
transverse horizontal component, u, is represcnted, while in the P and SV nses, hoth horizOntal motion 
along the x-axis (u, lower trace) oond vertical motion (w, \lpper trace), are depicted. Thc bottom traceJ 
represent the ground motion for a plane free surface. The dimensionless length of the time window is 
3.33. Here v = 0.25. · 
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·. '.emphasized in the ·sv case . .The deamplillcntlon pat'tern on the near side is comblncd with 
',the great sensitivity of the surface horizontal displaccment on the incidence angle (that is 

.\\ith the local surf~ce slope). and, at low frcqucncies, with the interferencc between thc back 
scattered Rayleigh and P·waves and thc primary wavc. The mountain top he re exhibits a low · 
frequency strong deamplification pattcrn, and the point of maximum amplification is 

' .• located' very near !he tniddle of the- slopc. The vertical displaccment is maximum near n!OUD· 

tain top, ánd sli¡¡htly greater on the far <ide than on the near one. · 
Synthetic seismograms in Fig. 14 provide a good illustration of all these features. The 

directivity·eifect appears vcry clearly for both 1' and SV cases. For instimce, the forward 
scattered Raylei¡¡h wave is five times larger than the back scattered one in the SV ca5e. For 
inciden! P·waves, this ratio is greater since the back scattered Rayleigh is very weak. On !he 
contrary, Fig. 15 shows' a very clear back scattered P-wave, in this <;ase, while there is no 
forward scattered such wave. The maximum displacement values undergo importan! changcs 
over the topography, for bcith vertioa] and horizontal coinponents in the SV case, and 

mainly for the horizontal componen! in the P case. As an example, the deamplification on 
the neú. sirle 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 campo· 
nents appear to be completely decóupled: the horizontal motion is of rather ]ow frequency 
while the vertical motion attairis 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 
,-ertical one). · 

2.5 ASPECTS OF THE INFi:UENCE OF THE POISSON RATIO 

The vast majority of Earth components have a Poisson ratio very near 0.25. Nevertheless, 
this val~e may be ·significan ti y greater for sorne surface materials, such as poorly consoli-

lnctdent P w~es · lneident SV waves 

0. 

p 

R 

h/1 : .375 ; V: .40 

Figure 16. nie same u Fig:: S, for a mountain of same shape but having a larger Poisson ratio, i.e. v = 0.40; 
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1[: , ; :, ·. : . . . . D/ffracttd .<·aves o ver 2-D ropographlcs 
.~de' is combined with · , · · 

'
ll •idence angle (that is ·., i .' · dated sediments or artificial fills. In order to get an idea of the upper lirrdt ofthe changos in 

l
i, the d.lffraction and amplification/deampliflcation phenomena due to the Poisson ratio, we 

lncebetween the back: ¡ :P here exhibits a low , ¡·., have'investgated the case of a medium size mountain (IJ/1 = 0.375) having a Poisson ratio of 
r·• · · ,i . . 0.40 (that is a shear t~ compressional velocity ratio of 0.41) impinged by vertical p. aiid 
~~~~- amplifica!ion 'is, · SV-waves, for a dimenslordess frequency up to 4.5. . 
flaJWnum neas moun' ' As 'mown. in Figs 16 .and 17, these variations of the Poisson ratio. induce signiflcant · 

¡,~ ihese featu~s ... The. variations on. the scattered ,Rayleigh wave. For inciden! P-waves. i!S amplitude is much 
, • smaUer for u = OAO, especially at high frequencies: around one·half for 1J < 2.5, and one· 

1
1 mstance, the forward. · thisd for 1J > 3. In the S V incident case, we observe a slight reduction too in the low 
: lé in the SV case. For. , 

il ; is very weak. On the .. . frequency domain (1J <•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 frequencies, its amplitude is i 'ISO, while there iS no· · similar in both cases, and even a little greater for v = 0.40. 

\

1 

.go, importan! changes . . 
The horizontally diffracted P-wave is still very weak for inciden! P-waves, though slightly 

l. ¡'iii the SV ~ase, and · greater in the high Poisson ratio case. For inciden! S V-wavú, its amplitude is comparable in 
i,te deam~lificatión on' 
l;, both cases at dimensionless frequencies below 2.5, and it is then significantly lower (around 
¡~otion. An interesting one-half) in the·hlgh Poisson ratio .case. 
:~tal or vertical compo· 1 Also noticeable are a slight decrease in the amplitude of the homogeneous waves for low· 
' ¡rather low frequency frequency iricident P-waves, and their opposite smaU i.Ítcrease for low,frequency incident 

1[ paren! arrival time of , SY·waves. · · 
' \less time laier on the · ¡'l ·: ' . ' These variations in the diffracted field are obviously,reverberating on.the súrface m~tion. 
¡·. At sorne distance from.the topographic feature, the weakening of themainscattered waves 
!w · (the'·P·wave for inciden! SV-waves, and the Raylcighone in. the P incident case),together 
1 [ · · wit,h. the slight inérease in the amplitude of the oth.er diffracted wave (respectively Ra_ ylei¡:h 
~<l¡;otTilNevertheless, and P), somewhat.lessen and' disturb the oscillating pattern of the horizonial and vertical 
/ ;eh a;poorly co~soli· displacement spectra (Fig. 17). 
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THE EFFECTS OF LOCAL IRREGULARITIES 

ON SEISMIC GROUND MOTION 

By 

Francisco J. Sánchez-Sesma* 

ABSTRACT 

The effects of topographical and geological irregulari

ties on seismic ground motion are discussed. A short de

scription is given of sorne of the available techniques to 

calculate such effects. Sorne coP.Unents are maJe on tiH~ im-

portance of local conditions in the assessment of seismic 

risk. 

-
INTRODUCTION 

It has long been recognized that local topograpily and 

geology can significantly a,ffect the ground motion at a' 

site (Figure 1). The contribution of topography could serve 

to explain the iligh acceleration recorded at the Pacoima Dam 

(1.25 g) during the San Fernando, California earth~uake of 

February 9, 1971 (Trifunac and 3udson, 1971; Boore, 1972c). 

For the aftershocks of the same earthquake Davis and l'i'est 

(1973) in a series of observations have fou!{d signi,ficative 

local amplifications due to topographical relief. In a fielJ 

* Instituto de Ingeniería, UNAM; Cd. Universitaria 
Apdo. 70-472, Coyoacán 04510, México, D.F., MEXICO 
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study in the 1\ppalachian /1ountains using distant mine blasts 

as sources, average amplitude ratios betwecn rnountaintop and 

vallcy sitcs were deterrnincd (Griffiths and Bollinger, 1979) . 

. These average ratios showed that the seismic wave amplitudes 

at the crests were amplified by factors frorn 1.7 to 3.4. In 

Figure 2 three seisrnograms for the same event in the Powell 

Mountain area are shown. The positions of recording sites 

are also disp1ayed in the figure. 

The effect of soil conditions in ground motion has been 

observed in well-docurnented earthquakes (Sozen et at., 1968; 

Jennings, 1971) and in'regression ana1yses of strong motion 

data. There is significant evidence that subsurface topog

raphy, l. e. lateral heterogeneities, are related to localized 

damage distribution in the Skopje, Yugoslavia earthquake of 

July 26, 1963 (Póceski, 1969). It has been suggested that 

_focusing of the wave energy, by irregular interfaces, gener-

ated large motion 

(Jackson, 19 71) . 

amplification in limited zones of the city 

Darnage statistics of 

in the Miyagiken-Oki, Japan earthquake 
. ' 

buried utility pipes 

of June 12, 1978 have 

shown spectacular increase in the number of occurred fail-

ures near the cut and fill boundary of a newly developed 

area (Kubo and Isoyama, 1980). 

Local conditions can generate large amplifications and im

portant spatial variations of seismic ground rnotion. These 

.effects are of particular significance in the assessrnent of 

seismic risk, in studies of rnicrozonation, in planning and in 

the seismic design of important facilities (Esteva, 1977; 

Ruiz, 1977). In particular, local irregularities can be rel

evant in calculating the seisrnic response of long. structures 

(see Figure 3) like dams, bridges or life-line systems (e..g. 

Esquivel and Sánchez-Sesrna, 1980; Ruiz and Esteva, 1981). 
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As pointed out by Trifunac (1980), the strong earthquake 

shaking of interest in earthquake engineering falls in the 

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 0.1 km/s to'about 3 km/s, it can be 

seen that the corresponding v1ave lengths are from tens of 

meters to tens of kilometers. Thus, the topographical and 

geo1ogical irregularities of dimensions near to this range 

will have considerable influ~nce on the corresponding waves. 

It follows 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 p~rticular analysis. 

For a tall building, a dam or a bridge, for example, these 

local site dimensions night be of several kilometers. On 

the other hand, for stiff structures ur small buildings, 

these dimensions can be from tens to hundreds of meters.· 

Although 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 (1983), 

there is still lack of criteria for dealing with the prob

lem taking into account ~ource, path and.local conditions. 

Active research is needed to predict more accurately the 

local effects, given the ~ource parameters. Indeed, it is 

encouraging the recent progress on strong motion prediction 

using mathe:natical modeling techniques (Aki, 1982). Huch 

of the research is concentrated on the understandi~g of 

fault mechanics and \vave propagation in the Earth. It is 

generally accepted that high frequency radiation, which 

controls accelerations, comes from very localized parts of 

the fault. A powerful asymptotic theory of high frequency 

radiation has been recently developed U!adariaga, 1983). 

Applications of the theory are coming. However, it should 

be noted that tile foci of future earthquakes are riot k:10wn; 
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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 to justify the use of very 

refined·models of wave propagation, particularly for the 

high frequencies. It is then clear, in view of the men

tioned uncertainties, that the problem of seismic risk 

assessment must be dealt w.ith a probabilistic fra:mework. A 

promising approach seems to be the use of integral measures 

of intensity such as the Arias' (1970) using stochastic 

descriptions of tne input and simplified models of the local 

irregularities (S!nchez-Sesma et al., 1983). 

The aim of this work is to review the problem of.calcu

lating the effects of topographical and geological irregu

larities on ground motion given certain input, ~.e. sorne 

kind of seismic waves. For this purpose the current for~u

lation of the problem, the known analytical solutions a~d 

the available numerical methods are discussed in orief. 

This review is by no means complete and reflects the par

ticular trends of the_ author~ Neverthelcss, it is hoped 

that this ~ork could serve to stimulate discussion and in

terest on the problem. 
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FORMULATION OF THE PR03LE!1 

There is no doubt that the source mechanism governs the 

way in whicil the released seismic energy is radiated in 

space and time. ~owever, 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 i~ mechanical impedances or irregularities 

with size comparable to incident wave lengths can generate 

significant amplifications and ~patial variations of ground 

motion (Boore, 1972b). 

P1ane waves are reflected back and refracted forward as 

they arrive at a plane interface. The amounts of .reflected 

and transmitted energy dépend on the mechanical properties 

of the,media involved. Reflection and refraction in·elastic 

~ave p.z:-opagation·can well be described by geometrical means. 

Let us call diffraction to every change in the waves' path 

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 irregular sur=ace. 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 condition at infinity, which means that the dif

fracted fields must scatter to infinity; ~.e., no energy 
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may be radiated from infinity into the irregular region. 

Tne Sommerfeld radiation condition has been extended to 

elastic wave fields by Kupradze (1965). 

ANALYTICAL SOLUTIONS 

The simplest problems in elastic wave diffraction are 

the two-dimensional SH-wave problems b~cause 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 which allow separation of variables (r.low and Pao, 

1971). Using this method, exact solutions have been ob

tained for the diffraction of Sd-waves by canyons and allu

vial valleys with semi-circular (Trifunac, 1971, 1973) or 

semi-elliptical shapes (\V'o!!g and Trifu!!ac, 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 

Figure 4). They are very sensitive to the incidence angle 

and the frequency. Results for alluvial valleys show the 

importance of tne two-dimensional behaviour 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 orthogonal 1~ave 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 

s~1erical wave functions further into a power series which 

matched all the boundary conditions successh!lly. However, 
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07 
this approach 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 Sabina, 1977) have been obtained. However, the results 

are of small uti1ity 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.exactly so'lved for an elastic medium in 

which horizontal displacements are restricted (Sánchez

Sesma, 1983b). Results for vertical displacement are in 

rea~onable agreem~nt with those from.more reliable computa

tions for a truly elastic medium (Sánchez-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 equivalent stress distribution. An 

application of this method by Hudson (1967) deals with small

slope three-dimensional scat terers. \Hth this approach r-<=a-

·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 Boore, 1980). 

·The method of matched asymptotic expansions has no re

strictions on the slope of the irregularity. It is .based in 

matching the first terms of an outer expansion 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 freque11cies, 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 Sn-waves by irregular 

interfaces. In the Aki-Larner met;1od, 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 ds replaced by an 

infinite sum. Truncation of this sum and application of the 

iriterface conditions of continuity of stress and displace

'ment leads to a system of linear equations for the complex 

scattering coefficients. This method, which is restricted 

to small-slope irregularities, has been applied by Souchon 

(1973) to study the effects 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 and 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 

developed 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 recently used 

by Bard (1982) to analyze the effects of two-dimensional 

elevated topography on ground motion. The comprehensive 

studies by Bard and Bouci1on throw light on the subject and 
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09 
on the physics of the proolem. The method has been used to 

rnodel the fields generated by real faults (Bouchon, 1979; 

Campillo, 1983). · It can be used .to model ground motion 

considering togethei: 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

siona1 irregular interfaces (Boore et at., 1971) and ridges 

(Boore, 1972b) in the SH case and also for incident of P and 

SV-waves upon a sedimentary basin (Harmsen and :1arding, 

1981) anda step~like t6pography (Boore et at.,. 1981). In-· 

teresting results have been found concerning the significant 

generat i.on of Rayleigh surface waves by lateral irregulari-. 

ties. For incidence of ~ waves upon a surface slot the com

putations by Ilan _and Bond (1981) give good agreement with 

experiments. It tvas found that the amplitude of the scat

tered Rayleigh wave is, as expected, dependent on incidence 

angle. A finite difference analysis of axisymmetric topog

raphical irregularities has been presented to study the ef

fects of vertically incident shear waves (Zhenpeng e..t at., 
1980). Spectral rati6s were obt~ined and comparison with 

observations gives reasonab1e agreement. The finite dif-
. 

ference method is theoretica1ly unlimited to model details· 

and nonlinear behaviour of materials, but the size of .the 

problem can easily exceed the capacity of major computing 

facilities. 

The finite eleinent method also allows a detailed descrip

tion of site topography and layering. It is possible with 

this method to calculate the response of two-dimensiOnal soil 

configurations with truly nonlinear stress-str~~n relations 
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(Streeter et ~l., 1974; Joyner and Chen, 1975; Joyner, 

1975). The majar 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 transmitting tecl¡

niques can reduce the spurious waves to sorne extent (e.g. 

Smith, 1974, 1975; Ayala and Aranda, 1977; Clayton and 

Engquist, 1977; Castellani et ~l., 1981; Liao and \•long, 

1981) . A ~uccessful criterion has been developed for damp

ing out the unwanted ref1ections by means of non-uniform 

element size (Day, 1977). Finite elements have been used to 

:treat problems of irregular layering (Lysmer and Drake, 

1972; Drake, 1972; Aranda and Aya1a, 1978) and two-dimen

sional topographical irregularities (Castellani et ~l., 

198~) 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. !1oreover, boundary methods can be· used together 

with the finite element method (Zienkiewics et al., 1977). 

Then, the region modelated with finite elements can be 

smaller (e.g. Ayala and G6mez, 1979; Shah e.t al., 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; 

Cale et ~l., 1978; Alarc6n et ~l., 1979), and the other, 

on the use of complete systems of solutions (Herrera and 

Sabina, 1978; Herrera, 1980). Thc scattcring of incident 

SH-waves from two-dimensional irregular topographies has 

L~-'--·- ---~ .... -: ... ' --···--·---'----.. ---~'-- ...... . .. ·- --- -- ------ ____ · ..... -·---· .. i -··--~--------·-------·--~-----•-------.....J. ______ :____c_--......:. ______ ------ -- ·- ---- - -- ·- -
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been formulated with integral equations by >Vong and Jennings 

(1975) for arbitrarily shaped canyon-like profiles and by 

Sills (1978) for ridges and mixed shapes; This method has 

been applied with success to calculate the effects pf a dip-- . 
ping layer·of alluvium of an SH-wave source on the surface 

(Wong et at., 1977). Results compare favorably with obser

vations during a full-scale low-amplitude propagation test~ 

A powerful approach which combines the boundary integral 

equation method with finite differences in time has been 

presented (Cele et at., 1978) for solving elastodynamic 

problems. The pe-rformance of -the method was found to be good 

in a simple numerical problem. A boundary.method has been 

recently developed and applied to salve two-dimensional 
' • 1 

scattering of harmonic elastic waves by canyons (Sánchez-

Sesma, 1978, 1981; Sabina et at., 1979; Sánchez-sesma and 

Rosemblueth, 

Sánchez-sesma 

1979; Wong, 1979, 

et a-t., 1982a), 

• 
i982; England et at., i980; 

~lluvia! deposits (Sánchez-

Sesma and Esquive!, 1979; Dravi~ski, 1982a~ b, 1983) and · 

ridges (Sánchez-Sesma and E~qui~el, 1980; SSnchez-Sesma 

et at., 1982b) for different types of waves and shapes oc 

the scatterers. The methpd consists of constructing ,the 

scattered fields with linear combinations of members of a 

e-complete family of wave functions (Rerrera and Sabina, 

1978). These families of functions, which are solutions of 

the governing equations of the problem, can be constructed 

in a very general way, with single or multipolar sources 

having their sin9ularities outside the region of interest. 

Coefficients of the linear forms thus constructed are ob

tained from a le'ast-squares matching of boundary conditions. 1 

As pointed out by Wong (1982), the method can be cons'idered 

as a generalized inverse one. In doing this, Wong súggested 

a procedure which improves the solution numerically. A 

general framewo~k for the method is given by a recent alge

braic theory of boundary value problems (Herrera, 1979, 

1980a,b). 
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GROUND MOTION AT CANYONS OF ARBITRARY SHAPE 
UNDER INCIDENT SH WAVES 

FRANCISCO J, SÁNCHEZ·SESMA • AND EMILIO ROSE:<BLUETHt 

Instituto de Ingeniería, Universidad Nocional Autónama de México, kféxico 

SUMMARY 

A method for calculating the two-dirnensional scattering of incident SH waves by canyons of arbitrary sh<1pe is 
presented. The problern is formu!atcd in tcrms of a Fredholm integral equation of the first kind with the integ:ration 
path outside the boundary. Point-source discretization and a least-squares scheme are uscdl Numerical results 
are compared with the known analytic solution for a semi-cylindrical canyon. Spatial variations of surface · 
amplitudes are computed for triangular and half-cycle sinuSoidal canyons as well. 

INTRODUCT!ON 

Influence of local conditions on ground motion due to earthquakes has been recognized as a significan! 
feature in seismic design-'·' Topographic cffects can introduce apprcciable differences on seismic movemonls 
between neighbouring. si tes, even when the distance from the active fault and predominan! inciden! angles 
do not ·change. 

The subject has becn trea!ed.in the literature as a problem of elastic-wave diffraction. Analytic solutions 
for semi-cylindrical and senú-ellip!ical canyons under inciden! SH waves ha ve been obtained.3·' An acoustic 
approximation has bcen used for a similar problem where only vertically inciden! P waves are considered 
in detail5 By means ofmaiched asymptotic expansions, expressions for the solution ofthe SH-wave diffraction 
prob!em ha ve also been oblained11 This solution is restricted to low frequencies. Another approach assumes 
periodicity of surface shape and uses discrelized integral equalions to describe the movement in the 
neighbourhood of topographic irregulariiies wiih small slopes under low-frequency inciden! waves• The. 
SH-wave difiraction problem for canyons of arbitrary shape has been formulaied in Ierms of a Fredholm 
integral equation of the second kind and applied to the study of topographic effects at Pacoima Canyon7. 

Large ampiifications and decrcmcnts were found in harmonic analysis but computed response !pectra 
showed small c!ifferences, save for the iange of high frequencies. For the same problcm a multipole expansion 
in terms of Hankel functions about the origin and the leasi-squares meihod have been used." Comparison 
of results with sorne known exacl solutions yields very good agreemenl. 

In the · present work an altcrr.ativc melhod is dcveloped for solving SH-wave diffraction problems in 
arbitrarily shaped canyons. The method makes use of an integral rcpresentation of scanered "-:aves as a 
simple layer potcntial8 applied at interior points thus avoidjng singularitics in the kernel oi the integral 
equation. The idea is similar to Copley's• for Webcr's equation and has bcen applied by De Mey'" to the 
solU!ion of Laplace's inierior problcm. 
·. The resulting FreJhoim integml equation of !he firsl kind is discretized with line sources concentrated at 
an interior curve. Emphasis is on field representation rather than on solution of the integral cquation itself. 
Thus, the Fredholm integral equation serves asan int<rmediate step in the problem formulation and provides 
a uscful tool to investiga te sorne of thc singularities of the operator. 

Once the boundary conditions are established, a system of equations is oblained which is solved in the 
·tcast-squares scnse. · 
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Thc mcthod has becn applied to ;olvc scattcring atHI dilfraction of P and SV wavcs by canyons" as well 
as ground motion of a lluvia! vallcys undcr inl'idcnt Sil wavcs. 18 

Questions arise on completeness of thc S<'/ of sourccs and cunvcrgence of the method. We will not deal 
with them in this work. lt can be shown that thc set of linc sources locatcd on an interior curve is complete 
so that no additional sources are required to approximate the field outside the canyon and it; boundary . 

. The proofis similar to that used by Millar16 to establish the complcteness ofthe multipole expansion and its 
normal derivativos. Given that the sct 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 thc number of sources tcnds to infinity. 

Foi the semi-cylindrical canyon numerical results obtained by this method are compared with Trifunac's 
exact solution3 Convergence is illustrated showing rcsults for increasing numbcr of sources. Results are 
'provided also for half-cycle sinusoidal and triangular canyons. 

PROBLEM FORMULATION 

For the propagation of polarized SH waves, displacernents in the z direction satisfy the scalar wave equation 

éJ2 u éJ'u 1 i!'u -+-=-- (1) 
óx" oy' e• ot' 

where e=(!'/ p)l is the shear wave velocity, 1' the shear modulus. and p the mass density of the medium. 
For harmonic waves ofthe form uexp(iwl), equation (!)can be transformed into the Helmholtz equation 

o'u i!'u ' 
. ox" +0r +k' u= o (2) 

where k= wfc is the wave number and w the circular frequency. 
The traction-free boundary condition implies that at the free surface 

é!u =O 
éJn 

where n is the normal vector to the half-space surface orto the canyon surface (Figure 1). 

y 

Figure l. Canyon geometry 

Assnme that the solution has the forro 

u= u<OI + utdl 

- • 

{3) 

(4) 

where u'"' is the free-field displaccmcrit (without surface irregularities) and u<dl the contribution óf the 
diflracted waves. 

For illustration, cmisider a plane wave of unit amplitude that propagates towards the half-space surface 

(5) 

where c.= cjsiny, c.= cfcosy and y is the incidence angle (Figure 2). To satisfy the free boundary 
conditions at y= O, a reflected wavc must be given by 

(6) 
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Figure 2. Incident and reflected plane SH waves, frce-field 

Thus the free-field solution is obtained as u101 = u"'+u'''. which may be written as 

u'"= 2cos (::)expiw[ (t- a] (7) 

Assume that displaceme~t u<d> can be e.xpressed as a dmple !ayer potential at interior curve C 

u<d>(P) =fe a(Q) G(P; Q)dS0 · · (8) 

where QEC, PeEuéJE(Figure 3), a(Q) is the simple !ayer density-an unknown function to be determined 
from the boundary conditions-and G(P, Q) is Green's function for a point Q in the half-space, that is, 
G(P, Q) satisfies · 

'Ó ' e R ' 

\ Q ,..<_dE 
' ' ' . . ... ____ , 

p E 

Figure 3. Definition of regions R and E and curves C, C1 and VE 

with the frec-surface condition 

aa 
-=0 aty=O ay 

(9) 

(lO) 

.where 1>( ·) is Dirac's delta function, i the position vector of point P and r0 the position vector of point Q. 
Green's function is given by 

i . 
G(P, Q) = ¡¡ [HJ"(krJ+ HJ 21(krJJ exp(iwl) (11) 

where Hó''( ·) is Hankel's function of the second kind and order zero, r1 = [(x- x0) 2 +(y-y0) 2]1, the distante 
from point Q(x0,y0) to point P(x,y), and r2 = [(x-x0)2 +(y+ y0) 2]1 is thc distance from P to !he image 
point of Q witil co-ordino tes (x0, -y0). In this equation Himkel's function represcnts cylindrical SH waves 
that propagate towards infinity with speed e and satisfy Sommerfeld's radiation condition.12 

From equations (4) and (8) one c~n write 

u(P)= <i01(P)+ fe a(Q)G(P,Q)dS0 (12) 

wher< PeEuoE . 
R<placing equation (12) in equation (3) for PEcE, the resulting Fredholm integral equation of thc.first 

kind is 

f (Q 8G(P,Q)dS _ ou101(P) p "E 
a )-.,--- Q- --.,--, F. u .... 

t: COp 00¡• _ 
(13) 
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where'np is the normal vector lo houndary ?E al poinl P. 
To invesligale condilions for which lhe solulion of (13) is non-unique, we will look for non-trivial 

solulions " of the homogeneous problem 

(14) 

Lel .¡, be the so1ution of 

(15) 

in a region R, limited by C and C1 (Figure 3). For a point P outside this region, applying Green's theorem" 
we get 

f [c~(Q)G(P,Q)-,P(Q)?G~P,Q)]dSQ=O CUC1 onQ cnQ 

Let 1> =O at C and o1>fón =O at C1 ; that is, 1> is an eigenfunction of the prob1em 

Funhermore, b~ construction 

<'<P iJ'1> 
óx' + i!y +k'1> = 9 

1>=0 
ó1> =0 
fJn 

inR 

ate 

at C1 

cG~P, Q) =o at e, 
on0 

Then, from equation (lií), for P outside region R we ~=~~ (Q ) 

. · · _ f iJ~(G) G(P, Q}d~~: O 
. · a on0 

For Pe 3E, from equation (19) we may write 

f iJ~(Q) iJG(P, Q) dSo =O 
a on0 iJop 

(16) 

\ (17) 

(18) 

(19) 

(20) 

That is, there are non-trivial solutions a(Q) = ó.P(Q)jen0 when k coincides with the eigenvalues of the 
problem defined by equations (17). 

In particular, when Risa semi-circle with rtidius a0 the eigenvalues are given by 

k = i ..... 
m,n t1o (21) 

where im,,. is the nth roo! ofthe equation Jm(x) =O, Jm( ·) is the Besse1 function of the first kind and order m, 
m = O, 1, 2, ... and n = 1, 2, .... 

Given an arbitrary region R, there exists an infinite sequence of eigenva1ues k ior which the problem of 
equations (17) has a continuous solution.12 . 

Nevertheless, ihere may be other non-trivial solutions of equation (14). The eigenfunctions of the prob1em 
defined by equations (17) provide only sorne of them. This suggests use of a suitable numerica1 approach 
to avoid the lack of uniqueness. · 

We seek a solution in the least-squares sense, that is, one for which the mean square error 

f. 1 

óu101(P) cu'"'(P)¡• --+ dSp 
iJh.' ónp Cnp 

(22) 

is minimurn. This criterion and the source-discretization scherr:.e shown bc1ow lead us to a mcthod which. 
apparently, does not suifer lack of uniqueness. Thus, emphasis is laid on fidd representation rather than on 
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the solution of the intcgrnl equation itself. On the othcr hand, it can be shown thut the set of line sourccs 
is complete if wc take n dense subset Oll C: it sutlkcs (O select equally spaced points. Uniform convcrgence· 

. to the exact solution in thc mean is thus ensurcd. Thesc ideas parallel those in the work of Millar.'• 

SOURCE-OISCRETIZATION AND NUMERICAL SOLUTION 

Let u(Q) be of the form 
N 

u(Q) = ~ b,S(IQ-Qni) ·-· (23) 

where N is the number of sourccs of amplitude b, at points Q. E C. Equations (12) and (13) can then be 
written as · 

N . 
. u(P) = u101(PH Lb, G(P, Q.) (24) ·-· 

and 
? b 'í!G(P, Q.) ou10'(P). 
.... (25) 

n•l n &np Cnp 

In order to find the N unknowns b., n = 1, 2, ... , N, impose the condition from equation (13) al M points 
P m on the boundary of thc can y o o · 

N f!G(P Q ) cuiDl(P.J 
~b, m•· n = m=1,2, ... ,M 

n-1 Onp., Dnp., 
(26) 

Equations (26) represen! the standard problem of linear algebra of M equations with N unknowns 

[Am.Hb.} = {fml (27) 

Good resulis can be obtained when M= N, but this case requires ca re in the choice of curve C. For 
instance, when k coincides with or is very clase to the eigenvalues of the interior problem (17), numericai 
difíiculties arise (e.g. tinrealistically large displacements or ill-conditioned operator). Modifying the choice 
of éurve C changes the interior problem and removes the singularity. 

It is convenieni, though, to take M> N and sol ve in the least-squares sense14 by means of 

(28) 

whcré [A:,.JT is thc transposed conjugate of thc coefíicients matrix. The resulting system of equations is of 
order Nx N. 

Once the values of b,, 11 = 1, 2, ... , N, are obtaincd, equation (24) aliows us to calculate the displacement 
at any point of thc region E and its boundary. Solution of equation (28) is equivalen! lo obtaining a minimum 
for the m.can squarc error in ~xprt:ssion (12).-

RESULTS 

In order to gauge the rnethod's accuracy, di.<placcmen<s at point of a semi-cylindri~al canyon ha ve bcen 
calculated for scvt!ral incit.icnce anglcs and normalized frcqucncies 

ka 2a 
'1 = -;; = "X" (29) 

where >. is thc inciden! wave leng:h, a the radius of the cany9n and thus 7) is the canyon width·to·wave-l<ngth 
ralio. -

\'alucs of real and imaginary parts of 11 at sorne points are presented in Table 1 for T¡ = 2·0 and y = 30, 60, 
')() dr..·~rc:~..·s U'>Íng severa! valucs of N for thc ca:Culation. Comparison is provided with the exact values given 
by Tfifuna~\ solution.3 For th~ interior curve C, a semi-circumfcrencc with radius Q:Sa arid 99 collocation 
points-at thc houndary w~:re used. 
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Table l. Comparison of rCsults to cxact solution. !'cmi~cylindrical can.yon. "'1 == 2·00 

M= 10 
0·74091 -1·15704 

-3-40383 -0·1R822 
1·28720 0·4813S 
1·61731 -1·7~459 

-1·79672 0·20781 
1·43898 0·38959 . 

-0·12401 2·04079 

M= 10 
- 1·83283 2-46628 

2-92025 - 3 ·02770 
2·64131 -1·31221 

-2·40835 0·07178 
1·51314. -0·37793 
0·70125 -0·67186 

- 0·94335 - 0·85681 

M= 10 
-3-41897 - 0·42424 

4·70441 0·08372 
- 3·53599 . - 0·48741 

2-60129 0·04269 
-1·53581 0·61482 
-0·06127 0·69389 

0·95417 0·13408 

[y ~ 30'1 
M= 15 M= 20 

0·7Ml8 -1·13299 0·70317 -1·12942 
-3·46ü05. -0·37223 -3-47828 -·0-42692 

1·:'5202 0·49594 1·1509H 0·49759 
1·59742 -1·76556 1·59831 - 1·763RZ 

-1·76972 0·20801 -1·76331 0·20677 
- 1·42650 0·63539 .. 1-42391 0·72468. 
- 0·05495 2·06556 - 0·05054 2·06386 

[y = 60'1 
M= 15 M= 20. 

-i-76901 2:55157 -1·76450 2·55561 
2·85687 -2·74221 2-80912 -2·63566 
2·72037 - 1·24558 2·73097 - 1·24294 

-2-446-14 0·14278 -2-45132 0·14889 
1·51624 - 0·37835 1·52035 -0·37156 
0·47134 -0·86228 0·33808 -0·89220 

-0·99280. -0·74464 -0·99267 0·73442 

M= 15 
-3·40347 -0·18771 

4·13223 0·19777 
-N8763 -0-44017 

2·66496 0·13720 
-1·43244 0·71927 
-0·01917 0·76622 

0·99010 0·23138 

[y= 90'1 
M= 20 

-'3·39576 -0·17178 
3·92585 0·27071 

- 3·47836 - 0·42708 
2·65254 1-49088 

-1·42397 0·72545 
-0·04852 0·84105 

0·99196 0·24013 

Or-----.------r-----r-----T~~~ '- .... --- --Re [ u''1] f- ----n-,-0-.4-1_4_2_o--, //~-un•,~o= '""'-'=,='-'_::.:'-=.'=!-
~ ---"1;:=------

--:-

---Sabino ond W itlis -

---- Point Sources met hod 

1 
o o.z . 0.4 0.6_ o.a ·-x/o- 1.0 

0.15,.-----,---.,-----,---,----, 

0.10 

0.05 

Sabino ond Willis 
_..-"---- Point Sources method 

---------, 

. . JLB. ·x/o- 1.0 

Exact 
0·70319 -1·12941 

-3-47834 -0·42714 
1·25097 0·49748 
1·59343 -1·76378 

-1·76347 0·20669 
-1·42407 0·72470 
- 0·05053 2·06384 

Exact 
~ 1·76450 2·55559 

2·80893 -2·63559 
2·73078 -1·24296 

-2·45120 0·14878 
1·52027 -0·37135 
0·38792 -0·89198 

- 0·99266 - 0·73446 

Exact 
-3·39574 -0·17174 

3·92598 0·27041 
-3-47334 -0-42725 

2·65257 0·14950 
- 1·42407 0·72483 
- 0·04860 0·84038 

0·99201 0·24020 

Figure 4. Comparison for real and imaginary parts of ,¡(dl ht-tween numerical solution and solution obtained using matched 
asymptotic exp3nsiom. 11 nt part of the surface of thc triangular canyon for.TJ =· 0·1/tr 
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Figure s: Displacement amplitudes at the suñace of a triangular canyon with 45° slopes for different iocidencc angles y 
and normalized frequency 1J = 0·25 

The method also ha~ been applied lo a semi-eiiiptical canyon ;13 agreement wilh lhe published exacl 
solution' is excellent. 

Real and imaginary parts of the diffracled field al a portion of the surface of a triangular canyon for two 
differenl depths, incidence angle y =- 45 degrecs and normalized frcquency 'l = O· I/" are shown in Figure 4. 
The solulion is compared with the one obtained by means of matched asymp!olic expansions:11 
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for two-dimensionnl prohlcms (SIÍnrhcz-Scsmn, l!l7R, 1981; Súnchcz·S(•sma and 
Hosenblueth, l!l7D; Simdwz-SPsmll nnd Esquive!, 197~), 1980; Wong, 1979, 1982; 
En~land et al., 1980; Dravinski. 1982a, h; Súnchez-Scsma ct al., 1982n, b) is extended 
here to three-dimensional cases. The method consists of constructing the scattered 
fields with linear comhinations of members of a e· complete fnmily of wavc functions 
(Herrera and Sabina, 1978) whir.h 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 \Vong (1932), the method can 
be considered as a generalized in verse one.ln doing this; Wong suggested 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 ofinterest and fulfilling radiation conditions 
if the region is infinite. A general frmnework for the met.hod is given by a recent 
algebraic theory of boundary value prob!ems (Herrera, 19í9, 1980a, b). 

lt 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. lt has heen found in a recent, two-dimensional analysi~ of the 
scattering of P, SV and Rayleigh waves (Sánchez,Sesma et al.,l982a) that the use 
ofsolutions 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 ·numerica! treatment included .the free 
boundary. However, the computational effort, even with the addition of part of the. 
hall-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 com•ergent results for the range of frequencies considered; i.e., w ;á 7r{J/2a, 
where a = radius and ¡3 = velocity of shear waves (Sánchez-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 Besse! functions, associat.ed 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 parl of the half-space surface, as has already 
been mentioned. These solutions have been widely used in seismology lo deal, for 
example, with the free oscillat.ions of the earth. Here, the origin of the spherical 
coordina te system is on the surfa~e of the half-space. · 

In the present approach, axial symmetry of the scatterer is assumed in ordér to 
allow azimuthal decomposition. That is lo say, the problem is split into "two
dimensional" problerns. For normal incidence of Por SV waves, only one azimuthal 
number is required. For near!y vertical incidences or long wavelengths of the 
apparent incident surface field, only a few terms of the azimuthal decomposition 
are needed to give good results. 

Some numerical examples are given for vertically incident P waves on different 
sÚrface irregularities. 

THE PROBLEM 

Consider the elastic half-space anda three-dimensional surface irregularity rep
resented in Figure 1 by regions E and R, respectively. Let a1E and a,R be the free 
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lliFFHACTION OF t:I.ASTIC WAI'ES IIY :1-ll IHHI·:<:lii.AHITIES 

boundari~s of the rrgions, and ,¡,¡.; = iJ,l/ he the <'UIIlfii(Ín h<lundnry bctwcen thcm. 
Under incidcnce of elastic wav¡•s,. tlw irr•·¡."tliarity gencri1tes diffractcd ficlds thnt 
should he superimposcd un the frt•c-ficld solution, that is to say, on the fields in 
abscnce of irregulririty. . . 

Under the assumption oftimc depcndence givcn hy exp(iwt), where i = H, w = 
circular f~equency, and 1 ·= time, the displacement vector; u, must satisfy the 
reduced Navier equation, which in vector form _is given by · 

JIV''u + (;>, + JI)V'V'-u + pw'.i =o. (1) 

Here ;>,, JI = Lamé constants, and p d mass density. These constants should be 
particularizedfor each medium. 

\Ve can write the total fields as 

(2) 

for the region E, and 

ÜR = Ü(r) (3) 

for ;egion k In equation (2) u '01 is the displacement vector of the free-field soiution. 
In equations (2) and (3), u''' and u'" represen! the scattered and refracted'fields in 
the half-space and the irregularity, respectively . 

a, E 

E 

· FIG. l. Definition of regions E end R and their boundaries. 

The boundary conditions that must be satisfied by the total fields are given by 

;;(u') =o in a, E, (4) 

ü(u") =o in iJ,R, (5) 

• 
·;;(uF.)= ü(u"l lll a, E, and (6) 

ü': = uR in a, E. (7) 

In thcse equations, a stands for the tractii:m 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) ~re the boundary conditions of free surface, 

. ,;·· 'i ,·. 
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1-'HANCISCO .1. SÁNCIIE1.·BESMA 
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/ \ 1 1 1 .... 

1 ,.,.... \ 1 .... 
1 \ 1 .............. 

1 'J ---- horizontal 
1 -----------1 ~ ----

1.0 2.0 
x/a 

3.0 

· F1G. 7. Surface amplitudes of vertical and horizontal displacements. Semi-spherical cavity. Normal
,iied frequency T/q = 1.50. Poisson coefficent " = 0.25. 

6.0 

==177777777_,_,_ 
N 5.0 :l 

X 

~ 

o 
z 

)( 

4.0 :l 

3.0 

vertical 
2.0 

1.0 

1.0 
-~--

3.0 2.0 
x/a 

--·----- ---------- -~---- ----- ----------- - - ----~----- ····---·------~---- ----- ·------ --



1 

;. 
¡ 
! 

1: :' 

¡¡~: 
1 '"~..., •• i .... !~ 

.¡ 

1 

1 

1 

1 

1 

1 

·.1 

11 
· .. ¡, 

1 i¡·· 
1 1 

. 1 . i¡ . 

1 l 
l. 11 
! ! 1 

'¡ 4 1' 

1 ¡·¡ 
-1 i 

1 - 1 . ' 1 ~. 

1 '1 [ 
¡! ·.1! 

1 ' 1 

]¡ 
1 

i; 
,¡ 

1 ! . 

• 

13 
OIHI!ACTION OF EI.ASTIC IV AVES RY ~-0 .IHHE<.lJI.AiliTIF.S 1633 

A ridge wns ulso sttuli<'d wit h n shnpe given by 1 he ncgal ive of t•qunt ion (31 ). 
Fig-ure 10 f'hmvs tlw di~;plncl'lllí'llt amplitud~:s fnr \·crlical inridt'rH:e of P wa·vcs wilh 
n normalizcd frequem:y 11,; = 0.5. l'oisson 's coeffiricnt is 1• = 0.3. !!ere, :10 colloration 
points wcre used distributed as follows: 30 in the fictitious interface; 20 in thc 
surface of the ridge itsclf: and 40 in part of the free surface in a len¡::th of :la, where 
2a = maximum ·horizontal dimension of the ridge. The orders of expansions were 
15 for the interna! and externa! re~ions. 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 anda recluction.of about 25 per cent near the base can be observed. In 
this ~xample, horizontal moti<in has small relative amplitudes. The results for the 

6.0 

s_o 

3.0 

2,0 
vertical 

1.0 

o o_s - 1,0 1.5 2.0 
x/a 

Fu:. 9. Surfoce amplitudes of vertical and horizonllll displacemcnts. Axi~ymmetric alluvial d(>posit 
with h¡a = 0.~. Normalized frequcncy 'lv = 1.0. Poisson coefficients ~"ll = 0.30 Rnd "E= 0.25. Material 
properties JJ.H!JJ. 1: = 0.3 and i'k/N; = 0.6. 

ridge stt.idied· are similar lo those obtained for incidenl SH waves on a two
dimensional ridge (Sil!<, 1978; Sánchez-Sesma ct al., 1982b). 

· The results prescnted in this section were obtained from a "tria! and error" 
procedure to determine the order of expansions and the number and location of 
collocation points. This proceclure was based upon the error analysis on boundary 
.conditions and the stability of the calculated surface field. Typically, wben the 
residual traction< are less than, say, 5 per cent of the reference value, thé cakulated 
displacemcnt fields of various analyses do not present significative changes. Addi
tional research is needed to genera te rules for practica! assessment of the calculation . 
paraméters. 

FIG. 8. Surface ampÚwdes of vertical and horizontal di~placcments. Semi-sphericalalluvi3l depo!iit. 
Normalizf'd frf'quency 'lv·= 0.5. Poisson coefí1cicnts ,,11 = 0.30 and "t: = 0.25. Matérial properties JJ.R!IJc. = 
0.3 and PHI p,; = 0.6. 
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4 
Sean las soluciones de la ec 1 de las formas 

E -(O) 3 N n 
A~ -E 

" u • u + ¡; ¡; ¡; w. . ' . JUm · Jnm j•l n=O meO 
(2) 

R 3 N n 
8~ -R • ¡; ¡; ¡; u .. w . 

j .. l n•O m a O JDm Jnm 
(3) 

para las regiones E y R, respectiva~ente. En la ec 2,~(0) • 
vector de desplazamientos de campo libre y w'nm = elemento del 
conjunto completo de soluciones de la ec 1 ~n E que satisface 
la condición de irradiación al infinito. En la ec 3, wa = · 
elemento del conjunto completo de soluciones de la ec lJ~W R. 
A~ y s• s~n coeficientes indet~rminados .y N es el ~rden de 
l

lnm 1n~ • · 
~s apro~1mac1ones. 

A partir de las ecs 2 y 3 y las condiciones de fronter~ se 
obtienen ecuaciones para cada punto de la frontera (3 en a1 E o 
3¡R o 6 en o2E = o 2R). Imponiendo dichas c-ondiciones en un .nú
mero suficiente de puntos de colocaci6n y bus~ando que el e~~c~ 
cuad~~tico a lo iargo d~ la frontei, sea mínimo se obtiene~ .los 
coeficientes.de las ecs 2 y 3• Este criterio de colocación y 
mínimos cuadrados ha sido probado en problemas bidimensionales 
(20, 22, 23). 

CAMPO LIBRE Y CAMPOS nrFRACTADOS 

·Puede demostrarse (19) que los campos libres y difractados 
admiten representación en series de Fourier con respecto a la 
coorderiada azimutal $, que aparece en la Fig 2 donde se muestra 
el sistema de coordenadas esfiricas. En el caso del campo li
bre la representación se obtiene a partir del desarrolle del 
faitor de propagación exponencial en una serie de furiiiones de 
Bessel y cosenos de múltiplos de ~. Por otra p~rte, los canpos 
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 

f ( r) ¡;m (O , .p) 
n n 

(4) 

donde f (r) • función escalar que se expresa en sus diferentes 
formas.ll.ediante funciones· esféric.as 'de Bessel o de Hankel y 

F:'{ =· función vectorial que se expresa con funci':ónes t:rigonomi
tricas de e y la función· 

m · im$ 
~) a p (cos 6) e· 

n 
(5) 

y sus primeras derivadas. E~ la ec 5 Pm (.) • funci6~ de Lcgen 
dre con m • O, ± 1, ± 2, ..• , ± n. Pue~c verse que también pa~ 
ra los e a m pes di f rae t ad os se ti ene n cxp res io.nes en 'donde a;,>a·re·· 
cen separadamente senos y coscn~s de m~, donde'm·= nGmero ~zimu 
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5 
tal. Si el difractar es axis·imétrico se encuentra que la or.to
gonalidad de las funciones trigonométricas del ángulo azimutal 
~ permite resolver el problema como b~d~mCn4~onaZ, para cada nú 
mero azimutal. Para inciden~ia vertic~l de ondas P o S basta 
tomar m a o ó 1, respectivamente. 

RESULTADOS NUMERICOS 

Se presentan resultados numéricos para el caso de incide~ 
cia normal de ondas SV y P a dos tipos de irregularidades top~ 
gráficas: valles aluviales y promontorios. Las ondas inciden 
tes, así como las difractadas, son función de las frecuencias 
normalizadas 

·n k 
ka 

m-~ 

¡r 
2a 

A k 
o 

2a 
a-

A 
q 

(6) 

donde Ak• Aq ~ longitud de las ondas incidentes SV y P, raspee 
tivamente, a e semiancho de la irregularidad, k, q = número d; 
onda d~ cortante ~ compresión, respectivamente y Dk• nq = fre
cuencia notmalizada de cortante y compresión, respecti~amente. 
Todos los resultados que se presentan corresponden a ondas inci 
dentes con frecuencia normalizada nk o nq igual á 1.0. 

Para dP.tPrminar ·el orden de los <!esarrollos así como e! n1 
mero y la posici~n de los puntos de colocación se émplea un pr~ 
cedimiénto de p4ueba y e4404. Dicho procedimiento se basa en 
el análisis del error en las condiciones de frontera y de la 'es 
tabilidad del campo de s~perficie libre. Para los cálculos, ei 
orden de los desarrollos fue de lO y el número de puntos de cd
locación ~é 30 distribuidos uniformemente en 3zR, 3¡R y una por 
ción de a1 E con longitud de 2a, con lo cual se obtuvieron trae~ 
ciones·residuales que no excedieron el .67. del máximo esfuerzo en 
la solución de ca~po libre. 

'En la Fig 3 se presentan resultados para el caso de inciden· 
cia de ondas P a·un promontorio definido por 

(7) 

donde h'= ~~xima altura o profundidad de la irregularidad y 
~ = (x 2 + y 2 )l/2fa. Las amplitudes de los desplazamientos co-
·~responden a una relación de aspecto, b/a, igual a l.O y ·un mó
dulo de Poisson, vE, ig~ál a 0.25. Para el mismo ejemplo, .pero 
para incidencia de ondas SV se obtuvieron los resultados que ~e 
muestran en la Fig 4, En ~rnboi casos s& presentan amplifica~io 
nes .importantes con órdenes ~áxi~os de 2 para ondas· P y 2.5 pa~ 
ra SV. 

En las Fig 5 y Fig 6 se presentan resultados para un valle 
aluvial, definido por la ce 7, cuando inciden ondas P y SV, re~ 
pe~tivamcntc. En ambos casos lo~ par5metros sbn h/a = 0.5, 
~R/~E = 0.25, P¡/pz • 0.75~ V¡ • 0.~0 y VE n. 0.25~ En csce ti 
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po .de irregularidad también se presentan amplificaciones impor 
tantes, con órdenes máximos de 2,0 para ondas P y 3.0 para SV~ 

Para la frecuencia adireensional considerada, en el promon 
to~(o se encontraron importantes amplificaciones y reduccionei 
de las amplitudes de los desplazamientos, mientras que en el 
valle solo se encontraron ~mplificaciones. · 

CONCLUSIONES 

Se ha aplicado un método de frontera para resolver el pro 
blema de difracción de.ondas ellsticas por iiregularidades to= 
pogrlficas tridimensionales, Los resultados obtenidos muestran 
la generación de amplificacion~s importantes en la superficie 
libre de las irregularidades, por lo que la influencia.de estas 
en el movimiento sísmico puede ser significativa en dise6o. 

En este trabajo se estudiaron irregularidades axisimétri
cas e incidencia vertical. Es importante estudiar los casos de 
incidencia oblicua de ondas de cuerpo así como de ondas superfi 
ciales. Es de esperarse que los efectos de cambios del lngulo 
de incidencia se~n significativos. 

. , 
c~on 

En análisis posteriores ser& importante estudiar la varia 
de los resultados para un rango de frecuencias suficiente 

men.te amplio. 
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Chapter 6 

SEISMICITY 

LUIS ESTEVA 

Instituto de Ingeniería, Universidad Nacional Autónoma de Méxic-o. /lfe::cico 

6.10N SEISMICITY MODELS 

Rational formulation of engineering dccisio.ns in seismic areas. requ,ires 
quantitative d~scriptions of seismicity. These descriptions should conform 
with their intended applications: in somc instances, simultaneous intensities 
during ea eh· earthquakc ha ve to be predictcd at severa! locations, whilc in 
others it sufficcs to make indcpendent evaluations of thc probable effects of 
earthquakes at each of those locations. · 

The second model is adequatc for the selection of design parameters of 
individual componcnts of a regional system (the structures in a region or 
country) when no significant intcraction exists betwecn response or damruzc 
Of SeVera) Sllr.h inrlividuaJ ('0lnp0nf'nts', nr h~.?tWPf:'~ .-..~y of_ Ü~('!'!; :!_~d ~};('! 
system as a wholc. In other words, it applies when the damage - or negative 
utility - inflicted u pon the system by an earthquake can be .taken simply as 

• • 1 ' • 

the addition of the losses in the individual components. 
The linenrity bctween monetnry valu~s and utilities imp!icd in the second 

model is not always applicab!c. Such is the ·case, for instance, when a ~ig
nificant portian of the national wealth or of the production system is con-

. centrated in a relatively narrow 'arek, 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 seismicity 
models of the first typc, that is, models that predict simultancous intensities 
at severa! locations during each event; for the purpose of decision making,' 
nonlinearity between. monetary vnlues and utilities can be accounted for by 
nieans óf adequatc scale transformations. These models are also of interest to 
ihsurance companies, when the probability distribution of the maximum loss 
iÍ1 a given region during a given time inte.Vnl is to be estimated. 

Whatcver the category to which a seismic risk problem belongs, it requires 
the prcdiction of prohrrbility distributions of certain ground motion char
acteristics (su eh as peak ground acceleration or velocity, spcctral den<ity, 
response Or Fourier spcctra, dllratiOn) at a given sit.c du'ring a single shock or 
of maximum val u es of so me of thosc characteristics in earlhquakcs occurring 
during given tirilc intcrvals. Whcn the refcr.,nce intervallcnds to infinity, thc 
probabilily dislribution of the maximum value of a givcn charactcrislié ap-
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. proaches thnt of it¡; maxim11m po!'.-:if.Jlc vahw. Br.cnusc diffei-enl systcms or 
subsystcms are sensitivc tu diffcrent ~round motion charad-t•ristic~, the tcrm 
intcnsity cltaractcrislic will he used throu~hout t.his ehapter to mean a partic· 
ular parameter or scl of l>arameters of an carlhquakc motion, in tcrms of .. · 
which the response is to be prcdkted. Thus, whcn dealing wilh thc failurc 
probability of a structure, ilü<msity can be alternativcly measurcd - with 
diffcrent. dcgrccs of corrclation 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 sufficc for estimating 
the probability distributions of maximum intensity charactcristics, and use 
has to be made of data on subjective. mea,~ures of intensities of past earth· 
quakes, of models of local seismicity, and of exprcssions relating characteris
tics with magnitudc and site-to-source distance. Models of local scismicity 
consist, at least, of expressions relating ma¡,olitudes 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 gcnerated in these 
volumes, as well as probabilistic (stochastic proccss) modcls of the possible 
histories of seismic events (defined by magnitudes and coordinates). 

This chaptcr deals with the various stcps to be followcd in the evaluation 
of seismic risk at sites where· informalion other than direct instrumental 
records of intensities has to be u sed: identifying potential sources of ac· 
tivity near the site, formulating mathematical models of local seismicity for 
each source, obtaining the contribution of each source to scismic risk at the 
f;it.e, and adding up contribuiions oí the variot.:s sourccs ¿md c0mbining iT'~ 
formation obtained from local seismicity of sources ncar the site with ,;ata 
on instrumental or subjective intensities observed at the site. 

The foregoing steps consider use of inforrnation stemming from sources of · 
different nature. Quantitative values derived therefrom are ordinarily tied to 
wide uncertainty margins. Hence they dcmand probabilistic evaluation, even 
though they cannot always be interpreted in terms of rclative 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 geologic¡tl 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 obviously uncertain, and. the 
degree of uncertainty should be expressed together with the most probable 
value. Following nearly parallellines, some geophysicists estima te the energy 
that can be liberated by a single shock in a given area by making quantitative 
assumptions about source dimensions, dislocation amplitucle and stress drop, 
consistent with tectonic models of the region and, again, with comparisons 
with arcas of similar tectonic characteristics, 

Uncertainties attached to estimates of the type just dcscribed are in gen-
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eral extremely large: sorne studics rclating fault rupture area, stress drop, 
and magnitude (Brune, 1968) show that, considcring 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. lt is not clear, therefore, that realistic bounds 

·can always be assigned to poten tia! 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- · 
!y when occurrence of those intcnsities is not very likely in the near future. 
Because uncertainties in maximum feasible magnitudes and in other param
eters dcfining magnitude-recurrence laws can be as significan\ as their mean 
values ·when trying to make ratio na! scismic design decisions, those uncer· 
tainties havc to be explicitly recognized and accounted for. by means of 
adequatc probabilistic criteria. A corollary is that geophysically based esti- · 
mates of seismicity parameters should be accompanied with correspohding 
uncertaint¡,¡_measures . 

Seismic risk estima tes are often bascd only on statistical information ( ob
served magnitudes and hypocentral coordinates). When this is done, a wealth 
of relevant ·geophysicill information is neglected, while the probabilistic pre
dictión of the future is rnade to rely on a samplc that is often small and of 
littlc \•alue, rarticubrly if thc sampling period is'short a~ comp1red with the · 
desirablc return period of the events capable of severely damaging a given 
systcm. 

The. criterio!\ advocated here intends to unify thc foregoing approaches 
and rationally. to assimilate the corrcsponding pieces of information. Its 
philosophy consists in using the geological, geophysical, and all other avail· 
able non-statistical evidence for producing a set of alternate assumptions · 
concerning a mathematical (stochastic proccss) 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 depcnd largely on conceptual models of the gcophysical processes in
volved, and these are known •with diffcrent degrees of uncertainty in differ· 
ent zonés of the earth 's cmst, those estimates will be derived from stochastic 
prdcess 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 informal-. 
!y, by the criteria of decision making under uncertaint.y. 
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Fig. 6.2. Elongation of isoseismals in the southeastern United States. (After Bollinger, 
1973.) ··--

lowing expression relating magnitude M, 
meters) and intensity I (Esteva, 19.68): 

hypocentral distance R (in kilo-

1 = 1.45111-5.7 log10 R + 7.9 (6.1) 

The prediction error, defined as the difference between observed and 
computed inteilsity; is roughly normally distributed, wilh a standard dcvia
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 accelcrations and iJe locities 
A few of the available cxpressions will be .dcscribed."l'heir comparison will 

show how cautiously a dcsigner intending to use them should proceed; 
Housner studied the attenuation of peak h'l'ound accelerations in severa\ 

regions of the United States and presented his results graphically (1969) in 
terms of fault length (in tnrn a function of magnitudc), shapes of isoseismals 

· and areas,expcricncing intcns;ties grcater than given. val u es (Fig. 6.4 and 6.5). 
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Fig. 6.3. Isoseismals in California. (After Bolt, 1970.) 

He showed that intcnsities attenuate fastcr with distancc on the west coast 
than in thc rest of the country. This comparison is in a¡,'Teement with Milnc 
and Davcnport (1969), who performed a similar analysis for Cunada. From 
observations of strong earthquakcs in California and in British Columbia, 
they developcd thc following exprcssion for a, the peak ground acceleration, 
as á fraction of gravity: 

afg = 0.0069 eL6"'/(l.1 e u"'+ ¡¡2¡ (6.2) 

ller~. R is epicentral distance in kilometers. The acceleration varies 
roughly as et.G·lM¡c-2 for largc R, and as e0 ·!.H.\I whcre R approaches zero. 
This reflccts to somq extcnt the fact lhat cnergy is rcleased not at a single 
point llut from a finilc volume. A latcr study by Davenport (1972) led him 
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Fig. ~.4. Idealized contour lines of intensity of ground shaking. (After Housner, 1969.) 

Fig. 6. 5. Are a in squarc miles e_xperiencing shaking of x %g or grealcr for shocks of differ
ent magnitudes. (Aftcr Housner, 1969.) 

to pro pose the cxprcssion :. 

afg = 0.279 e0·s."/R 1·64 (6.3) 

The statistical error of this equation was studicd by fitting a lognormal 
probab!lity Jistribution to thc ratios of obscrvcd to computcd a~celerations. 
A standard deviation of 0.7 4 was found in the natural logarithms of those 
ratios. 

Esteva and Villa verde ( 1973), on thc basis of accelerations reported by 
Hudson (1971, 1972a,b), derived cxpressions for peak ground accelerations 
and velocities, as follows: 

afg = 5. 7 e0 ·s." f(R + 40)2 

u= 32 e" f(R + 25)1.7 

(6.4) 

(6.5) 

Here u is peak ground velocity in cm/scc and the othcr symbolsmean the 
samc as above. Thc standard deviation of _thc natural logarithm of the ratio 
of obscrved to prcdictcd intensity is 0.64 for accelcrations and 0.74 fo'r 
velocities. Jf judged by this paramcter, eqs. 6.3 and 6.4 scem equally reliable; 
Howcver, as shown by Fig. 6.6, their mean values differ significantly in sorne 
ranges. 

With the exception of eq. 6.2, all the forcgoing attenuation expressions 
are proclucts of a function of R anda function of M. This forni, which is ac
ceptable when the dimensions of the encrgy·liberating source are small com-
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pared with R, is inadcquate when dealing with earthquake sources whose 
dimensions are of th.e arder of moderate hypocentral distances, and often 
grcatcr than them. Although equation crrors (probability distribuÜons of the 
ratio· of observcd to prcdicted intensitics) havc bccn cvaluated by Davcnport 
(1972) and Esteva and Villaverclc (1973), their dcpcndencc on M ancl R has not 
bcen analyzed. Because scismic risk cstimalcs are vcry sensitive to thc at
tenuation expressions in thc rangc of large magnitudes and short distances, 
more· detailcd studics should be undertaken, aiming at improving those ex
pressions in the mentioned rangé, and at evaluating the influcnce of M and R 
on equation error. lnformation on strong~motion records will probably be 
scanty for thosc studics, and hencc they will have to be Iargcly based on 
analytical or physical modcls of thc gencration and propagation of seismic 
wavcs. Although significant progrcss has bccn latcly attaincd in this dircction 
(Trifunac, 1973) the results· from such models have hardly influcriced the 
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practice of scismic risk esiirnation hccausc tlwy haVl! rcmaincd either un. 
known to or imprrfectly apprcciatcd IJy enginecrs in chargc of the cor
responding dccisions. 

6.2.L3 Response spectra 
Peak ground acceleration ami displacement are fairly good indicators of 

the response of structurcs posscssing rcspedivcly very high and very small 
natural frequcncics. Peak velocit.y is correlatcc.l with thc response of inter
mediate·period systcms, but the correlation is lcss precise lhan that tying the 
former paramcters~ hencc, it is natural to -formulate scismic risk evaluation 

· and engineering design criteria in terms of spcclral ordinales. · 
Response spectrum prcdiction for given magnitudc and hypocentral or 

site-to-fault distance usually entails a two-step proccss, according to which 
peak ground acceleration, velocity and displacement are initially estimated 
and then used as reference values for prediction of the ordinales of the re
sponse spectrum. Let the second step in the process be represented by the 
operation y, '7 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 propertiesof the 
systems whose response is to be prcdicted. For given A(and R, )i, is random 
and sois y,Jy, =a; the mean and standard deviation of y, depcnd on those 
of y, and a and on the coefficient of correlation of lhc latler variables. As 
shown above, y, can only be predicted within wide uncertainty limits, often 
wicler than those tied to y, (Eslc't'á and Villa verde, 1973). The coefficient of 
\o..~r~<!Uor: o~ Y~ gi\'cn 1~! and R ca!1 be smaJlf:'r than that of y 11 only if o: and 
y, are negatively correlatcd, which is often the case• lhe greater the devia
tion of an observed value of y, with respcct to its expectntion for given M 
and R, the lower is likely to be o. In other worcls, it seems lhat in the inter
mecliate range of natural periods the expected values of spectral ordinales [or 
given damping ratios can be predicted directly in terms of magnitude and 
focal distan ce with narrower (or at most -equal) margins of uncertainty than 
those tied to predicted peak ground velocities. For the rangcs of very short 
or very long natural periods, peak amplitudes of ground motion and spcctral 
ordinales approach each other and their standard errors are' therefore nearly 
equaL . 

McGuire (197 4) has derived atlenuation expressions for the conditional 
values (given M and R) of thc mean and of various pcrcentilcs of the prob
ability dislributions of the ordinales of lhe response spectra for given natural 
periods and damping ralios. Those expressiuns have lhe same form as eqs .. 
6.1 and 6.5, but their parameters show that lhe rates of attcnuation of spec
tral ordinales differ significantly from those of peak ground accelerations or 
velocities .. For instance, McGuire finds that peak ground velocity attcnuates 

· in proportion to (R + 25 ¡~t. 20 , while the mean of the pseudoveiocity for a 
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TA!ILE 6.1 

McGuire.'s aHenuation cxpressions y • b1 lOblM(R + 25)-bl 

y b, bl b, V(y) • coeff. of 
var.ofy 

a gals 472.3 0.278 1.301 0.548 
v cm/sec 5.64' 0.401 1.202 0.696 
dcm 0.393 0.434 0.885 0.883 

Undamped spectral pseudovelo~ities 
.T"" 0.1 sec 11.0 0.278 1.346 0.941 

0.5 3.05 0.391 1.001 0.636 
1.0 0.631 0.378 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% dampcd spcctral pscuúovelocities 
T=O.lsec 10.09 0.233 1.341 0.651 

0.5 5.74 0.356 1.197 0.591 
1.0 0.432 0.399 0.704 0.703 
2.0 0.122 0.466 . 0.675 0.941' 
5.0. 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)- 0 ·597Thesc results stem frorn 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 ordinales of the pseudovelocity spectra and for peak 
ground acceleration, velocity and displacernent. Similar expressions were 
derived by Esteva and Villaverde (1973), but they are intended to predict 
only the maxima of the expccted acceleration and velocity spectra, regard
less of the pcriods associated with thosc maxima. No analysis has been 
performcd of the relative validity of McGuire's and Esteva and Villaverdc's 
expressions for various ranges of M and R 

6.3 LOCAL SEIS~tiCITY 

Thc tcnn local 'scismicity will be uscd hcre to dcsignatc the degree of 
scismic activily in a given volume o f thc enrlh 's crust; il can be quantitatively 
dcscribcd accortlin~ to various criteria, each providing a diffcrcnt amount of 
information. Most usual criteria are bascd on. uppcr bounds to the mag
nitudes of earthquakcs that can originate in a givcn seismic sourcc, on thc 
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amount of cncrgy libl~ratcd by shoeks per unit volmne and per unit tüne or 
on more detailcd stalist.ical dcscril>Limls .or lhc process. 

6. 3.1 Magnitudc-rccurrence expressions 

Gutenberg and Richtcr (1954) obtaincu cxpressions relating earthquake 
magnitudes with their ratcs of occurrcnce for severa! zones of the carth . 
Thcir results can be put in the form: 

A= c.e-~11 (6.6) 

where A is thc mean number of earthquakes per unit volume and per unit 
time having magnitude greater than M and o: and ~are zonc-dependent con
stants; " varies widdy from point to point, as <;videnced by the map of 
cpicenters shown in Fig. 6.7, while ~ remains wit.hin a relatively narrow 
range, as shown in -Fig. 6.8. Equation 6.6 implies a distribution of the cn
ergy liberated per shock whieh is very similar to that observcd in the proccss 
of microfracturing of laboratory spccimens of severa! types of rock subjectcd 
to gradually increasing comprcssive or bending strain (l\logi, 1962; Scbolz,_ 
1968). The values of ~ determined in the laboratory are of the same order 
as those obtained fro·m seisrríic events, and have been shown to depend orl 
the hetcrogeneity of the specimens and on their ability to yield locally.' 
Thus, in heterogcneous spccir~cns made of brittle materials many small 
shocks precede a majar fracture, while in homogcneous or plastic materials 
thc number of small shocks is relatively smalL Thcse cases corrcspond to 
large and small ~-values, respcctively. No general relationship is known to the 
writP.r hetween U and geotectonic featurcs of seismic provinccs: complexity 
of crustal structurc and of stress gradients precludes extrapolation of lab, · 
oratory rcsults; and statistical rccords for rclatively small zones of the earth 
are not, as a rule, adequate for establishing local values of ~- Figure 6.8 
shows that for vcry high magnitudes the observed freqüency of events is 
lower than prcdicted by cq. 6.6. In addition, Rosenblucth (1969) has shown 
that ~ cannot be smaller than 3.46, since that would imply an infinite 
amount of energy libcrated per unit time. Howcver, Fig. 6.8 shows that the 
values of ~ which result from fitting cxpressions of the form 6.6 to observed 
data are smaller than. 3.46; hence, for very high values of M (above 7, ap
proximately) thc curve should bend down, in accordance with statistical 
evidence. 

Expressions alternalive to eq. 6.6 havo bcen proposcd, attempting to rep
resent more adequately the observcd magnitude-rccurrence data (Rosen
blueth, 1964; ~!crz and Cornell, 1973). Most of these expressions also fail to 
recognize the existence of an upper hound to thc magnitude that can he gen
erated in a given source. Although no precise· estimatcs of this upper bound 
can yet be obtaincd, recognition of its existence and of its dcpendence on 
the geotectonic characteristics of the source is incscapable. Indeed, the prac-
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Fig, 6.8. Seismicity of macrozones. (After Esteva, 1968.) 

ticc of s~ism;c 7.oning in the Soviet Union has been bascd on this concept 
tUzovs.Ky, 1902; A11aniin et ~l.. 196~) añr.l in many countries design spcctra 
for very important structures, such as nuclear reactors or hirge dams, are 
usually derivt>d from the assumption of a maximum credible intensity at a 
site; that intcnsity is ordinarily obtained by taking the maximum of the 
intensities that rcsult at the site when at each of thc potcntial 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 necd to formu late seismic-risk-related dccisions that account both for 
upper bounds to magnitudes and for their probabilities of occurrence sug, 
gests adoption of magnitude recurrence expressions of the form: 

for M< ML 

forM>Mu (6.7) 

where M L = lowest magnitude whose contribution to risk is significant, M u 
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= maximum feasible magnitude, and G*(M) = complementary cumulative 
probability distribution of magnitudes every time that an event (M;. M Ll 
occurs. A particular form of G*(M) that lends itself to analytical derivations 
is: 

G*(M) = A 0 + A 1 exp(-¡3M)- A 2 exp[ --(¡3- /l1 )M] 

where: 

A 0 = A/l1 exp[-¡3(M 0 - Md] 

A 1 = A(¡3- ¡3¡) exp(/lMd 

A 2 =A~ exp(-¡31Mu + !lMd 

A = [il{1-exp[-/l1 (M 0 -ML)J) -(31 {1-exp[-/l(Mu-Mdll ¡-l 

{6.8) 

As 111 tends to 1\IL from above, eq. 6.7 approaches eq. 6.6. Adoption of 
adequate values of M u and ¡31 permits satisfying two additional conditions: 
the maximum fcasible magnitud e and the rate of variation of A in its vicinity. 
When ¡31 - ~. eq. 6.8 tends to an expression proposed by Cornell and 
Vanmarckc (1969). 

. Yegulalp and Kuo (1974) have applied the theory of extreme values to 
estimating the probabililies that given magnitudes are exceeded in given time 
intervals. They assume tiwse probabililics to fit an extreme type·lll dis
tribution given by: 

FM · (Mit) = exp[-C(Mu- M)h t] 
max 

=O 

for JI!.; l\10 

for M> M u (6.9) 

Here F.u.,.,(MI t) indica tes the probability that the maximum magnitud e ob· 
served in t.years is smaller than M, 1\1 0 has the same meaning as above, and 
C and K are zone-dependent parameters. This distribution is consistent 
with the assumption lhal earthquakes with magnitudes greater than Af take 
place in accordance with a Poisson process with mean rateA equal to C(M0 

-lli)''. Equation 6.9 produces magnitude recurrence curves that fit closely 
the statisticai data on which they are based for magnitudes above 5.2 and 
return periods from 1 to 50 years, even though the values of M u that 
result from pure statistical analysis are not reliable measures of the upper 
bound to magnitudes, since in many cases they turn out inadmissibly high. 

· For low magnitudes, only a fraction of the numbcr of shocks that take 
place is detected. As1 a consequence. A·values hased on statistical ·informa
tion lie bclow those computed according to eqs. 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 111 in cq. 6.9 

· better than the extreme type·l distribution implied by eq. 6.6., coupled with · 
the assumpt.inn' of Poisson distribution of the number of events. It is not 
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Fig. 6.9. Magniludc statistics in the Aleutian Islands region. (After Yegutalp and Kuo
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1974.) 

clear what portion of 'the deviation from tbe extreme type-1 distribution is 
duc to tbe low values of the detectability levels and wbat portian comes 
from differences between the actual form of variation of A with M and that 
given by eq. 6.6. The problem dcserves attention because estimates of expect
cd losses duc to nonstruclural <lamage may be sensitive to thc values of A for 
small magnitudes (say below 5.5) and because tbe evaluation of tbe leve! of 
seismic activity in a region is oftcn made to depcnd on the recorded numbers of 
small magnitude shocks and on assumed detectability levels, i.e. of ratios of 
numbers of dclected and occurred earthquakcs ( Kaila and Narain 1971; 
Kaila et al., 1972, 1974). 

None of the expressions for A prcsented in this chapter possess the desir
able property that its applicability over a number of non-overlapping rcgions 
of the earth 's crust implies the validity o[ an cxprcssion of the same form. 
over lhe addilion of those regim1s, unless some reslrictions are imposcd on 
thc para:meters of each A. For instance, the addition of expressions like 6.6 
gives place to an exprcssion o[ the same form only if (J is the same for al! 
terms in the su m. Similar objeclions can be madc to eq. 6.8. In what follows 
these forrns will be preserved, however, as their accuracy is consistent with 
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the amount of available information and thcir adoption offers significant 
advantages in the evaluation of regional scismicity, as shown later .. 

6.3.2 Variation with depth 

Depth of ,prevailing seismic activity in a rcgion depends on its tectonic 
structure. For instance, most of the activity in the western coast of the 
United S tates 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 earthquakcs with magnitudes comprised in a wide ran~e. 
and with depths whose mean value increases with distance from the shoreline 
(Fig. 6.10). Figure 6.11 shows the depth distribution of earthquakcs with. 
magnitude abo ve 5.9 for the whole circum-Pacific belt. 

6.3.3 Stochastic models o{ earthquake occurrence 

Mean exceedance rates of given magnitudes are expected averages during 
long time intervals. For decision-making purposes the times of earthquake 
o~currence are also significant. At present those times can only be predicted 
within a probabilistic context .. 

Let t 1 (i = 1, ... , n) be the unknown times of occurrence of earthquakes 
generated in a given volume of the earth's crust during a given time interval, 
and Jet M, be the corresponding magnitudes. For the moment it will be as
oumed 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 
sequen ces. 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 dispersion, that is of the ratio of the 
sample variance of the number of shocks to its expectcd value (Vere-Jones, 
1970; Shlicn and Toksoz, 1970). This index equals unity for Poisson pro
cesses, is smaller for nearly periodic scquences, and is grcater than one when 
events tend to cluster. · 

(e) Dctermination of autocovariance functions, that is, of functions rep· 
rescnting the covariance of the numbcrs of events observed in given time 
intervals, expressed in terms of thc time elapsed bctween thosc intcrvals 
(Vere-Jones, 1970; Shlicn and Toksoz, 1970). Thc autocovariance function 
of a Poisson process is a Dirac delta function: This fcaturc is characteristic 
·for thc Poisson model sin ce it docs not hold for any other stochastic process. 

(d) Thc hazard function h(l), defined so that h(l) di is the conditional 
probability that an event will take place in the interval (t, 1 +di) givcn that . . 
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Mcxico (After !vJolnar and Sykes, 1969.) 

no events have occurred before t. If F(t) is the cumulative probability dis
tribution of thc time between events: 

h(t) = f(t)/[1 - F(t)] (6.10) 

whcre {(1) = aF(t)/31. 
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Fig. 6.11. Vari.ition of seismicity with depth. Circum·Pacific Belt, (After Newmark and 
Rosenblueth, 1971.) 

... For thc Poisson modcl, h(t) is a constant equal to t:1e mean rate of the pro-' 
cess. 

6.3.3.1 Poisson mode/ 
Most commonly applied stochastic models of scismicity assume that the 

eve'nts of earthquake occurrence constitute a Poisson process and that the 
I'li/s are. independent and identically distributed. This assumption implies 
that the probability of having N earthquakes with magnitude exceeding M 
during time interval (0, 1) equals: 

PN; (exp(..:.v_111)(vMI)N]/N! (6.11) · 

where v.11 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 t is equal to 
exp(-v"' 1). If v"' is givcn by eq. 6.6, the extreme typc-1 distribution is ob
tained. 

Sorne weaknesses of this model become evident in thc light of statistical 
information and of an analysis of the physical processes involved: the País
son assumption implics that the distribution of the waiting time to the next 
event is not moclified by the knowledge oi 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 iri the Poisson process, the expectecl time to the next event decreases as 
time. goes on (Esteva, 1974). Statistical data show that the Poisson assump-
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ti_on may \w ~wccpl.ahle when d(•a\in¡! wilh larg<~ shocks t.hroughout t.hc 
world (Bcn<tvknúhem, lDGO), implying lack of eorrelaLion het.wecn scisrnici· 
ties of diffcnmt. regions; huwcver, when considering small volumcs of the 
carth, of Lhe order of thosc that can significantly contribulc to seismic risk 
at a site, data oflen contrndict Poisson's modd, usually because of clustcring 
of carthquakes in time: tlw observed numbcrs of short intcrvals bctween 
cvcnts are significantly higher than predicted by the exponeritinl distribu
tion, and val u es of Poi.<Son 's inclcx of clispersion are well a hove unity (Figs. 
6.12 and 6.13). In sorne instances, however, clcviations in tlw opposite direc
tion havc bccn obscrved: waiting times tend to be more ncarly .periodic, 
Poisson 's index of dispersion is smallcr than one, and the proccss can be 
reprcsented by a renewal moclcl. This condition has becn· reported, for 
instance, in the southern coast of Mexico (Esteva, 197·1), ancl in the Kam
chatka and Pamir--Hindu Kush regions (G;.isky, 1966 ancl 1967). The mod
els under discussion also fail to account for cluslcring in space (Tsuboi, 
1958; Gajardo arid Lomnitz, 1960), for lhc evolulion of scismicity with 
time, and for the syslematic 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 provicles a valuable too! for the formulation 
of sorne seismic-risk-related dccisions, particularly of those that are sensitive 
only to magnitudes of events having very long return periods. 

. 6.3.3.2 Trigger mode/s 
Statistical analysis of waiting times between earthquakes does not favor 

the adoption of the Poisson modcl or of other forms of renewal processes, 
&uc.:1 as thos\:. thnt a:;su!ne that waitlng tjr!1ec; ~re mntually ind~pendeilt with 
lognormal or gamma distributions (Shlien and Toksoz, 1970). Alternative' 
modcls ha ve bccn developed, most of them of thc 'triggcr type' (Vere-Joncs, 
1970), i.e. thc overall process of earthquake generation is considered as the 
superposition of a number of time series, cach having a different origin, 
where thc origin times are the events of a Poisson process. In general, let N 
be the number of events that take place cluring time interval (0, t), T m = ori
gin time of the mth series, \V.,. (t, T m) the corresponding num ber of events 
up lo instant t 1 and n, the random numbcr of time series initiatcd in the 
intcrval (0, t). The total number'of events that occur before instant t is then: 

N=B\Vm(t,Tm) (6.12) 
m 

If origin times are distributed according toa homogeneous Poisson process 
with mean rate v, and all \V m 's are iclentically distributed stochaslic proccsses 
with rcspect to (t - T m), it can be shown (l'arzen, 1962) that the mean and 
variance of N can be obtained from: 

> 1 

E(N) =.v fE[ IV(t, r)]dr (6.13) 
o 
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var (N)= v J E(IV2 (t, r)]dr 
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(6.14) 

Parzcn (196:l) ~ives also an cxpression for the probability gcncrating func
tion iflN (Z; t) of the distribution of N in ·terms of >J¡II'{Z; t, r), the generat· 
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ing funcLion of each of the component processes: 

' 
WN(Z; t) = exp [--vt + v J ww(Z; t, r)dr] 

o 
where: 

Ww(Z; t, r) = & zn P{IV(t,'r) = n) 
n•O 

(6.15) 

(6.16) 

and the probability mass function of N can be obtained from VlN (Z; t) by 
recalling that: 

1/JN(Z; t) = b Z"P{N= nl 
n"'O . 

expanding w.~ 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 intercst to compute 
P{N = O}, expansion of 1/J N (Z; t) in a Taylor's series with respect to Z = O 
leads to: 

WN(Z; t) = WN(O; t) + Z¡J¡;., (O; t) + ;; >J¡~(O; t) + ..• (6.17) 

where the prime signifies derivative with respect to Z. From the definition of 
WN, P{N = 0} = VlN (0; t). 

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 propertics -- often second-order properties 
(Cox and Lewis, 1966). 

Vere.Jones models. ApplicabiHty of sorne general 'trigger' models to rep· 
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i. resent local >eismicity processcs was discussed in a comprehcnsive papcr by 
Verc-Jones (1970), who calibrated thcm mainly against records of seismic ac
tivity in Ncw Zealand. In addition to simple and compound Poisson pro
cesscs (Parzcn, 1962), he considered Neyman-Scott and Bartlett-Lewis mod
els, both of which assumc that earthquakcs occur in clusters and that the 
number of cvents in each cluster is stocastically independcnt 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 P.v, the probability mass 
function of its numbcr of evcnts, and i\(t), the cumulative distribution func
tion of the time of an ovcnt corresponding toa given cluster, measured from 
thc cluster ~rigin. The Bartldt-Lewis modcl is a special case of the former, 
wherc each cluster is a renewal process that ends after a finitc num ber of 
renewals. In these modcls the conditional probability of an event taking 
place during thc interval (t, t + di), given that the cluster .consists of N 
shocks, is equal to NA(I)dl, where A(l) = aA(t)/ot. 

1 
1 

.(6.15). 

1 

\. (6.16) 

'¡Z; -Y 

1e coef-
1 

ompute ¡· 
:o.Z =O 1 

¡ 
1 

(6.17) ' 
1 

tion of 
1 

tr·o·ver- l 
entails ' r 
·rS, ~nd 1 

' .perties 

to rcp-

Because clustcrs ovcrlap in time they cannot easily be identificd and 
separated. Estimation of process parameters is accomplished by assuming 
different scts of those paramcters and evaluating thc corrcsponding goodness 
of fit with observed data. 

· Various altemative forms of Neyman-Scott's model were compared by 
Vere-Joncs with obscrved 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 Zeala:nd carthqua:kes with magnitudes greater than 4.5, recorded 
from 1942 to 1961. Figures 6.13---6.15 show results of the analysis for shal-
10\v New Zcaland shocks as well as the comparison of observed data with sev-
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Fil!; 6.14. Smooth,~d pcrint.logr~m- for NP.w Zcaland shnllf)W shocks. (Aftcr Vcic.Jones,' 
1966.) 
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Fig. 6.15. Hazard function for New Zcaland shallow shocks. (After Vere·Jones, 1970.) 

eral allernative models. The process of cluster origins is Poisson in all cases, 
but lhe dislributions of cluster sizes {N) and of times of evcnts wilhin clus· 
lers differ among the various inslances: in thc Poisson modcl no clustering 
takes place {lhe distribution of N is a Dirac delta function ccnlered at N= 1) 
whi!e in the exponcntial and in thc power·law modcls the distribution of N is 
extremely skewed towards N= 1,-and i\{1) is taken rcspedively as 1-e->~ 
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203 . . . 
and 1- [c/(c+ t)] for t;;, O, andas zero for t <O, whcrc A, e, and 5 are 
positive paramcters. In Figs. 6.13-6.15, 5 = 0.25, e = 2.3 days, and A = 
0.061 shocksjday. The significan ce of clustering is evidcnced by the high 
value of Poisson's dispcrsion index in Fi~. 6.13, while no significant period
icity can be infcrred from Fig. 6.14. Both figures show that the power-law 
model provides thc best· fit 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 Gaisky ( 1967) ha ve hazard functions that suggest 
models where the cluster orh;ins as well as the clusters themselves may be 

· represented by renewal processes. Mean return pcriods are of the ordcr of 
·severa! months, and hence these processes do not correspond, at least in the· 
time scale, to thc process of alternate periods-of activity and quiescense of 

·sorne geological structures cited by Kelleher et al. (197 3), which have led to 
the concept of 'temporal seismic gaps', discusscd below. 

Simp/i{ied trigger modcls. Shlien and Toksoz (1970) proposed a simple 
particular case of the Neyman-Scott proccss; thcy lumped together all earth
qúakes taking place during non-overlapping time intervals of a given length and 
defined them as clusters for which 7\(t) was a Dirac delta function. Working 
with one-day intervals, they assumed the number of events per cluster to 
be distributeá ln accordancc With the discrcte Pareto law and applied a maxi
rrium-likelihood criterion to the information consisting of 35 000 earth
quakes reportcd by the USCGS from January 1971 to August 1968. The 
model proposcd represents reasonably well both the distribution of the num.' 
ber of earthquakes in one-day intervals and thc dispersion index. However, 
owing to the assumption that no cluster lasts more than one day, thé model 
fails to represent the autocorrelation function of the daily numbers of 
shocks for small time lags. The degrec of clustering is shown to be a regional 
function, and to diminish with thc magnitude threshold value and with thc 
focal depth. 

Aftershocl' scquences. The trigger proccsses described have becn branded 
as reasonablc rcpresentations of regional scismic activity' e ven when aftcr~, 
shock sequcnces and earthr¡uake swarms are suppresscd from statistical 
reéords, however arbitrary that suppression may be. Thc most significant 
tnstances of clustcring are related, howevPr, to aftershock sequences which 
often follow shallow shocks and only rarely intermediate and deep events. 
Persistence of lar~c numbers of aftersho'cks for a few days or weeks has 
propitiated the tletailcd statistical analysis of thosc scr¡uenccs · sincc Jast 
ccntury. Omori (1894) pointed out tlw dccay in lhe mean rate of after
shock occurrcn<:e with l, tho time elapsed since thc main shock; he expressed 
ihat rateas invcrscly proportional Lo t +·q, wherc q is an empirical constant. 
Utsu · (19Gl) proposed a more general exprcssion, proportional to (t + c)-t 
whcrc t is a constant; Utsu's proposal is consistcnt wíth the powcr-law ex-
pression for A(t) presented above. · 
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I.om11H:t. und llax ( l~H;(;) propo~wd a dustt.·l'~ll~~ IJiut\~·1 lo rnprÚs<~lll aftor· 
shoel<. scqw•nces; it iH a modifit•d v~~r:-du11 of Ncyma11 and ScotL's rnudcl, 
.whcre ihc pt·ol.:l~s.s of clust.cr origins is non-llomogcJwuus Poisson with mean 
rate clccayin~ in ::u.~conlanc..:c wiih Omori's law, llw llttmhcr of cvcnts in each 
cluster has a Poisson distribution, ancl ¡\(() is exponenlial. All the rcsults 
and methods of analysis dcscribed by Vnr:-Joncs (1970} for the stationary 
proccss of cluster origins can be applicd to thc nonstationary case through a 
transformation of thc time scalc. Fitting of parnmet.crs to four aftcrshock 
scqu('nces was accomplishcd through. use of lhe ::;ccond-order information of 
the samplc dcfincd on a transfonncd time scale. lly applying this criterion to 
earthquakc ·sets having magnitudes abovc diffcrent tlm,shold values it was 
noticed that the degree of clustcring decreascs as the thrcshold value in
creases. 

The magnitude of the main shock iniluences thc number of aftershocks 
and the distrilJL•tion of their magnitudes and, althou~h lhc rate of activity 
decreases with time, thc distribution of magnitudes rcmains stable through
out each scquence (Lomnitz, 1966; Utsu, 1962; Drakopoulos, 1971}. Equa
tion 6.6 rcpresents fairly we\1 thc distribution of magnitudes observed in 
most aftcrshock scquences. Values of ¡3 range from 0.9 to 3.9 and decrease· 
as the dcpth increascs. Since values of {3 for regular (main} earthquakes are 
usually estimated from relatively sma\1 numbcrs of shocks gencrated 
!throughout crust volnmes much wider than thosc active during aftershock 
sequences, no relation has bcen establishcd among {3-valucs for series of both 
types of cvents. The parametcrs of Utsu's expression for the decay of after
shock aciivity with tin1c havc b2cn cstim~tcd for srvcral sequenccs, for in
stance those following the Aicutian carú1quake oi ¡,ia.rch 9,- 1957, thc Cen
tral ,\laska earthquake of April 7, 1958, and the Southeastem Alaska earlh· 
quake of July 10, 1958 (Utsu, 1962}, with magnitudes cqual to 8.3, 7.3, 
and 7 .9, rcspcctively; e (in days} was 0.37, 0.40, and 0.01, while 1 was 1.05, 
1.05 and 1.13, respectivcly. The rclationship of thc total numbcr of after
shocks ·whose magniturle exceeds a given value with the magnitude of the 
main shock was studi<'d by Drakopoulos (1971} for 1.10 aftershock se
quen ces in Grccce from 1912 lo 1968. His results can be exprcssed by 
N(!ll) = A exp(-{3M), where N(M} is thc total numbcr of aftcrshocks with 
magnitude grcater than M, and A is a function of M0 , thc magnitude of the 
main shock: · 

A= exp(3.62 {3 + 1.1M0 - 3.46) (6.18) 

Formulation of stochastic proccss models for given earthquake scqucnces is 
feasible once this relationship and the ~ctivity dccay law are available for the 
source of intcresl. For scismic-risk cslimation at a given site thc spatial dis· 
tribution of aftcrshocks may be as significant as the distrihution of mag
nitudes and the time variation of activity, particular! y for sources of 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-
nitudc thresholds and longer time intcrvals without further study. · 

Available information shows beyond doubt that significan! 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 origi¡¡s 
during intervals of the order.of one century or longer. While Iack of statisti· 
cal data hinders the formulatiun 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 knowledge of geophysical sciences. Thus, if strain energy stored in a re
gion grows in a more or less systematic manner, the hazard function should 
grow with the time elapsed since the last event, ;;;(! ,;ot remain-ccirisiánt as 

-the Poisson assumption implies. The c.oncept of a· growing hazard function is 
·consistent with thc conclusions of Kelleher et al. (1973) concerning the 
theory of periodic activation of scismic gaps. This theory is partially sup
portcd by results of nearly qualitative analysis of the migration of seismic 

'activity along a number of geological stmctures. An instan ce is provided by 
'the southern coast of ~lexico, onc of the most active regions in the world. 
Large shallow shocks are generatcd probably by the interaction of the con· 
tincntal mass and the subductive oceanic Cocos plate that underthrusts it 
and by compressive or flexura! failure of the latter (Chapter 2). Seismologi· 
cal data show significan! 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 iritensities are 
quite low' although no significant difference is evident in the geological 
structure _of these regions with respect to the rest of the coast, save sorne 
transverse faults which divide the continental formation into severa! blocks. 
Without looking at the statistical records a geophysiCisi would assign equal 
risk througliout the area. On the basis of seismicity data, Kclleher et al. have 
conclud<'d that activity migra tes along the region, in stich a manner that large 
earthquakes tend -to occur al ·seismic gaps, thus implying that tlie hazard 
function grows with limé since the last. earthquakc. Similar phcnomena havc 
been observed in other regions; of particular intcrest is the Nórth Anatolian 
fault where activity has shifted systcmatically along it from east to wcst dur
ing the last forly years (Allen, 1969). 

Conclusions relative lo activation of seismic gaps are controversia! because 
the obscrvation pcriods ha ve not exceeded one cycle of each process. Never
theless, those conclusions point to the formulation of stochastic models of 
seismicity that reflcct plausible featurcs uf the geophysical processcs. 

Thcse considcrations suggest thc use of renewal·proccss models to. rep· 
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rcseni RcquPnces uf individual shock~ or uf dusll~rs. Such modcls are char
actcrizcd bccause times hctween cvents are indepc•ndPqt nn<.l id{mtica11y 
distril>utcd. The l'oisson prm:ess is n partkulur rcncwnl moJel for which the 

. distribution of the wailing time is cxpotwntial. \Vidcr gtmerality is achieved, 
without m u eh loss of mathcmatical tractability, if inter-evcnt times are sup
posed to be distributed in accordance with a gamma function: 

r (t) _ V ( t)/?-1 -vt 
,. -(lz-1)! v . e (6.19) 

which bccomcs the exponentiul distribution when k = l. If h < 1, short in
tervals are more frequcnt und t.he coefficient of variation is greatcr than in 
the Poisson modcl; if /¡ > 1, thc rcverse is true . .Shlicn. nnd Toksoz (1970) 
found lhat gamma models were unable to represcnl the sequcnccs of in
dividual shocks thcy analyzed; but these authors hand!cd time intervals at 
!east an arder of magnitud e shorter than those refcrred lo in this scction. 

On the basis of huzurd function estimatec\ from sequences of smull shocks 
. in the llindu-Kush, Verc-Joncs (1970) deduces thc validity of 'branehing 
renewal process' models, in which the intervals bet\.vcen cluster centers, as 
well as those between cluster members, constitute renewal processes. 

Owing to the scurcity of statistical information, reliable comparisons be' 
twecn alternate models will have to rest partially on simulation of the pro
cess of storage and liberation of strain energy (Burrid¡::e and Knopoff, 1967; 
Veneziano and Cornell, 1973). 

6.3.4 Jnfluence o{ the seismicity model on seismic risk 

Nominai values of investments made at a given inst.ant increase with time 
when placing them at compound intE!rest rates, i.e. \Vhéil capitaUzir.g thc:!'l. 
Thcir real value - and not only the nominal one - will also grow, provided 
the interest rate ovcrshadows inflation. Conversely, for the purpose of mak
ing design decisions, nominal valucs of expected utilities and costs inflicted 
upon in the future have to be converled into present or actualized values, 
which can be directly compared with initial expcnditures. Dcscriptions of 
seismic risk at a site are insufficicnt for that purposc unless lhe probabi\ity 
distributions of the times of occurrencc of differenl intensities - or mag
nitudes at neighbouring sources - are stipulated;· this entails more than sim
ple magnitude·recurrcnce graphs or even than maximum fcasiblc magnitude 
estima tes. 

lmmediately after the occurrence of a large earthquakc, seismic risk is ab
normally high duc to uftershock activity and to thc probability tbat damage 
inflictcd by tbc main shock may have wcakcncd natural or man-made struc
tures if emcrgcncy measurcs are not tak<'n in time. \Vhen aft.crsbockactivity 
has ceased ami damaged systems have bccn rcpain:d, a normal risk leve! is 
attaincd, which dcpcnds on tbe probability·dcnsity functions of the waiting 

·times to the ensuing damaging eurthquakes. 
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For the purposc of illustration, lct it be assumcd that a fixed and detcr
ministical!y known damage JJ 0 occurs whencver a magnitude above a given 
value is generatcd ata given source. If f(t) is the prohability-density function 
of the waiting time to the occunence of the damaging cvent, and if thc risk 
leve! is sufficiently low that only the first failure is of conccrn, the expccted 
valuc of the actualized cost of damage is (sce Chapter 9): · -D = D 0 J e-,1 f(t)dl (6.20) 

o 
. where 'Y is the discount (or compound intercst) coefficient and the overbar 
denotes expcctation. If the proccss is Poisson with mean rate v, then f(t) is 
exponential and i5 s. D 0 v/-y; l•owever, if damaging events take place in 
clusters and most of the damagc produced by each cluster corresponds to its 
first event, the computation of i5 should make use of the mean rate v cor
responding to the clusters, instead of that applicahle to individual evcnts. 
Table 6.11 shows a comparison of seismic risk determined under the altcrna
tivc assumptions of a Poisson and a gamma model (/1 = 2), both with the 
same mean return pcriod, kfv (Esteva, 1974). Three dcscriptions of risk are 
presented as functions of the time 10 elapscd since the Iast damaging event: 
T 1 , the expected time to the next event, mcasurcd from instant t0 ; thc ex
pccted valuc of .thc 'present cost of failure computed fron; eq. 6.20, and the 
hazard. function (or mean failure rate). Since clustcring i> ne~leded, risk of 

. aftcrshock 'occurrence inust be eithcr includcd in D 0 or superimposed on 
that displayed in the table. · 

This table shows vcry significant differences among risk levels for both 
processcs. At Sinall valucs of 10 , risk is lower for thc gamma process, but it. 

TABLE 6.11 

Comparison of Poi_sson and gamma proccsses 

lo v//1· T, V/h Poisson process, /~ = 1 hk/v T¡ V/Ji Gamma proccss, k = 2 h/1/V 

D!Do D!Do .:i 
yh/v • 10 yh/v = 100 yk/v= 10 b!i/V = 100 

o 1.0 0.0278 0.0004 o 
0.1 0.92 0.0511 0.0036 0.367 
0.2 0.86 0.0675 0.0059 0.667 
0.5 0.75 0.0973 0.0100 1.333 
1 1.0 0.0909 0.0099 1.0 0.67 0.120 0.0132 2.000 
2 0.60 0.139 0.0158 2.667 
5 0.54 O.lfi4 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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brrows with limt', unt.il il. outridt~s that for tlw Poisson proc1!SS, which rcnw.ins 
constan t. Thc diff<~renccs shown duarly aft'e<.:~ cng:ineerin¡J decisions. 

6.4 ASSESSI>!ENT OF LOCAL SE!SM!C!TY 

Only excepLionally can magniLude·recurrencc relaLions for small volumes 
of Lhc carth's crusL and sLatisLical corrl!lation funcLions of thc process of 
earthq uakc generation be deriv<,d exclusively fro:n statistical analysis of 
recordeu shocks. ln most cases this information is too limitcd for that pur
pose and it does noL always rcflect geological evidcnce. Since thc lattcr, as 
well as its connection wit.h sci~micity, 1s bcsct with wide uncertainty mar· 
¡:ins, infonnation of cliffercnt nature has to be evaluated, its unccrtainty 
analyzcd, and conclusions rcachcd consisten! with all picces of information. 
A probabilistic criterion that accomplishes this is prcsented hcre:. on the 
basis of geotectonic data and of conceptual modcls of thc pbysical processcs 
involved, a set of altcrnatc assumptions can he mauc conccming the func· 
tions in question ·(magnitude recurrcncc, time, and space correlation) andan 
initial probability distribution assigned thereto;· statistical information 
is used to judgc the likelihood of cach assumption, and a posterior prob
ability distribution is obtained. How statistical information contibutes lo the 

:posterior probabilities of the alterna te assumptions depends on the cxtent of 
'that inforn1ation and on thc dcgrec of uncertainty implicd by thc initial 
probabilities. Thus, if gcological cvidence supports confidencc in a particular 
assumption or range of assumptions, statistical information should not 
freatly riwdify the mitiai probabilitics. lf, on thc athcr hand, a long anñ · 
reliable statistical record is available, it practicaliy dctermin~s th~ ionn and 
paramcters of the mathematical modcl selected to represent local seismicity. 

6.4.1 Bayesian estimation of seismicity 

Baycsian statistics providc a framework for probabilistic inference thaf 
accounts for prior probabilities assigncd to a set of altcrnatc hypothctical 
modcls of a givcn phenomenon as wcll as for stalistical samplcs of events re· 
lated to that phcnomenon. Unlike convcntional mcthods of statistical in
fcrence, Bayesian mcthods givc weight to probabilíty mcasurcs obtained 
from samplcs or from othcr sources; numbers, coordinatcs and magnitudes 
of carthquakcs obscrved in given time intervais serve to ascertain thc prob· 
ablc validity of each of the alternativo moñels of loc:al seismicity that can be 
postulated on the grounds of geological evidencc. Any criterion intended to 
weigh information of diffcrcnt naturc and different degrees of unccrtainty 
should lead to. probabilistic condusions consistcnt with the degrec of con
fidcncc attached to each source of information. This is accomplishcd by 
Bayesian methods. 
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Let //1 (1 = 1, ... , n) be a comprehcnsive set of mutually exclusive assump· 
tions concerning a givcn, imperfectly known phenornenon and let A be the 
observcd outcóme of such a phcnomcnon. Before observing outcome A we 
assign an initial probability P(H¡) to each hypothesis. If P(A 1//1) is the 
probability of A in case hypothesis H, is true, then Bayes' theorem (Raiffa 
and Schlaifer, 1968) states that: 

P(AIH¡} 
P(fi¡IA) = P(H;) -t;P(H;)P(Aifl;) (6.21) 

The first member in this equation is the (posterior) probability that 
assumption JI, is truc, given the observed outcome A. 

In the evaluation of seismic risk, Rayes' theorem can be used to improve 
/initial estimates of A(M) and its variation with depth in a given area as well as 
those of the p'arameters that define the shape of A(AÍ) or, equivalently; the 
coilditional distribution of magnitudes given the occurrence of an earlh· 
quake. For that purpose, take A(M) as the product of a rate function AL = 
A(Md by a shape function G*(.lf,B), equal to the conditional complcmcn· 
tary distribution of magnitudes given thc occurrence of an earthquake with 
M ;;> ML, where ML is the magnitude threshold of the set of statistical data 
used in the estimation, and Bis the vector of (uncertain) parameters B 1 , ... , 

B, that define t.he shape of A(M). For instance, if !'.(111) is tal:en as givc:> by 
'eq. 6.8, B is a vector of three elements equal respectively to (3, (3 1 , and M u; 
if eq. 6.9 is adoptcd, B is defined by k and M u. · 

The initial distribution of seismicity is in this ca~e expresscd by the initial 
joint probability density function of AL and B: f'(A¡..B). The observed out· 
come A can be expressed by the mágnitudcs of all earthquakes generated in a 
given source during a given time interval. For instarice, suppose that N earlh· 
quakes were ohscrved during time interval t and that their magnitudes were . 
~¡, m2 , ... ,m N. Bayes' expression takes the form: 

r' A . ( P[m¡, m2, .... m N; liAr., BJ 
( L• Blm" ... , m N; 1) = (Ar.' /3) JJP[m

1
, ;;;~~ •• · m,:;;lli, b] (:;.(;-,/,_,.b'-¡d"'l_,.d,-b 

(6.22) 

where {"(.) is the posterior prohability density function, and 1 and b are 
dummy variables that stand for all values that may be taken by AL and B, 
respectively. Eslimation of AL can usually be formulatcd indcpcndcntly of 
that of the othcr paramcters. Thc obscrved fact is then exprcsscd by Nr., thc 
nÍ1mber of earthquakcs with mngnitude .abovc M, during time t, and the 
following exprt:ssion is ohlaincd, as a first stcp in thc estimation of A(M): 

(6.23) 

6.1.1.1 l11itial pmbabilities o{ hypotheticalmodels 
Where statistical information is scarcc, scismicÍty cstimalcs will be very 
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sensitivo to initial probahilitics assigned to altcrnativc hypolhctical modcls; 
the opinions of geologists anrl g,,ophysicists about probable modcls, about 
the parnmetcrs of thesc models~ and the corresponding margins oí uncertain· 
ty should be adt'quatcly inlcrpn,l<•d antl cxprcssed in lcrms of a funclion r' 
as rcc¡uired by equations similar to G,22 a1HI 6.23, l<lt>ally, these opinions 
should be bascd on the formulation of potential earthqual;;;e sourcPs and on 
their comparison with possibly similar gcolcclonic structures, This is usual! y 
done by gcologists, more qualitalivcly than quantiiatively, whcn thcy esti
matc P.1u. lnitial cstimalcs of AL are scldom madc, dcspite lhc significance of 
this paramctcr for the dcsign of moderately important struclures (sec Chap
tcr 9 ). 

Analysis of geoloh~cal infornu;tion mw,t consider local details as well as 
general structure and evolution. In somc arcas it is clear that all potcntial 
earthquake sources can be idcntificd by surface faults, ancl their displace
mcnts in rccent geological times measurcd. \Vhcn mean displaccments pcr 
unit time can be estimatcd, the arder of mognitude of creep and of energy 
lihcrated by shocks an<.l hcnce of the rccurrcnce intervals of givcn magni
tudes can be established (\\'alinee. 1970; Davies and BruiW, 1971 ), the cor
responding uncertainty evaluated, and an initial probabilily distribution as
signcd. Thc fact that magnitude-recurrencc relations are only weakly cor· 
relatcd 'with the size of recent displaccments is reflectcd in large uncertain
ties(Petrushevsky, 1966 ), 

Application of the criterion describcd in thc foregoin~ paragraph can be 
unfeasible or inadcquatc in many problcms, as in arcas whcre the abundance 
of faults of different sizes, agcs, and activity, and the insufficient accuracy 
with which fo<•"l coordinates are determined preclude a difierentiation of all 
sources. Regional. seismicity may then be evaluated tmder t-he assuf!lplion 
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 whcn dealing with active zones whcre there is no surface 
. evidence of motions. Hence, consideration of the overall behavior of com
plex geological structures is oftcn more significant than the study of local 
details. 

Not much work has bcen done in the analysis of lhe overall behavior of 
large geological structures with respect to the energy that can be expected 
to be liberalcd pcr unit volume and per unil time in given portions of those 
structures. Importan\ research and applications should be expected, how
ever, since, as a result of the contribution of plate-tectonics theory to the 
understanding of large-scalc teclonic processcs, the numerical values of some 
of the variables correlated with energy liberation are being determined, and 
can .be used at least to obtain ordeis of magnitude of expectcd activity along 
platc boundaries, Far less well understood are the occurrence of shocks in 
apparently inactive regions of continental shiclds and the behavior of com
plex continental blocks or regions of intense folding, but even there some 
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progrcss is expectrcl in thc study of accumulation of stresscs in the crust. 
Knowleclge Óf the gcological structuw can serve lo formulate initial prob

ability distributions of seismicity even whcn quantitative' use of geophysical 
information seems bcyond reach. !nitial probability distributions of local 
seismicity parameters AL, 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 thc average seismtcity observed in .wider areas of similar tec
tonic charactcristics, or wherc the extent and completeness of statistical 
information warrant reliable estimatcs of magnitude-recurrence curves 
(Esteva, 1969). 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 provincc to estímate the corresponding 
distribution in an area of that provincc, where activity has been low during 
the observation intcrval, cven though there might be no apparent geophysical 
reason to account for the diffcrence. Similar! y, the expected val u e and coeffi
cient of variation of A¡, in a given area of modera te or low seismicity (as a con
tinental shield) can be. obtaincd from the statistics of the motions originated 
at all the supposedly stahle or ascismic regions in lhe world. 

The significance of initial probabilities in seismic risk estimatcs, against 
; the. weight given to ourely statistical information, bccomes evident in the 
· example of Fig. 6.16: if Kellcher's thcory about activa \ion of seisMic gap> is 
true, risk. is greater at lhc gaps lhan anywhcre else along the coast; if Poisson 
_models are deemed reprcsentalive of the process of energy liberation, the ex
tent of slatistical information is enough to substantiate the hypothcsis of 
reduced risk at gaps. Bccause both models are still controversia!, and rep
resent al most two extreme posilions concerning the properties of the 
actual process, risk estimates will necessarily reflect subjeclive opinions. 

6.4.1.2 Significance of statistical information 
Estimation of AL. ,\pplication of eq. 6.23 to estima te AL indcpenclcntly 

of other parameters will be first discussed, because it is a relatively simple 
problem and because AL is usually more uncertain lhan M u. and much more 
so than {3. 

A moclel as defined by eq. 6.19 will be assumed lo apply. If the possible 
assumptions concerning the values of At. constitute a c·ontinuouS interval, 
the inilial probahilities of the alternative hypothcses can be expressed in 
terms of a probability-density function of AL. If, in acle! ilion, a certain as
sumption is madc conccming thc furm of lhis prol>ahility-dcnsity funclion, 
only thc initial valucs of E(Ad and V(:\ 1.) have lo be assumed. It is advanta
gebus lo assign lo v = /1/E(T) a gammadislribution. Thcn, if p and ¡.¡are the 
paramctcrs of this inilial distribution of v. if 11 is assumecl to be known, ancl 
if the observed oulcüme is exprcsscd as thc time t, clapscd. during n + 1 
consecutive events (carthquakcs wilh magnitudc ?M¡J, application of eq. 
6.23 lcads to lhe concl~sion thal thc posterior probability function of v is 
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· also gamma, now with paranwt.t~rs p ·t ·nh and p + t, 1 .. The initial aútl the 
posterior expecled values of v are respcdively equal Lo p/iL, and lo (p + ni<)/ 
(11 + t.,). Whcn initial unccrtainly 'ahoul v is small, p and 11 will be largc and 
thc initi<tl and lhe posterior expectcd valucs of v will no\ diffcr b'Tcnlly. On 
the olhcr hand, if only statistical information wcre deemcd significant, p and 
11 should be givcn very small values in the initial dislribution, and E(v), and 
hcnce AL, will be practically dcfincd by n. /,, and tn. This mcans that lhe 
initial' cstimatcs of geologists should not only include cxpcctcd or most 
probable values of the different parameters, but also statements about ranges 
of possible values and degrees of confidence allachcd to each. 

In the case studicd above only á portior, of the statistical information was 
u sed. In most cases, especially if seismic activity has be en low during the 
observation intcrval, significan! information is pro,~ded by the durations of 
·thc intervals clapscd from the initiation of observations to the first of the n +' 
1 evcnts considcrcd, and from the last of these events until the end of the 
obscrvation pcriod. Here, application of eq. 6.23 leads to exprcssions ·slightly 
more complicated than those obtained when only information about t. is 
used. 

The particular case when the statistical record reports no events during at 
least an interval (0, t0 ) comes up frequently in practica! problems. The 
probability-density function of the time T1 from 10 to thc Óccurrence of 
the first event must account for the corresponding shifting of the time axis. 
Furthermore, if the time of occurrence of the last event bcfore the origin is 
unknown, the distribution of the waiting time from t = o to the first event 
coincides with ihat of the excess li{c in. a renc\val proccss at an arbitrary 
value of t that approaches infinity (Parzen, 196:!). ~'or Lhe particular case 
when the waiting times constitutc a gamma process, T1 is measured from t = 
O, T is the waiting time ·between consecutive events, and it is known that 
T 1 ;::. t0 , the conditional density function of r 1 = (T1 - ! 0 )/E(T) is given by 
eq. 6.24 (Lteva, 1974), where u0 = t 0 /E(T): 

(6.24) 

Considcr now the implications of Baycsian analysis when applied to one of 
thc seismic gaps in Fig. 6.16; under the conditio~s implicit in cq. 6.24. An 
initial set of assumptions and ·corrcsponding probabilitics was adoptt-d as 
dcscribed in the following .. From previous studies referring w all the south
ern coast of i\lexico, local se;smicity in the gap area (mcasurcd 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 valuc 
of X(6.5) for the region coindded with its average throughout the complete 
seismic province. Two valucs of p werc considered: 2 and 10, which cor
respond to cocfficients of variation of 0.71 and 0.32, respectively. Values in 
Table 6.lll wcrc obtained for the ratio of the final to the initial expected 
values of v, in lerms of u0 • 

The last two columns in the table contain the ratios of the computed 
values of E"(T1 ) and E'(T) when vis 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 villue of the lime to the next cvent keeps decreasing, in accordance 
with the conclusions of Kellcher et al. (1973). Howcver, as time goes on and 
no evcnts occur, the statistical evidence lcads to_a reduction in the estimated 
risk, which shows in the incrcased conditional expected val u es of T 1 . For p = 
2, the geological evidence is less significant and risk estimates decrease at· a 
raster rate. 

6.4.1.3 Bayesian estimation o{ 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 evidcnce the relaÜve frcqucncies of observed magnitudes. Thus, 
·u event A is describen as the occurrcnce of N shof'ks, with magnitudes 
m 1 , ... , m.v ,ar.d b; (i = 1, ... , r) are valucs lhat may be adopted by the ~om
ponents of vector B being estimatcd, eq. 6.21 beco mes: 

r• , , _ . (8 (b 1 , ... , b,)P(A1b 1 , ... , b,) 
t 8 (b 1 , ... , b,IA)-

. f ... f (8 (u 1 , ... , u,)P(A1u 1 , ... , u,)du 1 , ... , du, 
(6.25) 

where P(A lu1 , ... , u,) is proportional to: 
N 

n g(mjlu,, ... , u,) 
j:->1 

and g(m) = -aG*(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, estimatcs of the posterior first 
and second moments off" can be obtaincd from cq. 6.25, nfaking use.of 
available first-orcler approximations (Benjamin and Cornell, 1970; Rosen
blueth, 1975) Thus, the posterior expectccl value of B, is given by f {~(u) 
u du, \\;hcrc r;;¡(u;) =J ... J r;:(u,, .... u,) du,, ... , dun ar.d thc mult.iplc i;1te
gral is of arder r - 1, because it is not extended to the dominion of B¡. 
·Hence: 

. .. E~[l3,P(A1B 1 , ... ,B,)] 
E (B) = -,--- ·-------

' E8 [P(A1B1 , ... , B,)] 
. (6.26) 
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TAIJLE G.lll 

u0 = 10/ii'('f) 

o· 
0.1 
0.5 
1 
5 

10 
20 

ii"(v)/E'(v) 

p=2 p = 10 

LO LO 
0.!)5 0.99 
0.75 0.94 
0.58 0.87 
0.20 0.54 
0.11 0.36 
0.06 0.22 

-----------· 

>· 

t;"'(T,IT, ;. lo)n"('f) 
---· 
p=2 p = 10 

0.75 0.75 
0.76 0.74 
0.91 0.71 
1.14 .0.73 
3.11 1.05 
5.47 1.55 

10.50 2.48 

where E' and E" stand for initial ami posterior cxpcctation, and subscript B 
means that cxpcctalion is taken with ""pcct to all the componenls of B. 
Likcwisc, thc following posterior mamen ts can be obtained: 

Covariance of B; and B¡ 

" E~1 [B;Il¡P(AII:i 1 , ... , B,)] " , .. 
Cov (B,, B¡) =---T~[Í'( .. Íla;·,-... ~-¡j~¡f- --E (B,)/; (B¡) (6.27) 

Expected valuc of X(M) 

E"[;'\(M)] = E"(X¡}E"[G*(M; B)] 

,., ¡;;;J [ G*(M; B)PIAIB 1 , ... , B,)l 
= E ( ,\ ) --. -- _. -- ----- -----

1 E~[P(AIB1 , ... , B,)] 
\G.28) 

Marginal distrib1Jtions. The posterior expectation of X(M) is in so me cases 
all that is rcquired to describe seismicity for dccision-making purposes. Qf. 
ten, howéver, uncertainty in X(M) must also be acountcd for. For instance, 
the probabilily of exccedance of a given magnitud e during a given time in ter
val has to be obtaincd as the expectation of the corwsponding probabilities 
over all altemative hypotheses conceming X(M). In tbis manr.er it can be 
shown that, if the occ~rrence of carthquakes is a Poisson process-and the 
Bayesian distribution of XL is gamma with mean ).L and coefficicnt of varia· 
tion \'L, the marginal ~istribution of the number of earthquakes is ncgative 
binomial with mean x~.. In particular, the marg!nal probability of zero 
events during time interval t- equivalcntly, the complementary distribution 
function of thc waiting time betwcen evcnts -- is equal to (1 + t/t "¡-•", 
where r" = VL 2 and t" = r"i'í-L· The marginal probability-<lensity function of 

· the waiting time, that should be substitutcd in eq. 6.20, is ;l:dl + t/t"¡--''->, 
which tends to thc cxponcntial probability functioi1 as r" and t" tcnd to 
infinity (an<l V L ·• O) whilc thcir ratio wmains equal to XL. 
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Bayesian unccrlainty ticd to the joint distribution of all scismicity param
eters (XL, B1 , ••• , B,) can be inclutled in the computation of the prob~bility · 
of occurrence of a given evcnt Z by taking the expcctation of that prob-
ability with respect to al! parameters: · 

P(Z) = E,L_ 8 [P(7); A~.o B 1 , ... , B,)) (6.29) 

When the joint tlistribution of ), L• B stcms from Bayesian analysis of an 
initial distribution antl an obscrvetl event, A, this equation adopts the form: 

, E\¡¿(P(Zi:\L, B)P(Ai:\L, B)) 
P (Zl =- E' ·~-~(P{f!i¡,-;_~sTr-- (6.30) 

where ' and " stand for initial and posterior, respectively. 
Spatial uariability. Figure 6.17 shows a map of geotectonic provinces of 

Mcxico, according to F. Mooser. Each provincc is characterized by the large
scale features of its tectonic structure, but significant local perturbations to 
the overall patterns can be itlentified. Takc for instan ce zone 1, whose 
scismotectonic fcatures were dcscribetl above, and are schematically shown 
in Fig. 6.18 (Singh, 1975): the Pacific plate underthrusts the continental 
block and is thought to break into severa! blocks; separatcd by faults trans
verse to the coast, that dip at diffcrent ang!es. The continental mass is also 
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Fig. 6.1 7. SCismotectonic provinccs of 1Icxico. (After F . .Mooser.) 
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Fig. 6.18. Schematic drawing o( the scgmenting of Cocos plate as it subducts below 
American plate. (After Singh, 1974.) 

made up of severa! large blocks. Scismic activity at the underthrusting plate 
or at its interface with the continental !JlaSS is characterized by magnitudes 
that may reach very high values and by the increase of mean hypocentral 
depth with dist~ncc f~om the coast; small and mooerate shallow shocks are 
generated at the biocks them.Stlve~. ~,':.l.do.bil~ty cf ~tatist.ical data a1onq the 
whole tectonic system was discusscd above and .is apparent in Fig. 6.10. 
Bayesian estimation of local seismidty averaged throughout the system is a 
matter of applying ce¡. 6.21 or any of its speciaHorms (eqs. 6.22 and 6.23), 
taking as statistical evidence the information corresponding to the whole 
system. However, seismic risk estimates are sensiiive to values of local 
seismicity averagcd over much smallcr volumes of the carth 's crust; hence the 
need to dcvelop criteria for probabilistic inference of possible patterns of 
space variability of seismicity along tectonica!ly homogencous zones. 

On thc basis of seismotectonic informalion, the systcm under considera· 
tion can first be subdivided into the underthrusting plate and the subsystem 
of shallow sources; each subsystem can then be scparately analyzecl. Take for 
instancc the undcrthrusting plate and subdivide it into s sufficiently small 
equal-volumc subzones. Let vL be the rate of excceclance of magnitude ML 
throughout the main sysiem, vL, the corrcsponcling rate at each subzone, and 
define p1 as vL,fv1., with p1 indopendcnt of vdp1 is equal to the probability 
that an earthquake known to h"ve been generated in the overall system orig
inated ai subzone i). lnitial infot:nation about possible space variability of 
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~'L¡ can be cxprcsscd in terms of an initial probability clistribution of p, and 
of thc correlation among p, and P¡ for any i and j. Bccause 1:vL, = vL·, one 
obtains 1:p, = l. This imposcs two restrictions on the initial joint probability 
distribution of the p¡s: E'(p,) = 1, var' Lp 1 = O. If al! pfs are assigned equal 
expectations and al! pairs p,, p¡, i i- j areassumed to possess thc same cor
relation coefficient Pu = p ', the restrictions mentioried lead to E' (p 1) = 1 js 
and p' = -1/(s- 1). Posterior valucs of E(pi) and Puare obtained according 
to the same principies that lcd to eqs. 6.25-6.28. Statistical evidence is in 
this case dcscribed by N, the total number of earthquakes generatcd in the 
systcm, and n; (i = 1, ... , s) the corresponding numbers for the subzones . 

. Given the p¡s, the probability of this evcnt is the multinomial distributic>n: 

P¡A 1 l - N! "' "• Pt• ... , p, ---, ----, Pt ··· P, . . n1 ., ..• , n,. (6.31) 

If the correlation cocfficicnts ainong seismicities of the various subwnes can 
be ncglcctcd, each Pi can be separatcly estimated. Bccause Pi has to·be 
comprised bctween O ancl 1, it is natural to assign ita heta initial probability 
distribulion, defined by its parameters n; and N;, such that E'(pi) = n;¡N; 
and var'(¡1i) = n;(N; - ni)j[N¡ 2 (N; + 1)] (Raiffa and Sehlaifer, 1968). The 
paramctcrs of the posterior distribution will be: 

n;'-= n; + n¡.N¡" =N.~ +.N 
Takc for instancc a zone whose prior distribution of AL is assumed gamma 

with cxpccted value A~ and cocfficient of variation V~. Suppose that, on the 
basis of geological eviclcnce and of the dimensions involved, it is decided to 
subdivide the zone into four subzones of equal dimensions; a-priori con
sidcrations lcad to. thc assignment of expectcd values and cocfficients of 
variation of Pi for !hose subzones, say E'(p¡) = 0.25, V'(pi) = 0.25 (i = 1, ... , 
4). From previous considerations for s = 4 take p;¡ = -1/3 for i * j. Suppose 
now that; during a given time interval 1, ten earthquakes were obscrvcd in 
the zone, of which O, 1, a, and 6 occurred re.spectivcly in cach subzone. If 
the Poisson process modcl is adoptecl, A~ and v;, can be expressed in terms 
of a fictitious numbcr of cvcnts n' = 1'¡:-2 occurrcd during a fictitious time 
interval 1' = n 'iX~; after observing n earthquakcs during an intcrval 1, the 
Bayesian mean and eoefficicnt of variation of AL will be\~ = (n' + n)f 
(1' + 1), V~= (n' + n)'- 112 (Estcva,-1968). llence: 

A~= wL-2 + 10)/(v~-2x-~ + 1), vz = (V~-2 + 10)_,,2 

Local dcviations of seismicity in each subzone with rcspcct to the average 
A1, can be analyzeú in lerms of Pi (i = 1, ... , 4);•Baycsian analysis of the pro
portian in which thc ten carthc¡uakcs wcrc distribulcd among thc subzones 
pro('eeds according to: 

". E'[p;I'(Aip¡, ... , P.1 )] E ·(pilA)=-;;·,---------· ----- ....... 
}, [/ (illp,, ... , 1'4)] 

(6.32) 
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'l'!w <•xpedat.ions lhal ap¡war in t.llis equ:1tion have lo ht: cnmputPd with rc
spt·cl lo UH .. ' inilial juint. dist.rihution uf the /);s. In pnu:t.ic(\ adPquat•.• a¡Jprox
imations are requir<:cl. Fur instan<:<:, lknjamin and Conwlls' (1070) first-

. order approximalion leads toE" (Jl 1 ) ~ 0.226, E"(p 4 ) ~ 0.29>1. 
lf correlalion amon~ subzonc scismicitics is ncglectcd, and stuiistical in

formation of cach subwne is indcpcndcntly analyzed, whcn thé p¡s are as
signcd beta probability-dcnsity funclions with mcans and coefficients of 
':ariation as dcfincd abovc, onc obtainsE"(p¡) ~ 0.206, E"(p 4 ) ~ 0.311, 
'"''hich are not very diffcrcnt from thosc formerly obt.ained; howevcr, \vhcn 
E'(Jl,) ~ 0.25 and V'(p 1) ~ 0.5, the first criterion leads to E"(p1j' ~ 0.206, 
E"(p 4 ) ~ 0.314, while thc second produces 0.131 ancl 0.416, respcctively. 
Part of the diffcrcnce may be due. to ncglcd of p;i, but probably a significant 
part slems from inaccuracies of the first-order approximation to thc expccta
tions that appear in eq. G.32; altcrnate approximations are thcrefore desir
able. 

Incomplete elata. Statistical information is known to be fairly reliable only 
for magnitudes above threshold values ihat depcnd on the rcgion considcred, 
its leve! of activity, and thc qÚality of local and nearby seismic instrumenta
tion. Evcn incomplete statistical rccords may be significant whcn evaluating 

. sorne seismicity paramctcrs; thcir use has.to be accompanied by cstimatcs of 
detcctability values, that is, of ratios of the numbers of events rccorclcd lo 
total numbers of events in given ranges (Esteva, 1970; Kaila and Narain, 
1971). 

The final goal of local seismicity asscssment is the cstimation of regional 
seismiCjty, that is, of probability dislributions of il)tensities at givcn si tes, 
and of probabilistic correlations among them. These functions are ohtained 
by integrating the contributions of local seismicities of nearby sourccs, and· 
hence their cstimates reflect Baycsian uncertaintics tied to those scismicities. 
In the following, regional scismicity will be cxpresscd in tcnns of mean rates 
of excecclancc of given. intcnsitics; more detailcd probabilistic descriptions 
would entail adoption of specific hypothcses concerning space ami time cor
relations of carthquakc gcneration. 

6.5.1 Intensity-recurrence curues 

The case when unccrtainty in scismicity parameters is neglccted will be 
discussed first. Considcr an elcmenlary seismic so urce with volumc d V and 
local scismicit.y X(M) pcr unit volume, distant R from a si te S, where intcnsity
rccurrcncc functions are to be cstimatcd. Evcry time that a magnitude M 
shock is gcncrated at that source, the intcnsity at S equals: 

t 
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Y= eYP = eb 1 exp(b2AI)¡¡(R) · (6.33) 

(see eqs. 6.4 ·and 6.5 ), whcrc E is a randa m factor and Y and Y. stand for 
actual and prcdictcd intcnsities, b 1 and b 2 are given constants, and g(R) is a 
function of hypocentral distance. Thc prohability tbat an earthquake orig· 

· inating at. the source will have an intensity greatcr than y is equal to thc 
probability that eYv > y. If Y" is eKpresscd in terms of M and randomness 
in e is accounted for;one obtains: 

•L 

v(yJ = J v.(yfu)[,{u)du (6.34) 

where v and "• are respectively mean rates at which actual and predicted 
intensitics excced given values, <>u ;, y/yu, "L = y/yL, Yu. and YL are the 
predicted ·intensitics that corrcspond to M u and llfL, and {, the probability-
density function of E. lf cq. 6.33 is assumcd to hold: · 

"•(y) = K 0 + K1y-'1 - K 2y-'> 

where: 

K,= [b1g(R)J'•A).~,dV (i=O,l,2) 

r0 = O, 

(6.35) 

(6.36) 

(6 . .37) 

Subslitution of eq. 6.35 into. 6.34, cotipled with the assumption that In e 
is nonnally distributed with mean m :'lnd standard deviation a leads to: 

,, 
v(y); c0 K 0 + c1K¡y-'1 - c2K2y-'2 (6.38) 

where: 

e,= exp(Q¡) [ (
In o1.- u,) (In <>u:- u')] </> --- - q, ----· 

a a 
(6.39) 

ifJ is the standard normal cumulative distribution function, Q; = 1/2 a2 r/ '+, 
'!Ir¡, and u¡ = m + a 2 r¡. Similar cxpressions haVc been presented by Merz ar~d 
Cornell (1973) for thc special case of cq. 6.8 when P1 ~ = and for a quadra· 
tic form of thc rclati!)n bctwccn magnitude and logarithm of exceedance 
rat.c. Closed-form solutions in terms of incomplete gamma functions are ob
tained when magnitudes are assumetl to possess extreme type-1!1 distribu· 
tions (eq. 6.9). 

lntensit.y-recurrence curves at given sites are obtained by intcgration of 
the contributions of all significan! sourccs. Unccrtainties in local scismicities 
can be hanclled by dcscrihing regional scismicity in terms of means and vari· 
ances of v(y) and cstirnating thcse momcnts from eq. 6.34 and suit.able first
and scconcl-momcnt approximations. Tnfluencc of thesc ut~certaintics in 
design decisions has bcen discussccl by Roscnblueth {in preparation). 
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BAYESIAN 1\NALYSIS OF' SEISIIIC 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 r~les for measuring 

safety, for balancing it with costs (both, initial and 

maintenance) and benefits, for making decisions relative 

.to maximum tolerable rinks and for stating policies with 

regards to desirabie marginal expenditures aimed at pro~ 

tecting human lives. 

Probabilities are usually deerned as properties of nature. 

According to this conception, evaluating them is a matter 

·of observing a phenomenon a large number of times, quan

_tifying the corresponding outcomes and plotting their 

histograms; if the nUmber of observations is small, the 

probabilistic model itself is said to be uncertain or 

else the validity of ~ probabilistic formulation of the 

decision rnaking process is denied. Consistently with the 

bayesian approach, the uncertainty about a probabilistic 

model of nature can be as!>imi'lated to the uncertainties 

intrinsic to that model** and used together with the 

* Institute of Engiñeering, National University of Mexico. 

** What we understand by ~~c.here depends on the variables 
that we use to describe the model: a· large portien of the uncer
taint;' ~~e 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 regi9n 
including the fault. That part of the uncertainty would now be 
ascribed to the model adopted, while. the remaining portien would . . . 
be called ~n.t/UMú .. 
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latter with thc aim of making decisions based on what 

we know and how wcll we know it. Thus, prob~bility is 

not. a property of nature (or not only, at least), but of 

our uncertainty about its past, present and future·. The 

probability distributions that wc would determine on the 

exclusive basis of direct statistical.observations are 

conventionally branded as objeet~ve probabilities, \~hile 

the unccrtainty that arises from the practica! difficul

ties to collect enough obje'et~ve information constitutes 

the iealm of'aubjeet~v~ probabilities. 

The arguments favoring-and detracting the validity of 

subjective probabilities for making of engineering.deci

sions have been discussed in extenso elsewhere (1, 2). 

Those arguments suppqrt the adoption of a bayesian frame

~;ork for assimilating ihformation and making decisions 

for hazardous environments., Rather than repeating those 

argurnents, this paper concentrates on recent developrnents 

and criteria which have resulted frorn the experience 

gained in practica! applications. The following concepts 

are given special attention: 

a) Recent discoveries which contradict-widely accepted 

assurnptions about the shape of rnagnitude-recurrence 

curves. 

b) Irnproved criteria for proc~ssing statistical informa-. 

tion from seisrnic sources similar to those of interest 

when trying to propose prior _probability distributions 

of the forms and parameters of seisrnicity models. 

e) Study of simplified seismicity models represented by 

_stochastic processes other than Poisson. 
' 

1 • 
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d) Discussion of decision criteria related to safety 

levels and analysis of the implications of bayesian 

uncertainty. 

~~GNITUDE-RECURRENCE CURVES 

Statistical studies about the occurrence of earthquakes 

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: 

( 1) 

= o 

Here,. f.(H) is the mean number of earthquakes with magni

tude larger than H occuring per unit time in a given 

(unit) volume of the earth's crust within a oiven seismic 

source, H is the upper bound to the magnitudes that can 
u 

be generated in the seismic source of interest, and o., 

S, y are parameters obtained by statistical curve fitting. 
' 

o. and S determine .f. for small values of r1, and if the pa-

renthesis in the second member·of eq. 1 is taken as unity 

(~.e. if y is taken as infinity), we obtain the well 

known ·Gutenberg-Richter exponential expression, o?hich 

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. 

1 
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subduction zone (H ~ 65 km; fig, 2). Figure 3 shows sorne 

results of the analysis for the Oaxaca portian of the 

· subduction zone: salid squares represent numbers of 

earthqua,kes having body-wave magnitudes (mb') larger 

than given values, while the solid circles correspond to 

surface-wave magnitudes (}1 ) ; hollow squares and circles 
~~ 

correspond to numbers of earthquakes 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 r~nge of large values of 

the latter; this bulge precludes the possibility of 

extrapolating magnitude-recurrence statistics from small 

to large magnitude intervals. 

been found elsewhere (5-7). 

Similar situations have 

When mb values are used , . 
this effect is concealed because of saturation. 

An explanation for the bulge in the I.(H ) curve for the 
. S 

Oaxaca seismic province 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 impósed by geometry 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 eg. l. The 

afters~ocks, the background seismicity, and the fore

shocks, taken together, follow eq. · 1, but _the 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: 

· ... 

1 

l 
1 

1 

1 

l 
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. The first and second terms in this equation represent the ... 
. ·background and.mainshock activities, respectively; each 

'~f theci ciust be taken equal to zero if M ~ M1 or M ~ M ¡ 
u 

.respectively. According 

. ·.substantially lower than 

to the obseivations, M can be 

M , but when trying to fit the 
u 

:parameters of eq. 2 toa set of data, practically equal 

results are obtained if M1 is made equal to ~~ , thus 
u 

ieducing by one the number of parameters to be estimated. 

· For the purpose of bayesian estimation of the parameters 

of A(M} in·eqs. 1 and 2, it is necessary to propase prior 

joint probability distributions of those parameters. 

. This is better achieved if a change of variables is per

. formed, ·such tha t· the new parameters ·can . be taken as 

stochastically independent in their joint bayesian dis-

tribution, and if their marginal probability density 

functions can be easily related with indirect observa

tions (by comparison with other seismic regions} or with 

quantitative models of the process of energy accumulation 

and release at seismic sources similar to that of interest. 

\'lhen eq .. l is applicable, the requirements in the fore

going paragraph are nearly satisfied if A(M} is expressed 

in terms of E o, S, y and ~~ , where E o is the energy dis-u . . 

sipated per unit time by generation of earthquakes with 

magnitude larger than a threshold magnitude M0 , and the 

other parameters were defined above. The prior marginal 

probability density functions of E o, S and 11 can be 
u 

postulated independently; those 

on both physical considerations 

of Eo and H may be based 
u 

and observations in 

similar regions, whereas that of S 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 

logaritluÍI of the energy dissipated by a shock of magnitude 

M is expresscd as A + BM, then E 0 is given as follows: 

! 
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k 1 M0 ) D (ek,M 11 ~ ek,l'! 0 ) e + > - (3) 

where D1 
A -¡ = -aSe k 1 

k2 = a - -e + Y 

From eq. 3, a can be obtained· as a function of Eo, e, y, 

M , for any specified 11 0 • 
u 

Similarly, if eq. 2 is appl.icable, and ~t i~ decid~d to 

take M1 = M , it may be convenient to take as independent 
u 

parameters E 0 , \1, S, y and M , where 
u 

1J is the ratio of 

the energies dissipated by the· first and second processes 

considered by eq. l. These energies are, respectively ,. 

(ek,Mu _ ·ek,M 0 ) Eo¡ =o, 

where 0 3 
A -¡ = -aSe k 3 

k, = B - S k, = B + y 

(4a) 

( 4b) 

Given Eo, \1, S, y and Mu, it is easy to obtain a and 6. 

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 sour~es and qualitative or 

descriptions of the geotectonic environment. 

quantitative 

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 sources. These 

estimates are obt.ained by extrapolation of magnitudes 

l 
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.observed in other regions with comparable geotec.tonic 

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 reasonab!'e 

und~r minimax decision rules: risk to facilities should 

be kept t'o a minimum, regardless of cost. 

If decisions are to account for.a proper balance between 

costs, 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, 

and defining probabilistic models capable of assimilating 

the mentioned uncertainties with thos~ 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 for 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 probabilities by individual ex-

perts to alternate hypotheses concerning the nature and 

parameters of seismotectonic processes is the possibility 

of arriving at prior bayesian distributions which do not 

reflect the levels of uncertainty implied by the available 

information. In fact,.we even lack a criterion for judg-
.' 

ing about the consistepcy between that information and the 

assigned probabilities. Under sorne consitions, the analy

sis of statistical data for a number of seismotectonic 

regions similar to that of interest may serve to gage the 

éonsistency in question, as shown below~ In other, we 

'shall have to pursue consistency by a mechanism permiting 

. the analysis by a group of experts of the subjective 

·.-,' 

.. 

.. 
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probabilities assigned (including, of course, the basis 

for those assignrnents) by a nurnber of independent experts 

·or groups of experts. · 

·In this section and in the following, we consider that 

the seismicity of a given source is defined by its acti

vity rate /-(!1), and therefore we deal with the problem of 

making bayesian estirnates of the parameters of /-(M) in 

eqs. 1 and 2. This section is devoted to the .practical 
' 

application of Bayes theorem, while next section caneen

trates on the formulation of the prior distribution of 

the mentioned pararneters. 

Let E be the vector of. parameters that determine /. (11) 

(for instance, if we work with eq. l. ET = [<X 6 y ~:u]). If 

H represents the observed seismic history, Bayes theorem 

·states that 

f " 
E 

(e 1 H) = Kf 1 (e)p(Hiel 
E 

( 5) 

where f 1 and f" are respectively prior and posterior joint 
E E 

bayesian probability density functions of E, p(Hiel is th~ 

likelihood of H given e and K is a normalizing constant 

such that the multiple integral of f" (e IHl over the 
E 

region of definition of E' equals unity. 

In general, H will consist of the magnitudes and times 

(11. , 
]. 

time 

t.; i = 1, ..• ,N) of earthquakes occurred during 
]. 

interval t. If H is an observed realization of the 

process of occurrence of earthquakes above the threshold 

value l-1 0 , .and it is assumed to be a. Poisson process with 

all magnitudes identically distributed and mutually inde

pendent, then 

p(Hiel 
-1-(~lo)t 

"' e . 
N 

.Il (-A 1 (l1.)) 
i = 1 ]. 

( 6) 
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where A' = dA/dM. An equation similar to eq. 6 is given 

·;·i·n 'tef.· 1 for thc case in which seismicity is expressed 

· by·the ratc of cxcccdance of different intensity values 

at a.9iven site . 

: The, determination of K in eq. 5 implies carrying out a 

multifold integration, unless f' can be factorized. Other

.wis1e, in practica! applications E we may ha ve to recourse 

'to nUmerical integration, Monte Carlo simulation or dis

_crete distribution techniques (8). In sorne cases, and 

.provided the conditional probability density function of 

magnitudes given the occurrence of a random event is in

dependent of time and previous history, it may prove 

·.advantageous to split the parameter estimation process 

in two steps: first, estimating the parameters of .the 

conditional distribution of M, and second, estimating a 
1 

parameter. proportional to the energy dissipated per unit 

time. If eq. 1 is adopted, this is tantamount tq ob-. -
taining initially the joint bayesian p.d.f. qf 8, .Y and 

Mu, and then the conditional p.d.f. of a for given values 

of these parameters. For the first part,.and startina 

for instance from eq. 1, one obtains. that the conditional 

p.d.f.of l1 given that an earthquake occurs is as follows: 

· f (m) = -Ae- 8m 
M 

8 + ( y - 8 ) e -Y (Mu - m) ] ( 7 ) 

SMo e-Y(Mu- M0 ) -1 
· whe re A = e ( 1 - ] • 

function to be u sed in eq. 5 is gi ven. 

N 
p(Hje) tt TI fM (mi; 8, Y, Mu) 

i = 1 

The likelihood 

by eq. 8. 

( 8) 

· For the purpose of upda'ting the conditional distributiori· 

of a for. ·given values of 8, Y and ~1u, we can use as statist

ical infcírmation the number of earthquakes with magnitudes 

greater'than the threshold'value·H occurred during time 

"~----- -· ~----- ---~--'--- -----·-----~-- -~--------·---·-· ··-~-
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interval t. If we substitute Hu for M in eq. 1 and then 

express the lat ter in the form ). (M o) = o.G ( B, Y, Mu) , the 

conditional distribution of o. can be readily obtained 

from that of ).(Mol: updating of the latter distribution 

on the basis of the statistical information is straight

forward (9). 

The criterion described by eqs. 5-8 is applied in the 

following to a fictitious example represented by a simu-

_lated record of earthquake ma9nitudes. A·hypothetical 

source with fM(m) given by eq. 7 with B = 2, y = 3, 

Mo = 5.5, Mu = 7.5 was assumed and a set of 150 stochas

tically independent magnitude values was simulated 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 s; y 

and Nu '· considering successively the complete set .of 

simulated magnitudes 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 ).(M) curve from which the simulated 

record was obtained. The bayesian probability distribu

tions of B, Y and M were supposed to be discretized at 
u 

all combinations of the following feasible values of 

each parameter: B = 1.8, 2.6; Y= 0.5, 2, 4; Mu = 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 Mu = 7.3 was 

proposed from the condition that it should have to be 

greater than the maximum simulated value, ~.e., 7.18. 

Thus, the domain of the multiparameter bayesian distri

but-ion considered is that of the twelve cases included 

in Table l. The prior bayesian probabilities are 1/12 

for each case. The posterior distributions derived 

from application of eqs. 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 B, Y, 

: Mu as wcll 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 

to approach systematically their deterministic values, 

significant random deviations disturb those trends. The 

· _ deviations _ corresponding to e, Y and Mu are more pro

nounced than those affecting FM(m): Similar statements 

can be made about the systematic decrease in the varia

tion coefficients with increasing sample size. Further 

analysis of fig. 7 and of the results of similar cases 

shows that adoption óf discretized distributions of the 

seismicity parameters must be done with caution, consi

dering, among others, the following problems. 

a) In· sorne cases the statistical information may warrant

posterior probability distributions having a pronounc

ed peak in the vicinity of one or more parameters (for 

instance, those cases in which S is very well defined). 

Such 

mesh 

a peak cannot.be 

adopted _a priori 

reproduced unless the discrete 

includes one or more 

ficiently close to its maximum; otherwise, 

points suf

the poste-

rior distribution will overestimate uncertainty with 

respect to the mentioned parameters. 

b) In regions where the slopes of the likelihood function 

of the seismicity par~eters given the sample are large 

the posteior bayesian probability masses may concentra

te excessively on one or few points, failing to repre~ 

sent the uncertainty determined by the continuous poste

rior distribution corresponding to the rigorous solution. 

--
Bayesian analysis of seismicity under assumptions more 

general than Poisson process is a topic practically un

explored, in spite· of the significantly more sophisticat

ed models which have been developed (10-12)_. capable of 

1 

1 
¡ 
i 

- 1 
1 

1 

1 
----_; _______ ~ ____ : ________ . _________ __: __ ---· _-·----------'-- ·, . . - -. . 'j 

------------ --~------· -· _____ -_· 



12. 

representing effects as complex and as relevant as sys- . 

tematic variation of hazard with time, aftershock sequen-· 

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 fupc

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 

proceiss with inter-arrival times (T) distributed in ac

cordance with a gamma function: 

V k - 1 
fT· (t) = (k _ 

1
)! (Vt) 

-Vt 
e ( 9) 

where v and k are the parameters to be es.timated. 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 P and ~. and if H is expressed as 

the time Tn elapsed between n + 1 consecutive events, then 

the posterior p.d.f; of v is also gamma, now with para

meters P + nk and ~ + tn. In the latter case, only a por-. 

tion of the relevant statistical information is used. In 

most cases, specially if seismic activi ty hfis been lov1 

during the observation 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 those events to the' 

end of the observation. interval. He re, the posterior 

p.d.f. of v has to be obtained by application of eq. 5 

with the following likelihood function: 

p{HJeJ « fT
1

(t¡) fT (tn-t¡) • [1-FT(tf-tn)J (10) 
n-¡ 

______ _::_~...!<'>~--~---~-----~~--: ___ ~--~--· -----~---------
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The first factor in_ the second member of this equation 

is :the probability density function of the waitinc¡ time 

to the first (delayed) event. T 1 can be taken as the 

excess life in a renewal process at an arbitrary value 

of time that tends to infinity ann its p.d.f. can be 

obtained. as· ~ 11 - F T ( l) 1 , where T is the random time 

between consecutive events, F is its cumulative proba-T . 
bi~ity 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, evaluated at 

tn - t 1 , and t f in the last factor is the end of the. ob

servation interval. For the particular case where the 

statistical record reports no events during the time 

interval (0, tfl' the second member of eq. 10 must be 

replaced with p {T 1 ~ tf}. This particular case is .typic-:

a1 of; seismic gaps, and is studied in ref. 9. The results 

show that the posterior expected value of T 1 , the waitino 

time t'o 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 

processes; however, as time goes on and no events occur, 

the statistica1 evidence makes the estimated risk to 

decrease, and therefore the conditional expected value 

of T 1 to increase with t. The smaller the value of k in 

eq. 9,. the fas ter the decreasing of risk estima tes. 

A summary is presented 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. 

properties. 

The structures considered have deterministic 

Because the coefficient of variation of the. 

waiting time between events,is inversely proportional to 

the.square root of k, the greater k the lesser the un

certainty about the waiting time to next event. Tpe 

iatio of expected failure 

processes is smaller than 

costs for 

unity for 

gamma and Poisson 

small values of the. 
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time elapsed since last event and grows with that time. 

The greater k the more pronounced are these variations. 

A likelihood function as given by eg. 10 is meaningful 

if we define as euenta all earthquakes 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 eq. 8 together with application of eq. 10 for 

all earthquakes with magnitudes larger than M0 ; 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

tude earthquake should not affect significantly the 
. . ' 

energy available for large shocks. If we could filter 

out fore- and aftershocks (which is much more easily said 

than done), it would be reasonable to conceive the ocur

rence of earthquakes above a given magnitude M0 as a re

newal process with parameter k dependent on ~1~. A low 

value of M0 considers the occurrence of many smalL and a 

few large earthquakes; a random event would very unlikely 

give place to a significant change in the energy available 

for future shocks, and the assumption of Pciisson process 

(k = 1) would be warranted. For large H0 values this as

sumption is untenable; therefore, we arrive at the problem 

of assimilating a set.of statistical data relative to 

different magnitude ranges, and using it as an ensemble 

for estimating the parameters of a complex process, which 

cannot be represented as a renewal process with independ

ent random selection. The problem is solved if we relate 

the hazard at any instant ~1ith the previous 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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S~ppose first that the seismic record does not contain 

any fore- or aftershock. Represent that record by a 

.Harkov 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

quake is independent of history; it is also assumed that 

;.. ( t) de-creases 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.pro

ducing i t, 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 A is deterministically related to the strain ~nergy 

stored in the system, and if this energy increases at 

constant rate during time intervals between shocks, it 

follo:--;:s 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 earthquake energy by considering 

that the time origin of the A(t) curve is translated· an 

amount equal to the length of time required to store the 

mentioned energy: 

Here, E. is the energy liberated by the ~-th shock and 
.(. 

1r is the rate of energy accumulation. The latter is one 

of _the parameters to be estimated. 

.1 
i 
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1 
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Before talking about the problem of bayesian estimation 

of· parameters, let us discuss a possible f amily of 

hazard functions and their application when trying to 

relate E with jumps in A. A particular case of the Vei

bull distribution corresponds to the following p. d. f. ( 13) : 

f(t) V ~ 0 

k ~ 1 

t ~ o 

( 11) 

If the waiting time between earthquakes is assumed to 

possess this distribution, the hazard function is: 

A ( t) ( 12) 

If k= 1, one has Poisson process with A(t) = 1/v. For 

other values of k one gets the types of hazard function 

shown in fig. 6. 

k Let us take for simplicity A = k/v , 1t = k - 1. Then 

A = At !t. Immediate1y prior to the (k+ 1) th shock, the 

hazard function is A 'k = At !t, and j us·t a fter a shock wi th 

energy Ek it is Ak+l = A(t- E/w)IL. Thus, Ak+l can be 

expressed in terms of A'k: 

A' 
A =A[(Ak)1/IL E !]!t k+1 -' k+1 w 

Suppose Ao, A and !t were known. Then time history (t¡, 

E¡; t2, E2: ••• tn' En) would determine A(t) for any t. 

The only function we need in order to complete t!'le model 

is the conditional p.d.f. of energy for any shock. This 

may have for instance a form consistent with eq. l. It 

will be represented as f (e; E), where E is a vector of 
- E 

parameters to be estimated. 
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lf eq; 1 applies, rT? {u BY M }. 
u 

(the vector of paramcters to be estimated) one can obtain 

their likelihood. Once this is done, the problem of 

ba'yesian updating' of the prosed seismicity model is solved 

(at least in theory). The mentioned likelihood is obtain

ed as follows: 

L(t¡, t2, ... , t; e¡, e2, ... ,e l1o, A, Jt, e, w) = 
n n 

where t. is the time of occurrence of the j-th earth-
J 

quake, tf·is the end of the observation ·interval,- fT·is 

the probability density function of the waiting time from 

the fictitious time origin of the hazard function (see 

fig. _5), fE the p.d.f. of tne energy liberated by a ran

domly selected earthquake, e. the energy liberated by 
. J 

the j-th earthquake; because T. is a deterministic func-
.. . J 

tion of To, A, Jt, and all observed values tk, ek, k= 1, 

... , n, the second member in the last equation is a 

function of the variables in vector B defined above. 

ON THE CONSISTENCY OF PRIOR BAYESIAN DISTRIBUTIONS OF 

SEISMICITY PARAMETERS 

The prior distribution of the seismicity parameters of a 

potential seismic source.is an efficient description of 

the estimates that a team of experts can make concerning 

those parameters befare looking at the local seismic 

record. That distribution should accoun.t 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 tectonic characteristics. Also, that distribution 

. ' 
' 
1 

i 
-1 

summarizes the extrapolations that a. capable team of ex-

1

. 

perts in the geophysical sciences can make on the basis 

-. i . ·: . . . . . . . . . . . . j 
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of observations throughout the globe; therefore, it must 

.reflect the degree of uncertainty tied to those extrapo

lations. A simple way of expressing that uncertainty is 

·by formulating a comprehensive a·nd 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 probability of its being the correct represen

tation of the natural process (in reality, due to the 

fact that the set of hypotheses does not cover the uni

verse of all possible models, we understand by "the 

correct representation of the natural process" that model 

within the set which best represents nature). But no 

uniquelly determined criteria have been proposed capable 

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 does not know.what a subjec

tive probability should measure, what consistency rules 

should it satisfy and how well founded are his degrees 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-

lua-ting and correcting probability values and calibrating 

the final decisions with those that would be obtained by 

a rational analysis of the mentioned probabilities. In 

sorne cases the adequacy of given probability distribu-

tions of seismicity parameters assigned on the basis of' 

the information available for a number of eompa¡¡_able.· 
regions can be judged by contrasting them with_the statis-

tics observed on those regions. The concepts and criteria. 

which may be used for such evaluations are exemplified in 

' '1 
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Take a set of potential seisrnic sources corresponding to 

regions with similar geologic and tectonic characteris

tics. They rnay differ in sorne quantitative aspects, 

such as size of faults, intensity of faulting (cross area 

of.faults per square kilorneter of ground _surface) or rate 

o·f crust deforrnation or faul t slip; they may, instead, be 

undistinguishable as far as the rnentioned features are 

concerned. In the first case the statistical seismicity 

information can be used to estirnate 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 s~cond case all the regions may be considered to 

be samples obtained frorn a population characterized by 

the probability distribution of the seismicity parameters 

of ai randomly selected region. This distribution, if· 

known, mig~t be taken as the prior bayesian probability 

-distribution of the mentioned pararneter for a new region. 

of interest, assurned to belong to the same population. 

Thus, the regions included in the original set shall be. 

called aux~t~a~y ~eg~on6 and the collective statistical 

information available for them shall be used as the basis 

for stating a prior. piobability distribution for the 

seismicity parameters of the new region. The statistical 

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 eqs. 5-8. 

Returning to the set of auxiliary regions, let Ei, i = 1, 

..... 1 N, be the vector of parameters of an expression sim-

ilar to the second member of eqs. 1 or 2, that is, of a 

given magnitude-recurrence expresion, AM(m; Ei), valid 

for the .<.-.th auxiliary region. Let fE¡\.J<elml be the 

bayesian p. d. f. of vector E for a randornly selected. 

!: -. 
1 • 

----~~------·------ ----- ------~- ·---'-'-'-·---··-·--·· 

. ·,·· 
' 

. . ~· . 
. ~ 

: i.·j 

1 
·; 

i 
1 
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region, and ~ the parameters determining that p.d.f . 

. Because ~ is uncertain we have·to solve the problem of 

obtaining its bayesian probability distribution f (m); 
lJ 

for this purpose we shall recourse to the observed seis-

mic history h at all the regions. If this inforrnation 

were sufficient to permit obtaining accurate estimates 

of E 1· for i = 1, ... ,N, the bayesian estimation off (m) 
. lJ 

would be formulated as follows: 

( 15) 

Here,.f l Celml is the likelihood function of lJ =m 
. E lJ. 

conditioned to E = e, K1 is a normalizih~ constant and 

f' . f" 
~' lJIE 

are respectively prior and posterior bayesian 
, 

density functions of lJ· As a rule, h does not suffice 

for ~aking sufficiently accurate estimates of E· In 

other words, E is 

cannot be applied 

ncit observable and therefore 'eq. 15 

directly. 

tain a posterior distribution 

We must instead try to ob

of lJ conditioned to the 

observed seismic history: H = h. This is expressed as 

follows·: 

f" (mlhl = K2f' (m)p l Chlml 
lJIH ~ HJJ 

where K2 is a normalizing constant, f 'lJ 

prior and posterior distributions and, 

the rules of conditional probabilities, 

(16) 

and f" are 
lJIH 

in accordance with 

( 17) 

The marginal posterior p.d.f. of E for a randornly select-

ed region is, therefore, 

f" (elhl 
EIH 

= f f Celmlf" Cmlhldm 
EllJ lJIH 

(18) 

1 

1 

1 

1 

1 
1 
! 

j 
i 
1 

1 

"1 
1 

l 
. . ' . . j 
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.The latter p.d.f. would be tak:en as the prior p.d.f. ·of 
• 

E· for a new .seismic region 

population as the original 

assumed to belong to the same 

set. 

The-team of experts analyzing the characteristics of the 

different regions may assume a priori a certain degree of 

correiation among 

w{ll be reflected 

independent, 

vectors E. and 
1 

E.· This assumption 
J 

in f 
1

.· (eiml. 
E ]J 

·Thus, if E. andE. are 
1 J 

N 
f l <elml =JI f l (e.jm) 

E ]J i=1 Ei ¡J 1 
(19) 

while i'n a more general case the correlation matrix may 

,form part of lJ. Ei ther for practica! reasons or on the 

grounds of geophysical similarity, it may be justified to 

as sume at leas t. sorne parameters of the corre1ation mat.rix. 

In the extreme case·when all regions are so similar that 

they are.assumed to possess the same E, we obtain the 

condition of perfect correlation, which is tantamount .to 

tak:ing together all the regions and all the statistical 

information and using it as a single block: in the estima

tion of the vector E valid throughout all regions. 

The use of eqs. 15-18 is illustrated in the following for 

a hypothetical set óf two regions. Por simplicity, it is 

assumed that we are interested only in the rate of activi-. ' . 

ty above a given threshold value, and therefore vectors E. 
1 

will have only one component each, the corresponding rate 

A., i = 1, 2. The complete set of seismicity parameters 
1 . 

is therefore ET = [A 1 A2 ] •. The observed history is, des-

cribed by N. and t., i = 1, 2, 
. . . ~ . 1 

served and the duration of the 

the .number of events ob

Óbservation interval fo'r 

each region .. The following values are assumed here: 

i. 
' ii .. 

·-·------------------------------------· -----·- ...........c __________________ • _____ _lt __ ~----------·- --------. ----·-------~---'----.:.._ __ ~-~--
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N 1 = 3, 

ponding 

t 1 = 50 years, N, = 
esiimates of l, are 

1 

3, tz = 80 years; the corres

therefore 0.06 and 0.0375, 

respectively. 

lr and A2 are assumed independent, with their bayesian 

distributions discretized at three points. The vector ~ 

of parameters of the bayesian distributions of l 1 and l 2 

is ll T = [E ( lt l , E (A z) , V (A!) , V (A z)]. where. E ( • ) denotes 

expectation and V(•) variation coefficient. 

The distribution of ~ is discretized in the following 

values: E(l.) = 0.02, 0.08; V(l.) = 0.2, 0.6; i = 1, 2. 
1 1 

The prior distribution of ~ assigns equal values to each 

of the possible combinations of these parameter values. 

Table 3 summarizes the probability mass function of E. 
J 

for each E(l.) and V(A.). 
1 1 

The likelihood functions for each ~ = m are obtained as 

follows: 

n: p(hlii, ij) p{A¡ = 
ij 

= .e. .im} 
J 

and because the prior distribution of ll is uniform, the 

posterior distribution is proportional to the likelihood 

function: 

m: Ii, vA. p(himl p" (mlhl 
1 

0.02, 0.2 8.209 X 10- 3 0.217 

0.02, 0.6 6.435 X 10- 3 0.170 

o. o 8·, 0.2 1.269 X 10- 2 0.363 

0.08, 0.6 9.416 X 10- 3 . 0.249 

1 
1 

1 
1 

. 1 

. 1 

i 
j 

1 
' 

.. ' . . ' . : j 
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The marginal probability mass function of r is, there'

forc, 

p" <t.lhl 
A. 1 H ~ 
~ 

which leads to: 

.e.. p"(.f..lhl 
~ ~ 

0.01 0.0399 E" 0.) = 0.0567 
~ 

0.02 0.4200 

0.08 0.4799 V" (A.) = 0.633 
~ 

0.16 0.0595 

The foregoing analysis assumed >. 1 independent from \ 2 • 

An alternate assumption might have considered >.. = r_\, 
~ ~ 

with ·r. and A independent and the distribution of r 
~ i 

prescribed. Considering this case, takinq the distribu-

tion of r i as discretized at points O. 7 and l. 3 with equal 

probabilities, and the prior distribution of >. as dis

cretized at points0.02 and 0.08, also with equal probabi

lities, we obtain the following posterior distribution of 

>.: p,~.·'(0.02) ='·0.332, pA (0.08) = 0.668. From this distri

bution and that of r. we obtain for A the following pos-
~ 

terior distribution: 

i. P,1. (iil 
~-

0.014 0.166 E"(>..) = 0.06 
1 

0.026 0.166 V"(>..).= 0.576 
~ 

0.056 0.332 

0.104 .O. 332 

If r. is taken deterministically equal to unity, 
l. 

E~(>.:) = 0.057 ~nd V"(A.) 0.503. 
l. ~ 

.1 
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and informal criteria will improve our knowledge and unr 

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. 
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TABLE l. Pof>:tetrútt baye~.>.<.an pttobab.<..U:tú.l.> 6ott :thltee. 

cal.> e. A66ump:t.i.on 

B y M u 

1 1 • 8 o. 5 7. 3 

2 1 8. o 

3 2 7. 3 

4 1 8 • ·o 

5 4 7. 3 

6 1 8. o 

7 2. 6 0.5 7. 3 

8 1 8. o 

9 2 7. 3 

1 o 1 8. o 

1 1 4 7. 3 

1 1 2 1 8. o 

Ptrobab.i..U:t.ü~.> 

N=5o 100 

0.0407 0.0363 

0.0083 0.0021 

o. o o 39 0.0008 

0.0010 o . 

0.0013 0.0001 

0.0007 9 
o. 2037 0.1331 

o. 1767 0.1539 

0.1820, 0.2439 

0.1Z07 0.1179 

0.15Z9 0.2138 

0.1081 0.0979 

1 5o 

O. Z550. 

0.0154 

O.OZ66 

0.0004 

0.005Z 

0.0001 

0.0015 

0.0141 

0.1205 

0.0680 

0.4297 

0.0635 

1 

1 

1 
1 

1 
1 

\1 
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.TABLE 2. 

Pa~ete.lt 

X 

e 
y 

M u 
FM(6.0). 

''At ( 6. 5) 
FM(6. 75) 

FM(7.0) 

TABLE 3. 

E (X.) 
.{, 

' 
o. o 2 

o. o 8 

.35 

mieity pa~amete~6 and o6 eomplementa~y eumu

lative magnitude di6t~ibution6 

E(X) V(X) Vet!Mini6üe 

N = 50 100 150 N = 50 100 150 valuu 

2.56 2.57 2.36 0.072 0.062 o. 156 2 
1. 88 2. 14 2.57 o. 752 0.656 0.592 3 

7.59 7.56 7.41 0.045 0.047 0.035 7.5 
0.257 0.259 0.288 o. 11 o 0.088 o. 113 0.36 
0.062 0.063 o. 078 0.253 o. 194 0.211 o. 13 

0.029 0.030 0.038 0.346 0.261 0.257 o. 072 

0.012 0.012 0.016 o. 477 0.377 0.335 0.038 

Vi6e~ete baye6ian di6t~ibution6 o6 X¡ 6o~ ·eaeh 

E!X¿l and V(X¡) 

V (X.) X. 
.{, 

.{, 

o. o 1 o. o 2 0.08 o. 1 6 

o. 2 0.0229 o. 9 7 3 0.0038 o 

0.6 o. 2057 o. 760 0.0343 o 

o. 2 o 0.0305 o. 9 4 7 0.0229 

o . 6 o 0.2743 o. 52 o 0.2057 

' 

1 

1 

i 
i 

'1 
1 

• 1 

l 

1 

1 
'1 

1 

1 

1 

1 

1 

! 

1 

i 
1 

! 
• 1 

1 
. 1 

1 
1 
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TABLE 4. 

E(v)-t 

o. o o 1 

o. o 1 

o . 1 

1 . o 

TABLE 5. 

A t1 

10- 7 2 

4 
10- 2 2 

4 

TABLE 6. 

vk 

p 

u. ) o. 3 T 3 1 o 
0.9950 0.9983 0.9995 0.9998 1 . o 
0.9533 o. 9838 0.9951 0.9984 o. 9995 

o. 7037 o. 8689 0.9553 0.9845 0.9953 
o. 3373 o. 5630 0.7910 0.9146 0.9721 

T)1 

1 0.5 0.2 o. 1 0.05 0.02 o. o 1 

1.0 1. o 1. o 0.999 0.990 o. 799 ~.465 

1. o 2.0 o. 9i7 . o. 589 0.235 0.0631 0.0234 

0.994 0.919 0.518 0.257 0.120 0.0426 0.0193 

0.994 o. 713 0.218 0.0808 0.0296 0.00.78 0.0029. 

Valuea o6 E(vlyvl) / E(vlyv1l) and. n/n 1 6on 

e=0.01, n=2, n=2, n 1 =0.01 

o o. 1 o 0.20 0.30 0.50 0.70 1 . o 

E(vlyvl)/E(vlyv1l) o. 197 o. 189 o. 185 o. 178 o. 159 0.137 o. 107 

n/n1 2.288 2.300 2.325 2.370 2.508 2.701 3.057 

1 

1 

1 

i 

. . . . 1 
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ABSTRACT 

A ntethotk!,gy bused · tJ!l thc frümcwork of 
Empirical Ba.n:.~ J::s::mati~'n i.')· prescn!ed _for !he 
estima;iim of fo~_·al seisrnicity in a gh:e11 rcgiun. 
usiilg s!atistic~l ;nfarmatiun concer.'liJ:g tlwt re· 
gion rogerhcr H'ith nddirional infornwiim: de
ril'ed jrom orh,:r regivns lwuing simii:Jr fji!Otech-

nic characteristics. 
The me_rlwdo/ogy is. applied to estimatúm of 

scismidty in Southcrn Ale.rico, usingadditional 
infornwtion from nine other region.)· uround the 
Pacific Or-eu11. 

-----·--------------------------

1. INTRODUCTION 

Thc cstimution of seismirit)· pa:-amctcrs in 
rcgions "hcre on!y scanty 1..bta are a·,,aitabk ;s 
fraught wilh. unccnaintiL'S. To incn.:~'SC thc 
prct:ision of thc estirn:~tion. it :1as oflen he~n 
s~~~~gest...·d that ui\c be madc of ~talisticLd d:1La 
from otiH.:r rq;.ions of tht..' world wh!¡,:h lwvc. 
similar ~~cot~chni~ charact~ristics. bu~ \t is J1-
most ~l·.vays the C.:lSL' th:H tit'.~ \':l!'iO'J5 lÜH:t 

cnnnot be :.:onsictered as a 
from a single di:-;trihution. 
paran11~ters obviow~iv varv. 

rand8m sample 
Tb.: urH .. krlying 

Empirical Bayl.!s i:·:stimatinn is a swtisticai 
t~xhni(:ta: which h:~s b(:cn sp..:ciaily dcvdoped 
for this panicubr purpo,c. 

Thc data of the v;_¡,rinus rcg1on-.: are sup
poscd to ht: th~ rt.~su!t \lf ·.J I\VO-stnge sampling 
proccs:.;: fir:-:r a s~ur..pling pru·.:: ... ~~s from an ul~

derlying, !'"raméter di"ril:>utinn ll'hi~h yiclus 
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the variou~ p~1ramctcr sds corrcsponding to 
thc: ·l·nnsidcrcJ regicms. und thcn a sc~..·nnd 

sampling prorcss in l~adt rcgion. yiclding thc 
obsen·cd d3ta. Thc Empirical Baycs mcthod 
cstimatcs the undcrlying paramctcr disiribu
tion, and thcn estimatcs thc a posleriori dis
tribution of thc paramcters in each region, 
given .the data. 

In this papcr. the Empirical Bayes mcthod 
is applied to the determination of thc seismic
ity parameters in a region of Mexico, making . 
use of the local data as well as of the data 
from nine auxiliary regions having similar 
geotcchnic characteristics. 

For a presentation of the Empirical Bayes 
method, see Maritz [1]. 

2. OUTLINE OF EMPIRICAL BAYES 
TECHNIQUE 

The Empírica! !layes tcchnique has bcen 
developcd in · order to handle the following 
type of problem. 

Su!"'pose we h:'l\'~ (1 c;:~c:uf'Pl~ ('lf nh.~.~rvation 

vectors X ¡o x 2 , ... , x., such that the likelihood 
function of x is /( xiA) which depcnds on the 
value of a vector of parameters, A, 'which is 
assumed lo vary from one observation vector 
lo another. 

The conceptual model used lo handle the 
abovc situation assumcs that the parameter A 
is a random variable, and that the successive 
obsen·ations correspond 10 values of A which 
are a random sample from a given distribu
tion G(A). 

The marginal likelihood function of x, 
/G( x ), wiil then be given by 

(1) 

Thc above assumptions are equivalen! to 
assuming that the x, are a random sample 
from thc dcnsity function/o-(x), i.c. that their 
likclihood function is 

(2) 

! ____ ,._...:. ___ ·~-' . ~~--.-- ·-· ·.-~-· . 

Th~ problcm is to estímate thc distribution 
fundion G(A) from thc obscrvations .r1, ... , 

X n' 

In general, two hasic approachcs are uscd: · 

(1) Parametrization ol G(A) 

lf it can be assumed that G.(A) has· a known 
form dcpcnding on sorne vector of parametcrs 
O. thcn fc(x) becomes a function of O. and 
the problem reduces itself to a classical 
parametcr-estimation problem which can be 
handkd by any of the standard tcchniques. 

(2) Dlscretization ol G(A) 

When no reasonablc paramelrization of 
G( A) is avaibble. wc assume that G has Clln
ccntrations of mass atthc points A, (i = 1, ... , 
k). Let: 

P(A,) =O,. (3) 

Thcn the problem reduces itself to estimat
ing either the A,, or the O,. or both. 

3. A SPECIAL CASE WHICH IS EASY TO 
TREAT 

Suppose we choose k = n, i.e. we assume 
that the number of points wherc G ·has con
centrations of mass is egua! to the number of 
observations. For each observation vector .r, 

we calculate by some method. e.g. the method 
of' moments or maximum likelihood, an . 
estímate of thc parameter vector A. Thus we 
ha ven values A1, ... , A •. 

Thc marginal density function of x is then 
n 

fc(.r) ~ L OJ(x!A,). (4) 
,_¡ 

Finally, the likclihood Lis given by 

L = ¡",¡( x 1 ) .. • fG(x.). (5) 

1 

1 
--------·------·-~--'- . ....!..- •• -----------· --·--------· 
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The mcthod of maximum likclihood is now 
: used to estima te th~ 8, (sec Maritz [\) p. 42). 

Letf(x,¡>..,) = P,,. 
Then 

In, L_ = i: In( i: p,o,]. 
. •-1 ,_,. 

In order to maximize In L. subject to the 
condition 81 + ... + 8. = \, we use a Lagrange 

· multiplier. y. This gives: 

a 
aB[In L- y( O,+ ... +8.)] 

' . 
'n 

np, -Y= O. (6) =:E 
s•l :E p,8, 

r-t 

Let 

r-t 

Thcal 
n 

L P,t=.y, r=.l, ... , n, (7) 
s-1 

and 
n 1 . 

:E p,8,=<· s= 1, ... , n. 
T""' 1 . -'i.J 

{8) 

Suppose that thc determinan! of p,. ~, 
does not vanish. Then. denoting the cofactor 
of p,; in~ by P,, gives: from (7) 

n 

t = l L P,. 
s-1 

(9) 

and from (8) 

8,=-~ t P,C'. 
: r-l 

(10) 

Rcplacing t in (10) by its valuc in (9) 

n ( n )-1 
8,=·y-t L P,. L P, 

r- 1 s= 1 

To find y, wc use the rdation L:7. 18, = \, 
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from which 

¡ . l " E P,J ' 

1 ·1 '\' s•l -1 =y ¿,. n =y n. 
,_, '\' p 

¿,. " 
s•l 

Thus y = n, and we finally ha ve 

(11) 

4. A POSTERIOR/ ESTIMATE OF THE 
PARAMETERS A5 

The values of 8, given by eqn. (11) con
stitute thc a priori distribution of A, for any 
new region which can be assumed to belong 
to the same population. 

Once the value of the 81 are obtaincd. it is 
easy to calculate the a posteriori estimate A,. 
This is given by;\,,= EIA!x,) and it is easy to 

see that this is-given by 

L;>-.,8,p, 
). = ' (12) 

_, [8rPrs 
r 

S. 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 cstimated by using· statistical dala 

· rcferring to the region itself, as well as data 
referring to ninc auxiliary'regions with similar 
geotechnic characieristics. Dcsigtiations <~nJ 

soine charactcristics of the considercd re(',ions 
are ·givcn in Table l. 

Two scts of stalistical data are available for 
each rcgion, namdy n' ~arthquakes with mag-
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TADLE 1 

u ... t of scismic rcgions 

No Dcsignation Cl){lrdinatcs' 

Latitude 

South Chile 33°-45°5 
Cenwd Chile 27"-33"5 2 

3 
4 

North Chilc~St-luth Peru 15°-27°5 

5 
6 
7 
8 
9 

lO 

CentraljNorth Peru 
and South Ecuador 
Central America 
Alaska 
Aleu~ian Islands 
Kamchatka 
K u riles 
Mexico 
(Region of Interest) 

2°-l5°S 

8°-·l6°N 
so• -64°N _ 
50°-60°N 
48°-55°N 
42"-48"N 
14•-2o·N 

nitudcs mj ~M~, (j = 1, ... , n'; M¿= 7) dur
ing the period T' (1918-1952; 35 years) and 

" 'th 't d " ' M" ( . 1 " n Wl ·magm u es m1 ;:;:- 0 • J = .... , n ; 
M~'= 6) during the pcriod T" (1953--1974; 22 
years). 

{2) A mt'':lel for seismicity 

Occurrence of earthquakes with magni
tudes greater than or equal lo M generated in 
a given seismic region wiil be represented by a 
Poisson process with mean rate ,\(M) per 
unit area i1nd unit time. The function .\(M) 
will be assumed lo be of the form [2] 

.\(M)=a(e-PM- e-PM,) 

=O 
• 

forM< M1,} 

for M> M1 • 

.. 
'T~" >"e(fi,;,+ ..• ,;.~;:-'._>;;:~'~..,;}¡;~,+<· ~-~~\L .... .;;.·,_.· 

Arca ( 1000 km1
) 

Longitude 

60o- 90oW 242' 
60°- '90°W 378 
6Qo- 90oW 285 . 
60°- 90°W 818 

83°- 94°W 83 
. l42°-164°W 366 
l65°E··l60°W 459 

155?-165°E 302 
l45°-l55"E 169 
94°-J05•w . 778 

where w is the arca of the region. 
To cach event t, from this Poisson process, 

we attach a random variable x; with dcnsity 
function 

g(m) 
= pe-p· l 

(e-~"''- e-PM,) \ 

for M¿,; m,; M1 ,J 
= O elsewhere. 

(15) 

Morcover, the random variables x; are in
dependen! and identically distributed. 

For the time intcrval T", the modcl is the 
same, except that M¿' is substituted for M¿. In 
other words, the data for each region of reali
zations consisl of two Compound Poisson 

( 13) processes. 

The statistical data described above may be 
considered lo be generated as follows for each 
region. 

Consider first the time interval T'. The 
data can be assumed lo be generated by a 
simple Poisson process with parameter JL' 
given by 

(14) 

The likelihood function of the two sets of 
data turns out to be 

f('ó¡a,p,M
1

) = (waP)"'+n" 

x exp[- wa( K'T' + K"T")- ps] (16) 

where K'= e-PM4~- e-PM,; K''= e-PMó'

e-PM,; and S= L:mj + í..mj. For the deriva
tion scc the Appendix. 
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_ (3) Prellminary- estlmatlon ol the parame
-ters In each region 

_ (a) Estlmatlon. ol the upper bound, M, 
- Follo,ving Cooke [3], as estimator for the 
_ upper bound of the X 's we use: 

• - ( ') 1 _M, = 1 + ,- - Y, - ,~ Y,, (17) 

where -Y1 is the largest value of the sample, 
_and }~ is the r th largest valuc. The value of r 
can be taken to be fairly small, ánd the value 
of the estimator is insensitive to r. In the 
calculations given later in the paper, r will be 
taken to be 10. _ 

- (b) Estlmatiori ol a and fJ 
Given the value of M 1, the parameters a 

and fJ are estimated by maximum likelihood. 
The equations are: 

. a - n -
-(Inj) =-- w(K'T' + K"T") 

: aa - a -
(18) 

a~ (lnf) =;- wa(RT' + R"T")- S= O. 

(19) 

where R' = M
1
e-/JM¡ - Móe-/JM;,; R" = 

. A-f1e-/JM¡- i.\1ó'e-PMt;; and n = n' + n". 

- Replacing a in (19) by its value from (18), 
we find 

( 
1 R'T' + R"T" ) -

n {J- K'T' + K"T" -S~O. (20) 

This équation must be solved numerically for' 
-{J, and it turns out that' a better form is 
n- {J(S + nF) =O, where F = (R'T' + 
R"T")/(K'T' + K"T"). 

Once /J is calculated, a is obtained by the 
formula a= 11/( K'T' + K"T'')w. 

(4) Numerical results ol preliminary 
estimation -

Thc values given in Tahle 2 wae obtaincd 
for each of thc 10 considercd rcgions. (Note 
that the units of a are earthquakcs pcr year 
pcr km2 ). - - • 

-~----.iJ· 
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TABLE 2 

Statistical data and prcliminary parameter estimates 

Region No S n M, a fJ 
1 495 75 8.41 4.85 2.1-

2 253 38 8.43 0.51 2.0 
3 559.7 83 8.18 0_19 L6 
4 309.2 46 8.08 0.04 L6 
5 408.8 . 63 7.98 105.8 2.5 
6 701.1 110 8.64- 3053.0 3.2 
7 1850 290_ 8.34 4876.0 3.2 
8 851.5 132 8.43 291.1 2.8 
9 959.1 147 8.83 94.16 2.5 

10 387.1 58 8J6 0.18 LS 

(5) Calculation ol the a priori distribution 
ol the parameters 

As explained in section 3, the a priori dis- -
tribution of the parameter set (a, {J, M 1) was 
taken to be diserete. taking each of the ten 
sets of values given in Table 1 with probahil- . 
ity O,(i = 1, ... , 10). 

Using formula (16), the matrix of condi
tional likdihoods ( p,) was calculated. Sorne 
difficulties were ·encountered on account of 
the very largc numbers generated. In this con
nection it is importan! to. note that the solu
tion of the set of eqns. (7) and (8) depends 
only on thc ratio of the elements in any 
particular column. One should also-note that, 
since M 1 docs n'ot vary very significantly. and 
since a and fJ were calculated by using a 
maximum-likclihood 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 elemcnts 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. lt turned out to have ones al<mg 
the main diagonal, with, much smallcr ele
ments elsewhcre. 

Final! y. the 8, were calculatcd. and thc val
ucs obtained wcrc: 0.10, 0.07, 0.10, 0.09. O, 
0.10, 0.10, 0.10. 0.21, 0.13. 
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(6) Calculation ol the a posterior/ estlma
tors lor region 1 O 

This is <':tsily <hlllc. using formula (12). Thc 
valucs obtaincd are: ª'10 = 0.1779: P10 = I.H26: 
MIOO)= 8.164. -

6. CONCLUSION 

The method described above provides a 
general procedure for combining relevan! 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 lime a precise mathe
malical and statislical model for such a proce
dure. ~ 

As in most empirical Bayes applications. it 
is not possible to derive simple formulae for 
the biás and variance of the estimators. Al! 
what 6ne can say in general is that, on account 
of formula (12), the empirical· Bayes cstima
tors are averages of the estirnators in the 
various regions. If n is the number of regions. 
and the estimators have comparable vari
ances. · the Bayes estimator's variance can be 
cxpected to be improved by a factor of about 
n agai~st the estimator based on one region 
alone. Also the Bayes estimator can be 
expected to show very little bias. (See Maritz 
[1]). 

For the particular case at hand, the only 
way to obtain precise figures is to resort to 
simulation. \York is procccding 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, 
na me! y 

(i) thc Poisson occurrence of . the earth
quakes, 

(ii) the truncated negalive exponen tia! distri-

hutinn fnr thc distribution or"carthquake 
magnitudes. 

(iií) th"t thc p"ramctcrs in cach of thc ten 
rl.!gions are ranJom valw.:s fn.)m a popu· 
lation of paramctcrs which can be ap· 
prc>xinútcd by a discrcte distribution. 

The modcl is certainly highly plausible, but 
its eventual value will only be judgcd by its 
long-run success in practica! applications. 
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APPENDIX 

Derivalion of the likelihÓod lunction o! !he 
data 

1. Likelihood of a. compound Poisson pro
cess. 

Con:;;dcr.:l reaEz~:io~ of a Po!sscn rroces5 
with parameter A over a time interval T. Let 
(11 ••• 1,.) be the points of time at which the 
occurrences of the process are located. 

Divide the time interval Tinto small in ter
vals of length h. Let h be so small that in each 
small interval either one occurrence or no 
occurrence is located. The probability of 
(11 .... , 1,.) is then exp( ->-T)A"h" and is inde-, 
pendcnt of the exact values of 11, ... , 1 •. 

As h ~O thc likelihood remains propor· 
tional to cxp( -AT)A" and is a function of n 
only. 

lf g(x) is "the common densily function of 
the random variables located at (11, ... , 1.), 
and ( x P ... , x,.) is the set of observed values, 
the iikelihood function, gtven n, is 
g(x 1 ) ... g(x.). 

Finally. thc likclihood of the observations 
(1¡. ... ,· r.) and (x1 •... ,x.) is 

exp{ -AT)A"g(x1 } • .. g(x.). (21) 

F 

·,, 
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As long as ~e idealilc carthquakc gcneration as a Poisson proce~s 

~e necd· only assess thc cxce·euancc rateas a funétion of·magnitu..Jc. 

More 'realistic models demand cvaluation of more than ene quantity for 

everj given magnitudc. ln turn the exceedance ratc must be defincd 

by two or mdr~ parameters, dcpcnding on·the rcfincment dcsircd. 

The bayesian tteatmcnt is entirely general. Dctails of its ap

plication to the examnles chosen here are, however, tied to the as

sumption that we deal 1dth a Poisson process and to the par.ticular 
shape of the exceedance-rate curves. The choice is justif1ed for·a 

·wide range of applications. 

GENERAL SOLUTION FOR A. SINGLE REGION 

Assume that we deal with a Poisson 'rocess. Let l = l(M;!) denote 

thé 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 e. Let M0 denote the smallest magnitude 

for which there are complete, reliable observations over a period 

t, and Mu the maximum possible magnitude within the region in ques

tion. 
enough 

Divide the i"nterval M0 , Mu into segments of size llM small 
that-~he ~robability is negligible of there having_occurred 

more than one earthquake in any one given segment during the period 

of observatiori. The probability that an earthquake with magnitude 
. l':tll 11 

M. occurred is, save for higher-order terms, -l~:tllMe i · ··· where 
~ ~ . 

'l = dl/dM at M= M¡. Again save for higher-order terms, the proba-
bility that no earthquake occurred with magnitude in the segment 
containing -M- is e 1 J:tllM H~nce, the Iikelihood of the event E • 

j . ' 

consi~ting in the occurrence of earthquakes with magnitudes M., 
~ 

¡ = 1; ... , n, given e is 

-,rf- •'·). 
; ' .(..' 

. --:1~ exp(~lk:tllM), k= ~.J 

Nów make llM tend to zero. In the limit, 
. M . J u 

= ~nl'.exp(t l'dM) 
~ -<' M ' ' o 

"1 • ' 

~----------··---"-----~-- __ : ____ ··-~--
= -Dl .exp[ CXu - ) 0 ):t) 

,(,¡. 
(1) 
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. We must often aggregate seismic data gathcred over periods of 

observation having different M0 s. Let then subscript k iden~ify 

such periods and recast· equation (1) in the form 

;.. ) '\ 
- ' ' .. Lc·l~ =, -n~'.exp[l:(~u-'- ~ ")tk] 

' .. -<..-<.; k 0f(. 
'"-.. ../ 

Subscript ~ covers the totality of observed earthquakes. 

(2) 

3 

· Now let l~ denote the prior likelihood function of the parameter 

vector. Bay¡s• th~orem gives us the posterior likelihood, 

Ke get th~ joint posterior probability density functio~ p~ by. normal" 

izing l= so that its integral over the domain of e be one: (As is 
customary in bayesian statistics, here we use the single prime to 

denote prioi values, the double prime for the posterior ones, and no 
prime for statistical data.) 

We are interest.ed ih the probability density of .~ as a function of 

M. This we obtain from p~; In most practical cases, though, it suf
fices with the calculatio~ of the expectation of ~ and perhaps of its· 

variance. This allows computing th~ 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 provid~ a 
basis for design. In the present paper we will stop at the calcula

tion of p~ . 

. EXCEEDANCE-RATE CURVES AND THE POISSON ASSUMPTION , 

With basis on work by Gutenberg and Richter 1 it was established prac
tic~ for decades to idealize as linear the relation between the log

arithm of the exceedance rate, In~. and the magnitude M of the earth
quakes generated in any volume of the earth's crust, someii~es intro

ducing a cutoff at the estimated maximum possible valbe of ~ (Figure 1). 
Owing ·to inaccuracies in the inagni tude, · to the · combination of data 

... _._ _ _:__._~--~----··-·..:_..:__..:..,. ___ .:,.......,._• _.·. _. ·--'._....:.,_ ___ ,:.. .. _· _. _.:......_.....:. __ . 
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frorn seisrnic provinces having diffe~cnt cutoff magnitudes, and pre

surnably to other causes, the right-hand end of the curve was found 

to be rounded, as in Figure 1¡ and among other things bccausc rnany 

smail earthquakes are not registered, the rather irrelevant left

hand end was also rounded. 

lf In>. is a linear function of M with a cutoff, so is In (-d)./dM) 

save for· a concentrated pUlse at the cutoff rnagnitude. That a linear 

relatiorl should hold given the nature of tectonic mechanisms has 

been pr~ved in an 

eludes that there 

first, originating 

hump in Figure 2. 

triggered by slips 

analyiical study 2 • However, the same study con

must be a secqnd process, superimposed on the 

high~magnitude rnotions and thus causing the 

The second process corresponds to earthquakes 

at asperities in geologic faults. The overall 

seismicity is ~ssociated with the sum of the exceedance rates for 

both processes. By integrating -dl/dM we get curves like the one 

in Figure 3, in which there is nearly a magnitude gap over sorne 

range. Jhis is in close agreement with results of studies in which 

reported magnitudes and focal coordinates h~ve been very carefully 

reevaluated 3 -
7 
•. Except for aftershocks and swarms, earthquakes not 

associated with the hump seern to occur in approximate accord with 
Poisson_processes, but perhaps not these dueto the second process. 

Seismicity studies are doubtless due in for a nosy revision. 
For illustration we will take the exceedance rate to be-of the 

.form 

(4) 

where a,S, and Mu are parameters dependent on the region. This 

relation closely resembles the enes found by Gutenberg and Richter. 

Theoretically 2 e should be 2.25 but somewhat different values occur 

in nature. 
The Poisson assumption is justified when assessing seismicity 

for design of not ~ery important structures in areas of high seis
rnicity. Governing earthquakes are thcn mostly of moderate rnagnitude 
and originate through roughly independent processes, which makes 

their arrival times ncarly Poisson. For thc same re~sons the tail
end bumps and fairly sharp cutoffs will be blurred, justifying use 

of equation 4. 

. ' 
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.-·~ PRIOR DISTRJBUTJON FUNCTIONS 

Asidc from thcoretical considcrations that furnish a very rough 

estimate of S and aside from information on seismic activity thcre 

•ie no sound bases for assigning a prior distribution to the seis

micity parameters. The orders of magnitude ?f radioactive and geo· 

thermal energies avilable for earthquake generation are too high 

to be of much use.while estimates based exclusively on fault sizc 

a_nd -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 empírica] correlations, and from 

earth~uake history. There is no evidence, either historical, ar

cheological, or geological, that there has ever occurred an earth

_quake ~f tectonic origin with magnitude greater than 9,· ~hile sorne 

.·argurnents favor assigning the 1755 Lisbon earthquake a rnagnitude 

apporaching this value 8
• On the other hand, even in regions having 

' no a¿tive faults we cannot rule out the possibility that sorne rni~ht 

eventually forrn. Pending a car~ful assessrnent it seems reasonable 

to recogni:e that in every region there is a possibility that Mu 
will exceed 3. We would like for the prior density function of 

Mu rapidly to approach zero as Mu tends to sorne value slightly in 
excess of 9, s~y 9.2, as well as when it tends to 3. The beta dis

tribution with likelihood function
1 

( 5) 

will do this if we set x, = 3, x 2 = 9.2 and if a 1 anda. exceed l. 
For ·purposes of· illustration ~e will choose a

1 
= S, a

2 
= 3. For 

the beta ~istribution, E'M = (a x + a.x )/(a + a 2 )~and c'M = 
12 <:1··-1 u 

· [(X 2 - X'1 )/(a 1 X 2 + azx,)] [a,ad(a, + a 2 )] 112 where E ande denote 

expectation and coefficient of variation, -respectively. Kith the 
values assigned to the pararneters we get E'Mu = 6.875, c'Mu = 0.1544. 

With basis on local studies it should be possible to raise i
1

/ ~, 

and 4 2 and it rnay be p6ssible to narrow the range x2 - x:, rnaking 
.+1 • ., ' 

~ = ---
..-¡ : r :' -; .. , , \ -1 

.,_,_____ . 1 ":< • y ...J -•• 
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thc distribution more pcakcd on both counts. 

Whcn scismic data h3vc bccn collcctcd ovcr a single time intcrval 

-in other words, 1<ith M
0 

constant ,- substituting ). from cquation. (4) 

'," ." into (1) gi ves,. 
1 .. 1 (':. ' 

,. ¡ '1 .. .,.,,!:1 .. ,' ' T··· . 

' ( ,.. r' /. 

(6) 

BM · - BM where t = (e- 0 - e u).t and 6 = l:M:. This has the disadvantage 
.l, 

that ex and B are strongly coupled since M0 is almost always appre, 

ciably 'greater than zero. \\'e improve matters by moving the origin 

of magnitudes to M0 eafter all, the zero in the magnitude scale 1s . . 
quite arbitrary) and reKriting equation e6) as 

where """ 0.1" = • = e 1 

e7) 

An 

uncoupl~d, approximate solution now obtains by replacing B and Mu 

with their expectations in the expression for ~. and ~ with its 

expectation when it comes to Mu. Indeed 1<e can 1<rite, 

L "- L L L es) c•e c¡cx c¡B c¡Mu '-
"- _;¡; 'v"c '\, 

L "'n -a-e '\, 

(1 e- BMu ).t e9) = ex e ' T = 
C¡Cl 

"-

L = B n e- B~ (10) 
c¡B 

--'\, 
'\,'\, 

L 
e 1 Mu = e -cxt en) 

i 

1 ~-

. . ~ 
• 1 

·, 

. } 
'( 

. ~. 

' : ~ : 

1 

1 

i 

1 

1 
1 
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wherc thc 6vcrbar denotes cxpcctation. The rcquired expcctations 

~ari be obtained iterativcly. Wc ~ill sec ih the numcrical exa~ples 

that thc errors in vol ved are quite small. Greater accuracy resul ts 

:rrom writing ¡ for e, wherc ¡ is such that 

"~ •ve n "'" '\, 
(l1 - = <lT - e~ 

or e = ~ and 
\ 
\. 

'\, 

e = "'e"' <l T . ~)/~ + ~ 

'\, 

~í.'l.u ( ~ - 1) e- BMu e {----(12) = + 

When data come from time intervals having different·values of 

'M·0 , equations (2) and (4)yield equation(6)with n = ¡;k'¡fl.• l> =,¡;1.0 ¿,k, T = • 

Ek(e·eMok - e~eMu)tk where subscript k identifies each such interval. 

Againlcoupling is reduced by moving the origin of M to sorne conve-

·nient magnitude, such as the smallest M
0
k. Should coupling between 

~ and ~ still be excessive after applying equation (12), one can 

make a a ~uadratic function of ~. perhaps a a linear fun~tion of 

~ 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 añd e come essentially from com

parisons with oiher regions and because the use of natural conju· 
gate distributions appreciably simplifies the mathematical. tr.eat

ment it is desirable to assign such distributions to these para

meters. For Poisson processes a natural conjugate is the gamma-1 

distribution 9 ,.with prior density function 

p' = 
A o 

A·~· - 1 t • n' e- A o t ' 

r(n') 

where n' and .t' are prior parameters. 

~ and for B (or ~) after replacing t' 

( 1 3) 

Similar express1ons hold for 
" with ~ and with ~·. respective· 

"' The n' for a must be the same as for A~ but that for B will 
that usually be much greater. It follows fro~ equation 13 
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f'Ao = n'/:t' (14) 

e ' ). o 
- lf: 

= n, . ( 1 S) 

posterior densities p~ , and 
~ . ~ o 

p" . B are obtained by 
'\. 

replacing n', 
'1. 'v 

~·, and l• ~ith n'' = 11' + ~. t" = .t' + :t", {" = 
'\. '\. 
t ' + t, and 

"' '\. = ~·- + -~• respectively. 
Forcing matters a bit, \\'h·cn data come from a single period of 

observation, according to equation (11)\\'e can multiply iiJ.u in equa

tion (S) by exp[-~(1-e_¡~u)t] where t' is sorne prior parameter that 

needs not be the same as that used in the prior distribution of '' 
'\. nor in the calculation of t'. Then we can say that not very or-, 

thodoxically, ¿Mu is a natural conjugate distribution (not very 

orthodoxically because it contains more than the least possible 

number of parameters¡ still it retains its formas we incorporate 

data and t' changes into t'' = t' + t to give us the posterior 

likelihood function of Mu.) The net results usually differ .little 
¡ ' 

fro~ assuming that both prior and posterior distributions of Mu 
are beta Ki th parameters _a

1
, a,, x

1
, and x·" but that the posterior 

distribution is zero for Mu s M1 , where M
1 

is. the largest observed 

magnitude. 

The prior likelihood~ ·can heuristically be regarded as the out

comes of a fictitious, conceptual experiment in Khich we register 

n' earthquakes having_ sorne 

experiment being imaginary 

l• • t~- over a time 
-t 

there is no objection 

interval :t' . The 

ton' assuming non-

integer values, but n', t', and ~· must not be negative. Incor

poratiori of.real data is equivalent to joining the fictitous expe

riment Kith the observations, making a \\'ider, partially real ex

periment come about. 

Prior to the gathering or at least to the processing of empirical 

data the distributions assigned to '' and to ~ must be diifuse. On 
the other hand, local studie's of tectonjcs 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, 

'' ' 
1 

1 

l 
'1 1 

1 
·.! 

·i ¡ 

1 
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thC' Al;>iJC' belt, or th.C' low· sC'ismicity macro:onc; SCC' RC'fcrencC' 8); ·',' 

'.antl procced to smaller, tC'ctonicall)' similar rcgjons. ,. 

Wc should ·apply thc samc approach for thC' distribution of e 
save that rather than using a diffuse prior wc should begin with a 

flat onC', 3ssigning small values ton' and ~·, as we ha\'e sorne theo· 

~eti~al basis for thC' estimate of B. 
'\,· 

treatment described here for lo and for parameters a and e The 

can be applied to other parameters should onc seek a more accurate 

defi~ition of the ~xceedance-rate curves. 

POOLING 

We will begin with. lo.= l(M 0 ), which for the purpose we will desig· 

na te as 1, as a quanti ty to be assessed using data about earthquakes· 

originating in regions tectonically similar to the one in which we 

are interested. Let us write 1. • ~ .1, j = 1, . .. ,N, where sub-
. f f 

script j refers to the jth region, no subscript to the set of N siJl!· 

ilar · regions, and 1 and ~j are statistically iridependent variables 

for all f, save that E~tj =l. Before we process .seismic data from 

the set of regions the only relevant information is their areas 

A~ and. the degrees of correlation we expect between pairs of the 

> . . s. We must therefore take E' t. • A ·/A where A • E~ A. ¡,·hile the 
J f f . f 

degrees of correlation are decreasing functions of the coefficients 

of variation.of the t .s. (With additional local tectonic informa
l 

tion we may choose f't. ~ A ./A but must still comply with the con· 
N f f 

dition E1 t¡ • 1.) 

Let n . denote the number of earthquakes with magnitude ~reater 
C· f . 

than M0 . observed to occur in region j during a period of observa· 

tion t .. The probability of the event consisting in the occurrence 
J 

of n j such earthquakes, j•I, ... , N, given ~ ., j=l, ... , N, is 
. f 

(16) 

J 

¡, 

' 
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~;hcn· ¡; is thc vector of thc C¡~· Jf all the t¡s are equal, say 

to t ;, the exponcnt of e be comes - ).:(-. Hcncc thc 1 ikel ihood func

tion 
. ' 

11 • 
= n e .J 

j j 
(1 i) 

This ~uggests for the prior joint distribution of the C .s the mul
J 

tinomial beta, which is a natural conjugate of LEII: 

' m ·- 1 
e j . ., . 

p' 
I 

= r(m')ll 
j 

.:.L_ __ 

r (m'.) 
j 

e 1s) 

.¡in which ENm'. =m'. 
j 

(If the only relevant information abbut the 
regions are their areas 

but this must generally 

tectonic information.) 

function 
' ,- 1 ~ .. ,. 
' 

. ,· . 
,. 

·.' 1 

.·. 

. ~ . 

-· ,e" = 

and their similarity, then m~ = m'A .¡A 
. j j 

be modified when we have additional local 

Hence also the posterior joint like1ihood 

" - 1 mj 
~ . " m ·- 1 

"n~.J 
j j e r(m')n r(m'.) 

j j . -. ~ . .,;(~ 

(19) 
;.:;. ~ ..• f -·-"' 

:..:. S"·.:. . ¡ ,, 
~here m'' = m~ + n .. Here m' needs not be related ~>ith the n' 

l f·i r-~ .. ..::-
u·.~~ v:' :ti. 

j j j 
1n 

the prior distribution of "· We conclude from equation (19) that 

the po~t~rior marginal expectation of e. is E''~ . = 
. j . j' 

the ¿orresponding coefficient of variation squared 

where rr." 

c."2~. = 
j 

' m"- m! 

m·~ e m"+ 1) 
j 

m' + 
N r 1 n¡. 

tY¡ ~~ 
J 

m'~/ ,n" 
j 

is 
and.that 

•n. r"t 
....... ,' : t 

"''<; 1' (20) 

Actua1ly m', which measures the degrees of correlation between 

pairs of "-s, is a quantity about which we have little exp~rience. 
j 

We shou1d therefore assign it a prior probability distribution and 
',_,, .. ··-·,::·•' Update it in the light of the observed numbers of earthquakes. 
,,,:e-: (J .• '¡ .. -, 

'• 

l 
1 
i 
j 
i 

·j 
i 
' d 

• 1 
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Thi~ 

,t hat 
can be done by us ing equat ion' .(19), frorn which i t fo11ows 

V.- ~ o../ ·' -.!', , 

= J ... I ¿" d ~ ~~ 

r (m') 
= r(m") n 

j 

. " 
r~mq . 

j 

ll 

( 21) 

SO, if KC assign m' the prior 1ike1ihood function t~, \\'C find the 
,po_sterior one, t", = L l ,e•;. 

m E m m 

· Frorn the assurned independence.between t. and lit fo11ows that · 
j 

E"l. = E"~ .E"l 
j j 

= (m·~/ m") ( t1" 1 t") 
j . 

= c'' 2 t .(1 + 1/m'') + 1/n'' 
j 

frorn equation (15); c'' 2 ~. 1s given by equation (20). 
j 

(22) 

(23) 

There rernains for.us to provide guidelines for assigning m' a 

prior distribution. Analysis of a great rnany regions in groups of 
equa1 areas has shown that the relation 

c 2 ~. = (AlA .) 6 • 1 
j j . (24) 

gives satisfactory results [8, 10]. Here ~ is a positive constant, 

found to be about 0.25 for regions as disimilar as those which· 

comprise the Circumpacific belt, and about 0.50 for the rest of 

the world. For regions deemed tectonica11y simiiar, va1ues of 
' ' 

6 between 0.05 and 0.20 are to be expected. (Thi~ expression can-

not hold for regions of any size since c 2 t. and c 2 (1 - ~ .) must 
. j j 

be related tp each otl1er through the condition .that the variances 

-----· -------· ___ .....:,__. ____________ .....____.__ ___ . ·---
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of (. and of 1 -· (. must bC' cqual, which, if C'quation (24) always 
j J . 

hC'ld, wou!d only be truC' whcn f(. • 0.5 and/or 6 • l. . . J 
thc cmpirical confirmJtion is vast for the case Et. • 

J 

Howevcr, 
l/N and 

2 ~N! !OO.). By equating c 2 (j from equations (20) and (24), re· 
placi~g thc' doublc primes with single primes, and making m'/m~ • 

J 
A/ A. = 1\ ''e get 

J 

m' = 

Secondly, if we have an idea of the correlation coefficient 

between pairs of l .s we can make use of the expression 
J 

= 
c."2). 

where \1jt is the corre1ation coefficient between l . 
J 

and lk. 

( 2 S) 

( 26) 

By 

expressing c." A • and c."A functions of c"A, ' and ' through as mj, m~¿ 
J . k 

eqüatións (20) and ( 2 3) (after rep1acing the doub1 e primes with sin-

g1e primes) and the 1atter in terms of m', we can so1ve for m' as 

a function of a specified p~ 11 • The different va1ues of m' thus. 
. J 

found give an idea of its order of magnitude. For examp1e, if 

m'.= mL = m'/N, equation (26) gives us . "'""'··'~ ,, ......... ~~. ,, .. . 
J Jo,; '-'V ,..._, ' . <.-4 '-".;; ,._ 

1"~c. ~; a_l!'C::.: __ .¡<J-/•' 
~u-~-~~ r~ ¡" f""~-·:.._-¿-<Á~ . 

1) 
( 2 7) 

For a given N, Pjk is not very sensitiv~ to moderate differences 

between "J and mk if m' is found from equation (27). For ex;ryple, 
with t'l = 0.2, p~. = 0.1, and m~= mt = ~'/2, equation (17) gives 

. }~· j K 

m' = 1.89. lf now mj = m'/3 and m¡= 2m'/3, m' = 1.89 yie1ds 

pjk = 0.0979. Whatever the va1ue 6f c'l, the m' that resu1ts _in. 

pJk =O. S according to equation (27) when mj = 'mk = m'/20, wi11 

give p~k = 0.5825 if m\ = m'/20 but m¡= m'/10, whi1e it resu1ts 
' j J 

in pJk = 0.4047 when mj = m'/20 and mk = m'/40 

Finally, the 

strictions that 

2) yields : 

maximum entropy criterion subject on1y to the re

the ( -6 have a joint beta distribution (Appendix 
f 

; 
;· 

! . 

·------~------------~-- -- ---------------~- --------- _ __,.. _____ l __ -

·------~-------------------------
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while if 

m' ~ 1/min .E'(. 
j j 

thc m '.s do not 
j 

13 

(28) 

< N. 

Since e qua tions- ( 2 5) 

diffcr from each other, m' 

and (27) are valid when all m'.s are equal, 
j 

we may us.e the first twb expressions for an estimate of m' when we 

postulate that the m;s are approximately equal to each other and 

cent~r the prior distribution of m' around these values but subject 

it to the condition m' l 1/min .E't ., as we usually know more about 
j . j 

the relative seismicities than implied by equation (28). · When the 

m~s diff~r significantly from each other, we must dispense of equa~ 
j 

tion (25) and replace (27) with (26). V',~"\ ·r-'
1 

This approach cannot be used when the times of observation t. 
j 

are not all equal to each bther, for we cannot then apply the sim-

plification that produced equation (17), and we may have to use nu

merical integration. We may still resort to a simplifying artífice 

by noticing that the exponent of e in the resulting expression.for 

·P~,l is -lE¡t¡t] so that the assumption that 1 and the t¡s are sta
tistical"ly .independent impl ies that [ .( .t'~ is a constant. If we 

j j j 
denote this constant by t" and make i t equal, say, to E .f' t .t'~, we 

j j j 
can app1y the former scheme by replacing t¡ with t¡t]!t" = n¡• say. 
Acrain we find E''n. = 
. o j 

m~/m'' from which E''•. = (t"/t'!)(m'~/m") .while 
j • ~j . j j • 

equatíons (20), (21), and (23) are still valid. 

A similar artífice can be used when the.magnitudes M0 are not 

equal for all the regions provided we know the values of S and Mu. 
When these aie uncertain we get approximate results if we replace 
them with their expectations. 

The approach we hav~ described in connection with.1 0 is direct-

ly applicable in the pooling of information for the assessment of 

~. as it suffites to replace t with ~ (see equation (7)). In gener

al, though, the · ~js will differ from each other and their dependence 

on the uncertain parameters B¡ and Muj introduces coupling between 
them and ~- 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 1 . when 

j 
the t.s differ from each other. 

j 

1 

i 
1 

i 
·.·. . ·. 1 

----·----' ·-2-..""-- ··---·-·-· --'-- ----·---·--·-·---- ......... ----
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Thc first stcp consists, thcn in asscssing S, sincc it is In

dcpcndcnt of ~ and ~u (scc cquation (10)). Lct now 8¡ • t¡S whcrc 

~ is'-statistically indcpendent·of thc t .s. Jt follows from cqua-
J 

tion (10) that 

if wc lct 

we get 

l" 
1_, S 

"C where Ke have set ~·! 
J 

indcpendcnce between 

S we get 

lll = 
~ 

= r (m' ) [n ( ~ -S) m j -1 l 
j r (m'-) 

' J 

"'' -S!.>-e J 

_/ 

"C 
= ¡; ·'-> '~ ' ' 

J J J 
S and the 

a constant because of thc assumed 

~ -s. Integrating with respect to 
j 

r(m')n 

m ·- 1 
J 

11· 

j r(m'.) 
' ' J ' 

n '!- 1 

a n 11 J 
. J 

J 

1\her<e 11. is DO\\ ~ .i !'/Ó" and í -11. = l. Finally, f"~. = (m" /m") 
. J . Jj jj j J 

( 2 9) 

(30) 

(31) 

(32) 

(<~"/'->.'!) ..-hile the second member in equation (2) now giyes us c" 2 ~. 
J j 

and mutaüs mutandis equations (21)- (23) still hold. Notice that 

n' and m' as related to 8 are ordinaril~ greater than those as-· 

sociated with A
0 

and a. Notice also that when not all the 8 .s are 
j . 

e qua 1, ln \ do es not compl y wi th e qua t ion ( 4) , so 8 plays then the 

mere role of an arbitrary parameter. 

The approach is of course inapplicable to the distribÚtions of 

Mu¡· For each region the distribution must be based on local tec
toni¿ information if available, and-blind correlations with other 

regions play no role. 

i 
' . 1 
1 

1 1 
·.! 
i 
! 

' ' ' ¡ 
'' _, 
•' ~ 

~. ¡ 
. 1 

' i 
,, i 
• 1 

'l 

·1 
! 

1 

.1 

• 1 

! 
'1 

1 

1 

1 

j 

.] 
i 

'1 

1 

\ 

1 
j 

1 
i 

1 

1 

1 

1 

1 

1 
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EXAMPLES 

_Wi th · t he· purposc of i 1lustrat in¡;: fi rst thc more basic concepts W(' 

wiÚ prcsent cxample·s in which wc mcct problcms in roughly thc 

.rcverse·order to that rn which they are met in practice. 

1 Single region with one period of observation. Consider a sirigle 

region for which M0 = 4, we have arrived at rather flat prior distri- '• 

butions of ~ and 8, and there are no studies of local tectonic con

ditions. We have assigned ~ and B gamma -2 distributions with 
·,: 

n" = 0.1 for ~ and 1 for 6, i'• =·.o.4yr, and &'• = 0.5. (In practice 

·n' wpuld a1most surely exceed 4 

hav~ been more ·representative. 
! 

. ~ 

for 6, say n' = 6 and a = 3 would 

We chose the 1ower va1ues to ac-

centuate differences between successive cycles.) We adopt equation 
' 

(5) With X 1 = 3, X2 = 9;2, a¡ = 5, anda, = 3 for the prior 1ike-

1ihood function of Mu. Seismic data for an ,so -yr period of obser

'vation were generated through slmu1ation (see Appendix 1) using 

"' a= 0.25/yr, e= 2, and Mu = 8. Tab1e 1 disp1ays the results of 
,two simu1ation runs. 

We begin by using 

distributions on the 

equations (7)-(11) for calcu1ating posterior 

basis of the first run. Since M1 exceeds 3, 

. E" M 
u 

wi11 be greater than 6.875 . We wi11 tentatively use 7.4, 
. 

E''~ = 7.4 - 4 = 3.4. Also tentatively, E''B = E's = 1/0.5 = 2. 
u 

Then i' = (1 - e- 2 X 3 • 4 ) x 80 = 79.91 yr 'and so i" = 80.31 yr. Ar-

cording to the table, n = 23, ~ = 100.08 - 23 x 4 = 8.08. Hence, 

E"~= 23.1/80.31 = 0.2876/yr, e"~= 1/123.1 = 0.2081, E"B = 24/ 
8~58 = 2.7972, and c"B = 1/124 = 0.2041. lie eva1uate E"M and 

u 
the 1ike1ihood function of the observations c"M numerica11v using u . 

(equa tion ( 11)) and 

and noticing that 
E''M ~ 6.90 e"~ . u ' u 

the prior 1ike1ihood function of M (equation (S)) u . 
the posterior is zero for Mu s M1 • We get 

= 0.1353. (Had we merely used equation (5) f6r 

the posterior 1ike1ih"ood truncating i t at M = 5.14 "·e "·ould ha ve 
l'. . - 1 

found E"Mu = 6.99, c"Mu = 0 .. 1267".) NO\\ we go through a second 
cycle of computations using the expected va1ues we have.just got-

ten. 

.su1ts 

To the number of significant figures given, none of our re

"' changes save that now E"a = 0.2874/yr. 

i 

j 

l 
1 

! 
' 

1 
' 

l 
. . 1 

~----~c.__ ____ _:_ -----~----C-----···1 
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Use of cquation (12) yiclds le- el < 10' 9 IB- el. onu so no 
.. 

furthcr rcfinement is justificd. 

~inally we repeat our analysis with data from thc second run. 

We get E"~= 0.2263, e''~= 0.2351, E"e = 1.4022, c"s • 0.2249, 

E''Mu·= 7.92, c''Mu = 0.0493. (Using equation (5) for the poste

rior 1ikelihood of Mu, truncated at Mu = 7.37, would have yield

ed E"Mu = 7.94, c"Mu = 0.0494.) 

Comparison 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''M and 
u 

c"M , in \\hich tM• is taken equa1 to tM' truncated at M1 , is often 
u u u 

adequate. (I t can be shown to be a h;ays conserv at i ve in tha t i t 

overestimates both E''M and c"M .) 
u u 

2 Single region wi th two observation periods. Earthquake.s in the 

region considered in Exa~ple 1 have also been observed during an 

80-yrperiod with Mo1 = 4. Prior to this all earthquakes with 'ó 

M >. 6 were registered over a period of 800 yr. Now ~- = 80(1-e-BMu) + 

800(e- 28 - e- B~u). \'le will take n', ~·, and :l'• 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 Mok and both of tk appear in Table 2. 

We will 'ó tentatively employ E"Mu = 7. 9 and E~s = 2. Then ~ = 
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''e = 1.6354, and 

c"B = 0.1925. Consequently, E"M = 8 24 c"M = 0.0344. A second u . , u 
cycle changes E''~ into 0.2314/yr but does not alter the other values 

computed, up to their last significant figures. 

From. equation (12), B = 9. 7 x 10- 5 ... 0.99994~, and we can say that 

it is S that has the gamma-ldistribution with the parameters we 

obtained and that the distribution of B can be obtained therefrom. 

3 Three tectoni~ally similar regions. Data for this problem are 

contained in Table 3. For the assessment of fo and a we choose 

¡ . n' = l, __ t' = 1 yr while fori:that 
¡ _____________________ · ______ · •----~-~· .,._ 

of 8, n' o. 8. In 
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a~H·ssin~ (. we take the rcgions to be sufficiently similar so 
j 

~hat 0.1 if they of cqual Si ze, 1 0.6. Thcre ~ • or, ¡,•ere p '11 ~ 
j • 

are no local studies to allow improving on the estimates of 
,· '¡' 

.niaximum possible magnitudes beyond ¡,•ha t is given by equation (S) 
: 
l>.',ith 4¡ = S ' 42 = 3, X 1 = 3 • x2 = 9.2 and by seismic data. 

For >. ~ we get n" = 1 + 8S = 86, t" = 1 + 42 = 43 yr and so E">. = 

86/43 = 2.00{yr and c" 2 >. = 1/86 • 0.0116. 

Frorn equation (2S) with ó = 0.1 and N= 3, m' = 16.22 for the. 

~rior distributions of ( .. According to equation (27), ~-· • 19, 
j 

and from equation (28), m' ~ 6. lie wi11 assign m' a prior dis-

tribtition discretized as in Tab1e 4. App1ication of equation (21) 

gives the posterior probabilities in the third co1umn. Then using 

m' = 12 for example, we get mi = 12/6 = 2, m~= 2 +S= 7, m"= 12 + 

85= 97, E"t 1 = 7/97 = 0.07216, c" 2 t 1 = 90/7 x 98 = 0.1312 .. Next 

we compute. the weighted mean of E"~~> 0.077S8. ,The variance of 

these values is l. 0.12 x 10· 5
, which we add to the weighted mean of 

the i~di,:idua1 variances to get 6.8775x 10·", whence c" 2
( 1 ." 0.1160. 

Consequent1y, E"A 1 = 0.07758x 2.00 = 0.1552/yr from equation (22), 

· and c"l 1 = 0.1289 from equation (23), c"A 1 = 0.3591. Had we dis

regarded information from the other two regions we wou1d have ar

rivedat E"A 1 = (5+1/6)/43 = 0.1202, c'A 1 = 1/116+5 =0.4399. 

For 6 ~e get n" = 87, ~ • 34.8, so E"B = 2.50, c'' 2 B = 0.0092. 
We now assign m' the prior distribution discretized as in Table 

S. From equation (21) we get the posterior distribution in the 

third co1umn. We take E'(. = 1 for a11 j. Now, using ~· = 30 
j 

for exam;:>1e, we obtain m" = 30 + 85 = 115 and 1'" = 115/2.5 = 46, 
"1. 

whence <1' = 46- 34 = 12, .which l-.'e distribute among the regions i.n 

proportion to V j. By adding <1 j to <1 j \~e get the <1 j shown. It follows 

f"ll 1 = 10/5 = 2. 0000, c" 2
( 1 = 105/100 x 116 = O. 0905, and so on. 

Proceeding as we did with >.. we find f"ll
1 

= 2.0350, c"ll = 0.3041. 
j 1 

These results compare with the ones we would have obtained dis-

regarding information from the other zones: E"s
1 

= '(2/6 + 5)/ 

(0.8/6+ 3) = 1.7021, c'll 1 = 0.4330. 

By assigning Muj the beta distribution 1n equation (S) trun

cated at M
1
¡ we get the first estimates of E"Muj in Table 6. 

These, together with the computed E''ll ., furnish a first approx-
. . ~ . . j ~ 

. imation to ~~ Next when m' = 12, we comp11te E''a = 7/42.97 + 
j 

that 

i 
1 
1 

1 
1 
' ! 
1 

1 
! 

. 1 
,¡ 

.j 
1 

1 

1 

1 

1 
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3 4 14 2 o 9.9 + 591 4 3 o o o ~ 2 o (lo o 21 yr ' 
'\, 

u2'v = ,..u2¡ . '\"fl e a ..__ ., 1 = 0.07~16x 42.97 + 

0.3SOSZx42.99+0.57732x43.00 = 42.9941 yr, and rcpcat for m'= 

18 ·and 24. 1\'c obtain f"ci'
1 

and c"~j as we did for ej. Using cqua· 

tion {11) wc recomputc E''M . anJ obtain c"M .. Thc cxpcctcd max-
. Uj Uj 

imum possib1e magnitudes are sufficiently close to their first ap-

_proximation as not to justify a second cyclc. 

SUNMARY AND CONCLUSIONS 

In assessing local seismicity wc must rely heavily on empirical 

information. This consists of seismic data from the region of 

interest and from regions geot~ctonically 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

terior, pro~abilistic description of seismicity . 

In many cases it is justified to idealize the earthquake gen

erating process as Poisson. A general bayesian solution is given 

for this situation. Under the same circumstances it is also rea

sonable to approximate the exceedance rate as ~(M) = a(e-sM -

e-BMu) where ~ is the expected number of times per year that 

mag·nitude Mis exceeded, M ~ M, = threshold magnitude beyond 11hich 

there 

and e 
ma - 1 

are complete data, M = maximum possible magnitude, and a u 
~ parameters. 

distribution. 

To ~(M 0 ) is assigned a natural conjugate gam

Parameters a, S, and M are statistically 
(1 

coupled through the likelihood function Lcle where E is the event 

observed and ! is the vecto~ of seismicity ~arameters. However, 

by shifting the origin of magnitudes, which changes a and M into . . u 
~ and ~, we can write with good accuracy L ¡e~ L ¡"'L ¡•L ~~ . 

U · E E a E " E Mu 
Then ~ and B are given a treatment similar to-(M 0 ) while for Mu 

we choose as 

through use 

justified. 

prior a beta distribution. Results can be refined 

of a simple scheme which, however,_ is rareiy if ever 

An approximation is introduced to deal with ¿ases in 

which data come from periods of observation having different M0 s. 

It is found that in all cases the truncation, at the maximum ob

served magnitude, of the prior distributi6n of M gives satisfactory 
(1 . 

results. 

1 

1 
! 
1 

! 
1 

1 

.1 
1 

1 

1 
• 1 
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' 

'1 
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1 
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~o mak~ cxplicit use of ~ata from similar rcg1ons it is pos~ 

.ttilatcd th3t thc A(M 0 ) for thc jth rcgion can b~ writtcn as 

t¡l(M 0 ) whcrc l(M 0 ) rcfc!s to thc set of N similar rcgions and 

·A(M 0 ) and thc t¡~ are statisticalfy indcpcndcnt savc that E~t¡ • 
l. Thc jbint natural conj~gate prior likelihood function. for t 

is the multincimial beta n}t,mj-l where the mjs are prior para!fle;ers . 

. These are taken proportional to the prior expected numbers of 

earthquakes in each region. Their sum, m' = r~m~. measures the 
j 

'degree of correlation expected among the seismicities of the 

varios regions. Since there is little experience in choosing m', 

'guidelines are supplied for the purpose. One criterion i~ based 

.on empirical data, another on the postulated coefficients of cor-

relation between A(M 0 )s for the various regions, anda third cri

terion, based on entropy maximization, gives a lower bound on 
. ' ' m .• 

' ' 

A similar approach is used for the Bs of the different regions, 

save that the condition EN
1
t. = 1 is replaced with the constraint 

j . 

that_a certain linear combination of these variables be constant. 

· The same scheme applies to, A (M 0 ) whe¡J the times of observation 

r' '· 

differ from region to region. 

same treatment 

Parameters ~ . are given much the 
j 

Nu~erical examples illustrate the methods described.and show 

the adecuacv ofthe approximations involved. 

APPENDIX 1 SIMULATION 

We wish to simu1ate a ~ultiple Poisson process that 

earthquakes with magnitudes Mi' i = 1, ... , n, Mj ~ 

when the ~xceedance rate is given by equation (4). 

so U = Y- Yu• Yu = y(Mu), 

genera tes 

M.ifj,>i, 
. -<. - M 
Let y = ~te B ; 

y i+ l = IJ·- 1n x., x. uniformly distributed in· 0,_1 
.{_ .( .{_ 

IJ¡ = lf -u ln X o 

M. = 1 ln ~.t 
.{_ e lf· .{_ 

/ .' •• ~--- _., ., : • ' • ¡(.' . ·' ¡ ( ,-,. ,...z ,::-_ .•• ,- ._, • 
¡., ' '. f 

1 

i 
' 

·1 

'1 
! 

\. >.' r: I ;;._..¡_....-<_ ··~-( 
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APPENDIX 2 MAXIMUM-ENTROPY CRITERJON FOR m' 

Lct t . , j e 1 , ... , N be a 
·. j 

wc know is that O ! t¡.~ 1 

sct of random varlahlcs ~bout whlch all. 

for all j and E~tJ· • l. We wish to 
- J 

1 
density function of l such that find thc joint probabi1ity 

( p~ ln p~ dt, ... d~N be maXImum. Suppose first that all 

fixed except ( 1 and ~ 2 • It is known that.the conditional 

o 

1; . were 
j . 

distribu-
tion of 1; 1 giving maximum entropy would then be uniform between O 

and 1 - E~¡;. and that hence, 1; 2 is distributed identically. Since 
j 

this,is true for all pairs of l;j, thc joint likelihood function is 
n .¡;mj., with m'. • 1 for all j and so m' • N. 

j j j 
In no case can any of the m~s be smaller than 1, for a would be 

j 
-• while it is finite when mj ! 1 for all j. Hence, when not all 

the expected l;¡s are equal, m' 2 1/minjE'tj· Now let Sj be ~he 
entropy of the marginal probability density function of 1; .• We 

. j 
can show that when m~ > 1, S. decreases with m.. Therefore the 

i j - . j j 

equal sign gives the maximum S. Hence, in all cases m'> 1/min .f't .. 
- j j 
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Tab1c 1. Simu1ation 1·uns for Exam¡>lc 1 

------ --·--·-·· ------··-------· --~~·-·· .. ---·--··-~- -·~------------- ~---..· ·----
M-

.( 
.( 

M . 
:{ ~ 

Run 1 Run 2 Run 1 Run 2 

1 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 . 2 5 
S 4.63 4.78 17 4 . 1 2 4.21 
6 4.62 .4.66 18 4. 10 4.12 
¡ 4.44 4.64 19 4.08 

·s 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 

1~ ' 4.16 4.38 Su m 100.08 85.05 

Tab1e 2. Simu1ation run for Examp1e 1 

.¿· M. 
.(. 

M. i 
.(. 

.( 
M . 1 

.( 
.(. 

1 7.85 11 4.27 21 4.12 
2 6.47 12 4.20 22 4.10 
.:> 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 18 4.14 . ! 
9 4.37 19 4.14 

10 4.36 20 4.13¡ 
J 

¡ ______ :_ ______ ~---· -- --··---------- . 
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Tablc 3. D~ta for Examplc 3 

A. "' M1j J 11· 6 . 
J J J 

1 1/6 S 3 6.84 

2 2/6 30 14 7. S 1 

3 3/6 so 17 7.89 

Su m 1 85 34 

:t = 4 2 yr, M u = 4 

Tab1e 4. Assessment of ~ 1 , Exarnp1e 3 

P" rn' m" m' E"~ c."2-~ m' 1 1 1 1 

0.1927 2 7 97 0.07216 o. 1312 

·O. 6Q96 3 8 103 0.07767 0.1142 

0.1977 4 9 109 . 0.082S7 0.1010 

Tab1e S. Assessrnent of e., Exarnp1e 3 
.(. 

m' m" m" "'• "'" E"B· c., 2 e . E"e E" e. 1 1 61 61 
.(. .(. 2 , 

S 10 11S 2 S 2.0000 0.090S 2. 2222 2.8261 

6 11 121 2.4 S.4 2.0370 0.0820 2.2340 2.8099 

7 12 127 2.8 S.8 2.0690 0.0749 2.2449 2.79S3 
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Table 6. Assessment of "' a and M . 
Uj 

First • 
Approximation Rcsults of first 

. j f" B · 
j "' f"M "' E""" f"M . uj: tuj O· . J Uj 

' 1 2.0350 7.64 
'· 

42.97 0.1553 7.6360 

2 2.2335 8.03 42.99 0.6991 8.0252 

3 2.8107 8.27 43.00 1.1458 8.2691 

1. 
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1 '·· 
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MICROZONING: MODELS AND REALITY 

Contribution toa panel session on Ground Motion Characteristics 

6WCEE, Delhi, 1977 

by 

Luis Esteva 1 

• 
INTRODUCTION 

Nobody doubts thal local conditions usually have a significan! influence on the 
charactcristics of earthquake ground motion. What is not agrecd upon, however, is !he 
manncr in which that influence must be evaluated. When one: talks ahout microzoning, 
at!ention is usually focused on shear-bcam models of stratified soil formations and in 
unidimensional, vertically traveling shear waves. But strong-motion and seismological 
rccords have shown that those models can only be aprhed to· a much narrower rang~ of 
conditions than is usually believed, and that many other geologJc or topographic features 
can have a more pronounccd influence oñ ground rnotion than the presence of sediments. 
More gcn~ral analytical models have been devclopcd in ord<!r ro· account for 
two-dimcnsional and thrce-dimcnsional response and vanous ty,pcs of arriving waves, but 
thcir validity and range of applicability haw not becn c:ctwnine<.i yet_ llecause of this, and 
hccause of the greater complexity of these mo<lels as compared with shear-bearn 
amplification models, they have not gained wide acccptance. m the solution of actual 
cnginccring problems. 

Not only is the shear-beam amplification rnodel the object of strong controversy with · 
rcspect to the types of waves that significantly contributc to thc earthquake motion al a 
,¡le, but also with respect to the lack of .:onsistént critcn3 int.endcc.l lo define base rack 
kvd, i.e., the level at which usu3l intcnsity-;~ttenuation laws are· supposed to be valid, and 
;d>Ovc which local soil contributcs to modify intensity and frequcncy content of seismic 

. lliotions. In other words, it cannot be uniqucly defined what .:onstitutes local conditions 
Jnd what is a portian of the path. Those 'ritcria can be oh]ccted alsc on thc grounds that 
lhe influcnce of local soil conditions is afien accounted for tw~ec whcn makin!( estimates of 
'cbmic risk: as a random factor associat<J with the path whcr. eostablishing empirical 
Jltcnuation laws and as a systematic corrcction associatcJ wit!J local conditions when 
•.tudying amplification. 

But microzoning is not only a rnatter of ground-motion amplification; it also implies 
lormulation of consistent criteria to define Jcsign spectra at diffcrent sites, and evaluation 
ol h4ucfaction potential. The former point rcquires consideration of the different laws lhat 
1'0 1Wn amplification of diffcrent type• of wavcs and different direct!ons of arrival, as well as 
lkir corrcsponding probabilities; the lattcr is no! covered by this dis.cussion. as it will be 
111dudcJ in another panel session. Thus, tllc paper deals with the prohlem; of ground motion 
'"·•r;¡ctcristics, under the framéwork of cOJH:eptual models, analylic rcsults and observed 
1••ts. Thc paper is not intended to be a statc-of-the-art report althout;h it is based on one 

lnuitutc o( Enginceting, N~tional University of Mexico 
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(Ru1L, 1 'l76) lhe intcntion of !he author is l!l;nnly lo point out sume basic questiuns 
pertincnt to the topic, aiming al !he general ion of v1vid and fruitf"l dis~us,ion. 

SEISMIC WAVES 

The rcsults of somc analytical studics show that the influcncc of hlcal soil on the ground 
motion is strongly dcpcnt.lcnt on thc naturc of thc incoming seisnuc wavcs. Hencc, analytical 
prediction of thc amp:itudcs of ground mot1un at a site char;¡ctcrized by given local 
conditions as cumparcd with tltose that would occur undcr stamlard conditions requires 
both the ¡JccompOS!tiun of thc motion into vanous types of mcoming wavcs, and the 
formulation of modds adequatc for the stuuy uf amplificatiun anll transformation of thosc 
types of waves. Despite thc .very significan! cffort devot·"l by sclsmulogists lo the 
formulation of analyti<·al modcls for thc srudy of wavc amplif¡catlon and transformation, 
very littlc uf their cunrributions is either availal>le or of use ro <'ngincers, as those models 
deal in general with the types of.waves that are recorded :•t lar~e epiccntral distances (far 
ficlu), or consiJcr lughly idcalized topograplucal features. Thc>c rcsults should not be 
overlooked, however, as they can provide a quali(ative insight to many engincering 
problems. 

If a rcasonable degree of success is lo be attained in the prcdiction uf the influence of local 
· conditions for a sufficiently wide rangc of cases, a lot of understanding has to be prcviously 
achieved about the decomposition of ground rnotion into d¡ffcrent typcs of seismic waves in 
the near and intermediatc fields. Obviously, the detailcd source mcchanism and the 
propagation path can be decisive in Íhe dircctions and rdativc amplitudes of thc most 
significan! incoming waves, and hence on the laws governmg ground motion amplilic_ation. 

MECHANISM, PATH ANO LOCAL CONDITIONS 

The profusiol' of heter~o::neities, irregularities anJ discontinuitcs in thc earth's crust (Fig.l) 
is responsibl~ for the complex patterns of rellection, refract1on, and scattering that scismic 
waves suffcr ¡n their path from source to sitc. Hence, it is not ;urprising that the influence 
of mechanism and path on ground motion characteristics is in sorne instances more 
pronounced than that o.f local conditions. This inlluence stems buth from the modification 
of the surface ground motion itself, indepenrlenl of local condit1ons, and from the fact that 
the different types of seismic waves resulting 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 conceptioo of 
the process: the source is nota 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 onty the detailed history of rclative 
displacement a long a fault, has a strong influence on the types of seismic waves generated, 
and hence on the motion characteristics for standard ground conditioris, and in the manner 
in which local conditions rnodify 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 se1smic waves are generated from a 
large vulume that may extend as far as the ground surface or its close proximity means that 
a significan! portion of !he motion at the near field shoulú be made up of the contribution 
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of body "Jw; that travd at vcry low anglts with rcsp~ct Lo rhe horizontal (Fig 3) Th, 
wave, are probably gtuded a long stratificd formalions anJ Lhen moJified by local , ·d.!" ese 
accord•ng to pattcrns similar to rhose affccting surfacc waV<" Bcsilles 1.1 's·J'k 1 cotln 1 llons 
· J· · ¡ ·· . 1 1 e y 1at t 1cy 

gtve pace to convcnt10na surfacc waves that significantly ,., 11 tnbute to ground ¡- 1 
short cptcentral d¡stanccs and in thc range of small and o10Jcrate frequencies. Th7sop~~~c:n 
of enc_rgy travd .\Cc1ns plaustble, ;¡nd providcs an cxplanar•on to the failure of conventional 
amphfJcallun thcury lo adequately predict !he intluenc~ uf local conditions. 

Thc complexity of the path followcd by waves is anoth~r reason for stating that surface 
¡unll¡¡d ''" •lll•l1 ·•' 1111· w:ar ficld is no! tite rcsult of the supcrposition of a short number of 
wave lra1ns: ·~vcty wavc impinging on a crust heterogcncity, subsurface lliscontinÚity or 
topographic fcature, gives place to a number of secondary trains of all types of waves (Fig 
4). 

Whatevcr !he mcchanism and the path of the waves for a given shock, it is of intercst to 
assess lhe influence of local conditions; but, as Fig 5 shows, tha1 ml1uencc cannot in general 
be made to depend only on !he strat1fied soil formations underlying 1he site of interest: as 
an important portion of thc energy may be traveling in Lhc honwnral direction, the 
meaning' of the tcrm local conditionl should be extended to 1ndude geologic and 
topographic features in the immediate vicinity of the site. Local amplificar ion would hence 
be sensitive to the direction of wave arrival. 

Evcn in the case thal allequate luols wcrc availablc for estimalmg lhc influence of local 
conditions on the amplification functions for rhc various significan! typcs ofseismic waves, 
the problcm would rcmain of detcrnüning the trains of waves uf difkrcnt types that would 
arrive from a given dircction. This is probably no! feasiblc whcn Jealing with near-field 
problems, first becausc of thc possible occurrcncc of a largc numb.:r of significan! wave 
trains uf diffcrent typcs incoming from different directions, and sc•:ond because it is no! 
always clcar whether a given geologic or topographic accidcnl ;huuiJ ¡,e takcn as portion of 
the path -lhe in11uence of which wuuld be mduded as a random factor in the experimental 
error uf an intensity at/enualiun expression (expression rclatu'og 1nt.:nsity with magnitudc 
and dbtance)- or of thc local conditions -thc int1ucnce of wlul'll should be includcd as a 
systematic correction- when trying tu prcd•.:t ground m01ion pr"duccd by scismic waves 
arriving from a given direction. For instancc, coming bach lo l'lg S, a promontory su eh as B 
could be taken as a part of the path or of thc local condilions for 1 he rurpose of a5sessing the 
contribution of surface wavcs coming from the left to ground· n1olion al A, depending on 
whcther the local zone is assumed to be boundcd by linc 1 or 2. rcspcctively. Because the 
absence or prcscncc of, fcaturcs such as thcse has not bccn cxpJ¡,:¡ty included in empirical 
attenuation cxpressions, a uniquc :.:riterion cannot be easily csl:obhsh~ll. For the purpose of 
microzoning, however, a grcat Jea! of information is provllkd by ralios of surface wave 
amplitudes al A and B -and not necessarily their absolutc val u es- for carthquakcs originated 
at thc lcft of the figure.· 

OBSERVED FACTS 

13efore the San Fernando earthquakc of 1971, conceptual mudcls of soil-relatcd intensity · 
amplification had gaincó thcir main supporl from nearly qualitativc comparisons of 
obscrwd differences bl'tween intensitics on firm ground and un scdimentary dcposits al a 
numb..:r of sitcs, notably Tokyo, San Francisco, Mexico City and Caracas. A more 
quantitativc support to modcls based on thc concept uf vcrt•cally travcling SV waves had 
bcen providcd by the comparison of predicted and obserVl'd response of the soft clay 
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<kpoSib unJerlying ~kxicc, Cily (l!errcra l. el al. 1965); but cunclu>Í<>rh va\iJ for vcry 
p~culur ~..unJttton.s -e:qstcncc uf <J vL"ry prorltlunccd ·contrast bctwL'Cll slll·.H wavc vclodlit.!S 
of soil and undcrlyin¡; material- wcrc bcing "'d"criminatcly cxtrapol..tcd, 111 spitc uf thc 
fact that, in ordcr tu ;;pply thc same cmcnuJJ, arhitrary dccisiuns h.td urtcn tu b~ malle 
conceming thc portian uf thc gruund profilc th .. t ,hou!J be consiJcrcd as a filtcr that wouiJ 
amplify stanJard-condiuions-grounJ-motiOn. Hut rccords obtaincd Juring San Fernando 
carthquakc discloscd th~ limitations of thc me"' u1ncd criterion. i\Ithou~h a large portion of 
thc arca affcdcd by u.hat carthquakc is knuwn to be unJcr\;un by <kcp sedim~ntary 
formations (Fig ó), no pronounced contr¡¡st hctwccn shcar wavc vclocittcs 1s apparent. Fig 7 
(from HuJson, 1 'J7 2) ;.hows a sampling of pc·.Jk accelcratiuns mcasurcJ .Jt differcnt si tes. 
lncluded are al! si tes fo; which a clear distinctJun could be maJe betwccn rock and alluvium 
as the basic site comlitbn. 1t is evidcnt that many factors other than distance and local site 
characteristics must be impurtant. 

lnflucncc on grounJ mol ion of fault mechanism anJ propa~"''"'' path has been cliscloscd by 
recordings obtaincJ at ;J. numbcr of sites during severa! evenb. T!ws, Udwadia ami Trifunac 
( 1973) analyzeJ. a gruup of 15 cvcnls rec:unlcu at El Centro, California, characterized by 
short epiccntral Jistanc.:-s anJ magnitudes ranging from 3 to 6.8; thc same authors (Trifunac 
and Udwadia, 1974) studied thc rccords obtaincu at 6 stations located in thc metropolitan 
arca of Los Angeles during thrcc diffcrcnt earthquakes, and Hudson ( 1 'J72) analyzed the 
rc.:crJs of a numbcr of seismoscopes anJ ;,.:cckrographs obtainecl within an arca of 40 
sc¡u"r..: miles Juring San JFcrnanJo earthquake. 

The 15 ~vents rccorde<.! at El Centro wcrc c\;,s;¡tJed into four sub-~roups, accordiug to 
source azimuth with rc:spect to the station, aJid Fourier spcctra of rccords within cach 
5Lil::-group wcrc compareJ. Group 1 indudcd fuur events, three of thcu1 h;,VJng the same 
cpicenter, but Jifferent magnituues. Spcctral shapcs of the componcnts currcsponuing to 
the variaus events differ considcrably among themselves. As propagatiun path and local 
conditions are the same, Jifferences can only be asaibed to diffcrcnccs in fCJult mechanism 
a1:d perhaps to nonline:Ar cffccts. Group 11 induLks four events with Jillcrcnt magnitudes 
and origins and, again, 1110 similarity attributCJhk to path or local conditions can be detectcd 
in thc recorJs. For on'l: event in particular, predominan! frequencics are vcry low, which 
can be cxplaincd in termos of prcuominancc uf surface waves. Gruup 111 liJe\ u des !he Imperial 
Valley eanhquakc of 194\0, the rccorJ of which has be en an¡¡lyzcd (Tri fu na e, 1971 a) lcading 
to the conclusion that iit actually consisted of the superp<l>Jtiun uf ;cvcral events, each 
starting a fcw seconds a:fter thc prcvious ol1e. Horizontal compun~nt> are similar, but the 
wrticnl componen! of tille Imperial Valley earthquake shows sJgniflcantly higher ordinales 
for high frequencies. Thas is probably a consequcnce of thc shurt epiccntral distance, that 
implies low attcnuation of body waves, and of the peculiar souu:c rnechanism. Finally, thc 
last group includcd evenil.S with large epicentral distances -abuut !50 km- and records were 
characterized by the low- frequencies typical of surfacc waves. Despitc very clear similaritics 
betwcen magnitud e and _¡¡;rigin of events in this group, thc1r spectral shapes are significantly 
different, thus suggcsting predominance of source effects over path and local conditions. 

Similar conclusions are olbtained from Trifunac and Udwadia's study concerning the records 
obtained at six stations. during Borrego Mountain ( 1968), Lytlc Creek (1970) and San 
Fernando ( 1971) earth<111uakes: source mechanism and epiccntral distancP. significan ti y 
affccted the recorus, whil\e local conditions played only a secondary role. Of the six stations, 
four lie within Los Angdes Metropolitan arca, two of th~m lcss than 1 km apart; two are 
located on base-rock and the other four -those within Los Angeles- on deep sediments of 
jntermediate stiffness. In no case are dominan! ground periods evident. An analysis of 
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5 
record' obtained al lhc four sites nn sediments makes apparent the inlluence of source 
mcdwnism. For thc Borrego Mounl"'" shoá, for instance, transvase displacements are 
systematically larger than radial ·oncs, thus suggesting significan!· contnbution of Love 
waves; thé shapes of lhc displacemcnt and vclocity records are the samc at all four si tes, but 
thcir amplitudes differ, probably as a wm.equence of variations in the dcpth of alluvium 
from statiori to·s~aiiori, within a distance of 12 km. Records and spcctra corresponding to 
the San Fernando earthquakc are also very sim1lar among themselves, but they differ in 
shape and in relative frcqucncy content from tho>c obtained during the other shocks. Large 
amplitudes of radial and transverse displacements ha ve be en ascribe.d (Hariks, 197 S) to · 
Rayleigh and Love waves, respectively. Fourier spectra of Borrego Mountain records at the 
four Los Angeles stations shown are very similar m the range of frcqucncies smaller than 
l hz; the similarity should not be ascribed to dominan! group pcriods, but to the 
predominance· of surface waves, given tl1e long epicentral distance -about 200 km. For San 
Fernando. carthquake, instead, the contribution of high frequencies is rather importan!, as 
could be expected, given the proximity of thc source-40 km. 
. -- .. - ,. 

. . ~ ' - . . 
lludson's observations during San Fernando earthquake covercd a wide range of ground 
conditions, from cryslalline rock to alluvial deposits 300m deep. Notnrious discrepancies 
wcre observed in SCI>moscopc traces even for sites with very simllar ground conditions, 
stressing the importance of other lfactors, such as topography or subsurface irregularities, 
pointcd out, for iilstance, by J ackson ( 1971) and Boore ( 197 2 ). A ~omparison of response 
~p~ctra corrcsponding 10 rock and alluvium sites fails to show any systematic intluence of 
local soil. Thc .author condudcs that thc properties of response spc~'tra al the same sites 
during another earthquakc would probably show quite different relative variations. This 
implics that formulalion uf nucrozoning maps must be based on the analysis of records 
obtained durlng a sufficiently largc numbcr of in tense earthquakes. · 

, Some interestirig case's have becn presented in the literature, describing the overall response 
of sorne soil formations · during strong earthquakes. Although th.: influence of local 
conditions was shown to be clear in thosc cases, it was also clear thal it may not suffice lo 
study thc infllÍcnce of the soil directly undcrneath the structurc of inlerest, ·but that an 
31Htlysis of thc response of" wider area can cxplain observed facls. Two instances will be 
dr.scribcd in this rcspect: onc correspomh to lhc Skopje earthquake of l 963, and the olhcr 
to two records obt~incd al !lutt Vallcy, Ncw Zcaland. 

Poccski ( 1969) describ'.'s the geological sctting of Skopje: thc cily is locatcd in a long vallcy 
a long which Oows thc Vanlar river. A cross scction of the valle y shows a 'large discontinuity 
of the sediment thickness along a line that .follows the river colme (Fig 8). Thc grca'l~st 
intensity of damaile ori constmctions was obscrved directly above thc discontinuity, and was 
ascribed to the hypothe.tical occurrence of largc rotational components of the ground 
motion with respect to a vertical axis, motivatcd by the also hypothetical difference in the 
horizont~l ;csponsc of the alluvial deposits at cach side of the discontinuity. 

The rotati•>nal response of a largc volume of alluvium was actually detected by Stcphenson 
( 1974), when he analyzed thc records obtaincd al two si tes ncar Hutt Vallcy. The si te; are 
900 m· apart, · and are undcrlain hy saturatcd recen! alluvial dcposits with shcar wave 
velocities of about 100 m/sec. Spcctral d~nsitics of acceler<ttion al both si tes show each a 
predominan! direction of'.respónsc, wilh a high statistical corrclation betwecn the 
corresponding predominan! .componcnls, thus suggesting thc torsional oscillation of a large 
mass of alluvium.. · 

llow should miciozoning be inOuenccJ by cffects such as those dcscribed in this section?. 

1 
1 
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l:.l'l'ECTS UF TOI'OGRAI'IIY 

:. ·;·i;.ii::' The Jargest acccler.•tion cver recorded occurrcd at one ot lhe ;¡)JUlments of Paco,,i¡na darn 
'· during lhe San Fcr¡¡anuo carthquakc and implied, accoru111g lo Rcimer el al (1973) a 

three-fold ampilfic: .• uon of ils peak value. Ratios of up to 30 betwecn lhe peak ord¡'nates of 
the Fourier spcctrurn of the velocity rccon.l obtained al 111e lup anJ at thc base of Kagcl 
rnountain were cOI;JputeJ for severa! aftershocks of lhe rwnlioned · event, whilc the 
corresponding ratws of peak ground velocitics "only" rcachcd 3.95. This implics a rcsonant 
effect of the mot,nl;;in, which was cxplaincd by Davis and West ( 1973) in terms of the ratio 
of its average wtdtli and thc length of shcar wavcs. The valucs 1ndicated are not necessarily 
amplifications with respect tu standard conJitions lwhatever thcy are), as atwlytical studies 
show (sce Fig. 9) that al some frequencic> wave amplitudes tend tu be ainplificd al the top 
of promontories a~d reduced at thcir base ( Llouchon, 1 973; Aki & Larncr, 1 970; llOore, 
1972), but thc fact rcrnains that the effc.:ls of surface topography cannol be ovcrlooked. 
Similar consideral1ü:1s can be rnade regarJin!' lhc ,ip.nificancc orsubsurfacc t~1pngra¡.>hy: the· · 
distribulion of slrudmal damage in Skop)'' 111 1 '163 was ascnbcd lo cxcessive torsional 
oscilblions in lhe r,·gion dircctly abovc a slwp Jisconlinuity of sufl )ayer thickness lfk Rl 
for inciden! wáves that posscssed signif,c;IIJI horizontal componen~> parallcl lo the 
discontinuity; alll) ;;nalyticai' stuJies prcdicl 1ocus1ng of wavcs 1n lile VIL'IIlily uf sLibsurfacc 
irregulariiJCS (JacKson, 1971). The intcraclion of subsurface llll"'"rapl1y and dircction of 
wavc arrival is iliu>tratect· in Fig 10 (Trifunac, 1971b), which sl1ow, rcla11ve amplitudes of 
thc motion prciJuced at thc surface by Sil wavcs arriving al a '"'mcylindrical valley. 
Amplitudes vary with site location and with lllcHicnce anglc al a fast ralc, thus suggesting 
that detailed kno~J.:dge of subsurface topu~ra¡.>hy and of dircctions ami types of incoming 
waves would be rcquired for the dctcrminist1c prcdiction of thc mtlucnce uf topographic 
features. As this knowledge is not casy tu aclllcve at prcsent, careful judgement must be 
exercised when tryin:; to employ analytical rcsults as thosc shown hcrc in the predictions of 
seismic risk. 

A further question stemming from the signilicance of surfacc and subsurface irregularities is 
that related to the homogcncity of thc data sct that has bccn used by different investigators 
in the derivations of empirical attcnuation ex¡.>ressions: unless 1 liase si tes for which the 
topographic conditions are suspectcJ to havc a significan! systcmatic intluencc on ground 
motion are eliminat~d from the data set uscd to derive those attcnuation exprcssions, we 
face thc danger of accounting for thc menlloncd conditions twicc: as random effects in one 
step and as systematM: cffects in anoiher. 

MODELS ANO REALITY 

Theoretical consideralions aml observed facts concerning mechanism, path and local 
conditions, point at the complexitics involved in the forrnulation of mathematical models 
intended to predict the intluencc of local conditions on ground motion. · 

Hence, the question ariscs of whether the role of those modcls is too limited to be of 
practica) significance. This is probably too pessimistic an out look although detailed 
simulations of near-field motions based on physical modcls that account for source, path 
and local conditions are probably bcyond reach of presenl engineering practice, the writer 
believes that a fair degree of understanding of thc paramders and mechanisms that affect 
ground rnotion amplification and attenuation can be gained by means of simplified 
analytical rnodels that consider alterna te patterns of cnergy liberal ion and propagation. 
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Thc sighificance cif mudcls as related to rcality and to dccisiun making in cngincering is 
.tramatically illustr<ttcd by thc applicability of the vertically-travcling-shcar wave modcl to 
thc study of ground motion amplification in thc valley of Ml'xl<:u: this 1S the. si te on earth 
wh,·r~. that modd has hc,·n mnst bcautifully supported by instrumental cvidencc and 
[lnwcvú, the shallow depths antl l;,rgc epiccntral distanccs of carthquakes usually obs~rved 
thcrc imply tltat practically al! ·cncrgy must arrivc in tite form uf surfa.:c waves. 1t is casy to 
undcrsland tlwt tite ;¡ppan·nt c<>nf•nnation of thc unidimcnsinnal-shcar-wavc rnodcl iu this 
~·as~· slcms t'rum lhc l'ad tl,,d thc largc lcnglhs of tite incoming surfacc waves lead to the 
n·sponsc of the soft soil format1o11 far away from tite bordcrs uf thc vallcy according lo a 
p:lllcrn vcry similar .to tltat of the shcar bcam modei..Tite agrccmcnt is accentuated because 
\W)' little cncrgy is radiatcd back to the base, and bccause a significan! portian of i! is 
radiatcd in accordance with thc shcar bcam modéL Tltis form of soil response and the smntl 
ratio cf cnergy radiation are rcsponsibk for the occurrence of dominan! ground periods. For 
the same reasons, dominan! ground periods determined by means of excitation applied at 
lhc surfacc coincide wilh those rc'>u!ting from e·arthquakc l'XCilation. But tite conditions 
tllat favor thc practica! applicability of lhe mentioned modd in the case wltere a 
pwnounced contras! exists betwecn the soft formations and lhc base do not appear in the 
al)sence of that contras!, and conditions other than scdimcnt properties may domínate the 
local pa ttern of intcnsity variations. 

In an attempt at developing a unified approach to the co,nbined mtensity-attenuation and 
lm:al-amplification rffccts for sile undcrlain by stratitled soil formations, Sanchez and 
Esteva ( 1977) matlc use of availablc data for lhe derivation of atlenuation expressións that 
ctircctly account for the systematic inllucncc of local soil, while ranJom deviations werc 
dcalt with as equation errors. Dala of carlhquakcs reccntly r(,.;orded al sitcs whcre detailcd 
information was availablc about local soil conditions·(this mcans 50 horizontal components 
:•t 10 diff~rent <ites) provided the basis for scmiempirical attcnuation cxpressions for 
Fouricr spectra at the ground surface. ·Th~se cxprcssiuns are of the form 
F(w) = G(w; R, M)g (w;s), whcrc F(w) is the ordinatc of Fou:icr spectrum for frequency 
<·J, G accounts for sourcc (M) and path (JO cffects, and g is a functi•Hl that accounts for 
amplification effccts in terms of local soil properties (s). C was a''sumed -of the form 
b 1 (R + crb3 exp(b, M), and g was takcn as the amplificatiun function of an equivalen! 
singlc-degree-of-frc~llom modcl of a linear shear bcam assumed lo represen! thc soil layers 
above firm ground. A number of expressiuns were derivcd for scwn valucs of w, in 
accordancc with thrce altcrnatc dcfinitions ul firm ground: !he surf~ce material itself,.or 

. those with shcar wave velocities of 400 and 800 m/sec, rcspcctivcly. Thc rcsults Y(lrc 
disappointing: the ratio of obscrvcd to predicted ordinales of Fouricr spcctra was 
systcmatic.ally greater tl1anunity for thc componcnts rccorded at lhe particular site whcre thc 
computed values of g wcre highcsl (i.c., wilcrc a thick 1ayer ofvcry sofl matcrials existcd), 
and lile standard deviation of that ratio for the whole ensemble of si tes and records was vcry 
high and indepcndcnt of the dcfinition of firm ground. But Mohraz ( 1976) obtaincd · 
significantly differenf intensity atlcnuution cxprcssions for diffcrcnt alluvium thickness. A 
similar study was carried out by hccioli ( !976), who c!assified ground propcrtics into four 
\'atq;orics: cryslalline rock, sedimcntary ro,·k (inc!uding stiff conglumcratcs and very 
compact sands), typical alluvial deposits with intcrmediate stiffness and sort dcposits (loosc 
s;•nds and soft clays). He succccdcd in obtaining empirical attcnuation cxprcssions for cach 
of tltcsc catcgories, for which thc standard deviation of error is lowcr than that associated 
with previous expressions that ncgkctcd lite influence of local conditions (Esteva antl 
Viltavcrdc, 1973; Me Guire, 1974). Thc systcmatic inlluencc of such conditions is thus · 
wnfirmcd, as well as thc inadcquacy of the shear bcam modei'to predict them. 

Two-dimensional models as shown in Fig 11 can pcrhaps suffice for the qualitative study of 
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• ihc overall patlcrns r,f wavc gcncralton and lransformation. Thcy should "!so provc uscful 

for'"the understanuuo.:; of lhe pos,tble inllucncc of irrcgularities and dis.:ontinuites found by 
¡J¡ffcn,nt typcs of '•'.IVCS alon)l tlteir patlt, :tnd for lhe asscssn1eu1 of loctl variahility of 
litlteil'.tliu. 10 lhl 11• 'i".lluod¡uod ol sunn: .¡·.•·,,¡oglcal or tupo~IOIJ'luc¡JI J•:cidcnls. Probably, 
thcy_ can cvcn hclp ••.t gaining somc iusight 1111o thc gcncr;,J pa11crus of WilVCs arriving at a 

sitc, thus pernullm:: lhc fonnul:1tion uf ad1.'4uatc amplilkation modcb. ·¡ hcrc ;u e inslanccs, 
howevcr, wherc thr·c .:-,hmcnsional motkls 111ay be rcquircJ. Onc su eh """ is thc study of 
the amplificó moti1..•n rcwnJed at one of thc abutmenls of Paco1nta Darn úuring San 
Fernando earthqua'<.,.; anothcr woulú be the stuúy of !he response oran alluvial formation 
where torsionál oscdations might be of importance. 

Given a !rain of i:<coming waves, predictions of thc rcsulting motion at a sitc with 
heterogcncous pror•· >lics or irregular topo¡;r:tphy can be dcalt with as a diffraction problem. 
However: standard :o rtalytical formulation (Mor.;e & Feshim:h, 1 'J53) can only be applicd in 
practicc to simplii'ic· .1 1dealizations of actual conúitions tS<"''· for instan.;c, Aki and l.arncr, 
1970; Bouchon, l'l i3; Trifunac, 1971 b ). For more gcner.d applications, finitc difkrence 
solutions of thc wave equation (lloure, 1972), finitc e\em,·nt wav.:-propagation 
investigations (SmilL .. 1974) and dynarnic response studies of fulitc-clemcnt 1110Jds of >mall 
local regions (l.ys"''''' & Drake, 1971; Ayala & Aranda, 1977) lwvc hc·c·n unJc:takcn. The 
latter formulation is vc·ry attra~tivc to cnr,1nccrs, b'ecause it pcrmih Jtrcct arplication of 
standard programs o,f frcquency-domain or lime-response dynamic analySis .. But aJcquatc 
boundary condition'i. havc to be dcfined at Lile cdgcs uf thc rcgiou umkr study in ordcr to 
allow · transmittal o:- incoming <tnd uut,;o1ng wavcs withuut ncessivc cnagy losscs or 
rcllcctions. When Íi\-~Oming Jl\(1 outgoing W.IVC> are of thc ·'·""" type ollld havc thc S<llnC 
direction, theorcticai'iy exact bounJJry conJ1tiuns· can be "''""i"hc·J, cxprcssed in tcrms of 
equivalen! damping 'mits (Lysmcr & Drake, 1971; Tsai, 1 '!h9 ). 11 proximatc solutions have 
also heer. formulated for tl1c case of out:;u1ng body wavcs uf known 1ype ami unknown 
dirtcl1on (Lysmcr & Kuhlcnmcyer, 1969) '"'J thesc solut1ons hav•: becn extended to thc 
combination of inconning and outgoing wavc·' (llyaln & A randa, 1')77), but lhc general case 
of known incoming -.waves and uuknow; outgoing wavc \y~"' '"'d dircclions has not bren 
sufficicntly studicd. 

Dcspite these problc;ms, criteria bascd on !he time-history analysts of finite element modcls 
will probably gain widc acceptance in vicw of thcir alnlity tu acc:ount for nonlinear soil 
behavior. But despi1e the imponancc usually ascribed lo no>nltncaritics when trying to 
explain discrepancies. bctween obscrvcd anJ prcdictcd loc:al amplilication e(fccts, it must be 
recognizcd that theiLr influencc is ol'len overshadowcd by the ovcrall pattcrns of shock 
generation and pro:)Jagation. lt is this wnsidcration that supports the usefulness of 
frcquency-domain stU>dies as advocated abovc. 

CONCLUDING REMARKS 

Microzonation implirrrs much more than mfluence of stratificd soil formations. lt implies a 
bctter knowledge of the fault mechanisms of carthquakes that Si,;olificanlly contribute to 
seismic risk al a site,. study of thc possible influcnce of path charactcristics on the types of 
arriving seismic wavc:s and hence on thc m.~nncr in which local conditions will affect them. 
More general analyti<~al models for thc stud> uf all factors affccting scismic waves from thcir 
source will have to• be devclopcd, adaptcJ and implcmcntcol by cnginccrs. But, as a 
consequence of lhc oeomplexities inh'ercnt in thc phcnomcna under study, those models 
should only play a role complemcntary to instrumental observations. Because path and 
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mcchamsm cficcls havc becn >hown to affcct local variat10ns of ground motion, a large 
~~umbcr of cvents wlll havc to be rccortlcd al evcry sitc uf mtcr~sl anJ 1ts neighborhood 
befare rchablc conclus¡ons can be drawn concerning thosc variat10ns. Hencc small 
uia¡:nitude shocks should he givcn incrcascJ attcntion, as thcy will probably constit~te rhe 
niain sourcc of information al sorne sites. iu 'pite of thcir inabihty to providc information 
;Íhout .rhe inOucncc of nonlinear soil bchav1or associatcd with sevc·rc shocks. Dcployment, 
".l'cratlon and lntcrprctatlon of !he record' of local instrumental nctworks should aim at thc 
drscriptiOn uf earthquakc motion vamh1i11Y throughout small rcgions, and ¡¡t thc 
undcrstandwg of !he pattcrns of seismic wavc' ¡;mng place lo that variability. 
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TI1c most wuJcly u sed tcd•niqucs for the Jtudy of nnc-dimcnslonal~¡mpllflcation of vcrllc:ally propa· 
~al in¡; scJ~llliC wavc~ mvulvc sulution of !he dymunk cquatiHna in tho·frcqucncy dumuan with Jlnearly 
viscucl<.~slic m:~tcr~al prupcrtics. Material nonlincaritics ;nc ap¡uuximalcly mmJclcd hy ilcrahvc UIC of 
linear :mlutJum, ;uiJlhllll~ vahu:s uf mmlultJS and dam¡un~ uutlllhcy are c,:ump.:~uhlc w11h computod 

·. le veis of .~otraiu. TILc ¡un~1ouu SIIAKE is the bcst kuuwu cumple of a ,,,tiC u.~omg this pru¡,;cdure. 
Severa! rl'litlt'•nenh tu lhc iler:~tive schcrnc nriJ.~inally pmpnscd hy Sec:d and ldriu ure pre~ntcd In 

lhis papcr. In parlh.:ular. il b shuwn that thc sulunnu lur thc: laycn.urulcrlymt' the cuutrulmutlon 
can he uhla1uctlu1 une Mll¡.th: !riiC¡J, when_thC mal¡s 111alllk Í!ri diolgunal.lhc uf the üre;u SIICII in place 
ul lhe J<.hc:1r si ra1n a~ lhc cm11rullint' paramclcr in dcl~:lllllllirr¡t material prnpcrtics ~rvca fu~~otcr c:unvcrs· ,. 
cncc aud .ith.·nlilies ¡;¡¡ses ni pnlcnlial nun-tnnvcr~cucc. Trivial mudificiltiuns u re ¡¡Jsu prnp,Jsed 10 tho 
liiOindanJ k'hcme lhal wuultl cnahlc the rc:scau.:hcr tu !lludy lhc amplificaliun nr dc~.:unvolutlon o( 
nam·VCrlu:ally incuh:nl SI/ w;,ves with a ende likc SIIAKI:.'ThCIC IJ)4HlificDtions consist simply_ln 
diantdnK thc 11\0IIIIi dcnsily uf thc suil,and rcdcl'ining thc churactcrlstlc·strain. 

Kcy Wurds: ",¡¡ dynarnh.:s, coarllatuake cngineerlng. 

INTROUUCTION 

11 h:" hecumc a.st_:mdard praclicc anumg carthquakc cn~lll· 
cen; In u~ linear wavc prupa.:atinu thcury tu ~&ucu thc 
effech uf lncal soil cuuditiunll un thc ampluudc and he
qucu~.:y cuntcuh of !o_Cismic mutium i11 ~ouil th:pU!iiiS. lJ:.ually 
the !I.Oil~ ;u e itlcaliJ.cc.l a!i huriwutally laye red ~tralot uvctly1u¡; 
n)\!k, and thc it¡l·idcnl wavcs are a\\11111cd In he plome wavcs 
propa¡!;IIIIIG iu a kuown diu.:~.:tiun lluuu~h thc ruck hatf. 
spacc. Mu~l uf thc pnu;:li,al apphcotllun~o h01vc hccn luniled 
In thc \ludy uf shcar waves prupa~allll~ verlh;ally. l.c. 111 
thc fl~~thlclll uf nu.cof.limcn,iun¡¡l ~~~~ ;unphllcallnn. Thc 
an;tl)'·uc;~l •,nlullun In thc ~~o~Jil ;uuplih~o:allun pruhlcm. whkh 
wa~ dc,~·11hct.l hy 11UJm5nn a" carly a11 1'150! wa111 he suhJcct 
uf intcnM: rc)Cardl In' the JIJ6Ó~.z~• Mure recen! wurk ha~ 
consiJcrcd thc ;unplil"ication of l(encrah.tcd body_ wavcs1 

and ~ourfacc wavcs.1 -

Wlnlc il is theurctically possiblc In pcrfnrm truc incrc. 
mc111al an<~lyics, in which thc prupert1e:t of the aoJI are. 
vaucll ac~.:ur(hng lo tlic lo1d path illld mstanlaneous lcvels 
~f SUain."~ ¡.u'ch pioccdures are ¡¡cldnm used in practicc. 
lnstcoaJ, approximatc linear solutions are uhtained by an 
itcrati"e scheme originally pruposcc.l by Secd and ldriss.4 

Each iteratiun assumcs constan! values of sutl properties 
during lhe carthquakc, but lhc j>rupcrttes are chvaen al the 
bcr;nning of cach ilcration so'· as tu be consi1tent with lhe 
Jevels of strain computcd in the prcviou¡ lleration. These 
Jcvcls of strain are usually measurcd by a characteriatic 

Rccclvod Much 1984. Dilcuuloo clow Sept.cmbcr 1984. 

~:--

slrai~~'Wh~h is eithcr thc pe¡¡ k 10 nr th~ ron.t mea~ ¡quJra 11 

volue nf thc princ1pal du:arm)( ~traiu. While thc linear lhcmy 
and lhc ilcrativc '"lu11un du 11111 pwv1llc cxacl 1ulutiuna 
and havc a Ju1111cd fiiUMC uf appil,allnn, thcy provida 
·at~ptahlc re~~oulls lur cn¡unccun~ purpullCJ.' SIIAKI.!12 11 
thc hc11 knuwn cmnputcr l""lMnun uMnl(lhesc proccdUJOI. 

IMPROVED ITI'RATION FOR LAYERS DELOW 
CONTROL MOTION 

Tho horatlvc algunthm wurks.wcll 1'-<u many cun, ~ut lt 
can dlvcrge when a large 11111phtude nf motion issrecified 
al or ncar thr surlacc of a dccp dcpusit of son sod. The 
failu"re uf lhc lterauun11o cunvcrgc ili lho rcsult ofa numbcr 
offaclOn: 

(a) Tho soll muy be rcquired -tu uanamlt i higher lcvel 
of mounn 1han J.t cun accommuc.lato. Thcrc ls·ncce. ~ 
sarily a hmll to thc lilrCioi that can ba auataincd by 1 . : 
luyer of sor!. 

(b) Thc soll may be required lo tranwntt. too much 
onergy at ht¡.:h frequcnc1cs. Tho motion apcctncd at 
the free sur lace may hnc a frcqucncy contcntln· 
consis1cn1 w1th thc properllcs of thc 500 and partl• 
c:ularly thc damping. 

A 1yp1t:al amplificatlon functlon from a depth 1 
to thc Ir ce !IUrlacc uf 11. soil dcposit wllh linear 
hySicrcll' damping is shown ln Fi¡. Ja. :lt can be 
scen lhat the ampUtudc lcnds to zero for incrculna 

1 16 . Sol! /)ynamics •nd E•rthqomke Engln .. rinl, /9/U, VoL 3, No. J 
0261·7277/IW/030116-08 $2.00 
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So a ampUflcatlon: t101M re[lne~Mnts: E. Kau:eland J. M.· Roiuct 

'r-----~--~~~-r~--~_, not necessurlly toa uniquo solution) for lhe soll abovc the 
eleYition .where che .control motion is spcc:ified. and, in 
particular, H converges for thc enUrc aoil deposit when thc 

6 rv 
1 1 
1 1 

wlr lo 1Hr4rock 

----

FIG. la 

mohon is prescribed at bedrock. , · 
As shuwn in che appcndix (and in more dctail in rcf. 13 ), 

tho ¡olutlon of the iterativo linear problcm r(>r agivcn t~yCf 
· b~Ww the elevation uf thc control motion dcpcmb only on . 
thc propcrties uf thut !ayer arid the.solution for thc ovcr. 
lying laycrs. lt is indcpcndcnt of thc prupcrties or tho . 
solutaon~ for soalslylng hcluw thc luyer under cunsit.lcratiOn . 

. ThcrctUre, the iterativc algnrithm can be applied &0 ~hat 
. ~ ·. layer without con~dering uwJcrlying layen, and this tact 

':\}'·· .loadsto tho followin¡lmpruvcd pruccdurc: · 
21' 31T 

Figure la. AmpUflcatitm /ut~clions: ampliludc ofmotion ~r. ·. 
. 41 frtt mrfact for un11 hurmonic mmion prcscribtd ar.;·· 

depth t 

l. Solve by thc standarU iterativo mctholl fnr al! materlals 
lyin& abovc lhc ch:vatiun uf the r;untrul mutii1n until 
the solulion IHI$ cunvergcll ~tisloa~turily. 

·. · .·: · 2 •. Without further 11cra1 iuns un !he uvcrlyin~ 10~ tcrials, 
lr~~·--~-,--~-~~""T-~~---"1 .~.~;-.: · ... "-_. ~lvo for une !ayer hcluw thc cuntrul mutiun with 

--\r. :::.~>:, itonuions un tl•c prupcrues uf that !ayer until '"'lis· 
._ .. ,).~~(::..::~:. factory CUOVefl(CIU.;C 1, uhUIII,ICtl, . · 

.~'·._:J:l: kcpcut tlu: puu;l.:llure uf ~otep 2 fur cach suc~.;cliSivcly 
'(: lowcr !ayer In lile prufilc. 

. ( 

CQ~~.~,·,----~rr~~------~,.~,~--._~-,~,~-.--,-,J 

'• 
· F/6Urt 1 b. /kotttpll{lcal~mfuncli,mJ: amplituút"o/mftllun 

111 dt:plh z for unil JUU'mmrit: multun prt:JCfllt,.,) ol jh•c 
JUrfa~e 

(e) 

,'·'·~· 

valu~ of thc p1141de1Cf flz/C, whcre 0 is thc frc· 
qucncy, 1 thc dc:(lth and c. tflc shcar. wavc vcludty. 
Thc functiun nccllcd tu determine thc rnutiun al 
dePth 1 rrun1 a specificd mutiuu atllu: li>Urfacc is thc 
lnvcrse of 1his curve, as shuwn in Fi~. lb. This 
function lncrCII!ICI with U.zfC. withuut huund. Ftu 
JlVen valucs of n anll (~!lacre is a dcplla z iH which 
any alvcn valUc will he cxcecllcd. . 
Thc .usumptiun nf a liucar hyllcrctlc damping. 
lndepcndcnl of frcqucncy is unly an upproximution. 
Slnce materi-al darupin~ is a function of ampliludc, · 
h ¡h frcqucm:ie' associ;ltcU with !U1141ll ampliludc 
c:rclcs of vihration may havc substantially less 
damplng than thc prcdomanant frcqucncics of thc ~ 
Laycr: Figure 2 tllu:~.llatc) dn~ point by cÓrnparing ·. ·· 
((Jf a soil profilc thc amrl•fu.:alum function resuhing 
rrom thc last cydl· uf a lmc:u itcrative analysis and 

• tl.e rcsult of d&v•dmg thc Fuuricr transformo( thc 
n otton at thc free surfiii.'C by the Fouricr transfnrm 
o;· the motion ou thc bottom of thc ·!ayer, with both 
n !Otions having becn compuled Uuough a nonUn_car · 
aaalysis in lhe tamc domain (nOn-linear transfef 
f·mction). 

Divcr ;en~:c may occur only bc\uw thc ek:vation at W.hi_ch .. 
tho eart :1quake motion. alsu callcd 'control motion' /is· 
spec:if1c1 . Thus. the algorithm always converges (ahhough 

In ·this way, une duc~ uut pw..:ccd tu thc nl.lXt luWc:r IO&yc:r 
until ull nverlyllllllayer~ l~<~vc cuuvcrgcd. This rnudil i..:atiun 
rasults in an alwunlun 111:.1 1~ sumcwlull I':!Íh:r !han the 
classlcal !'~.:heme 111 wtu..:h all layen~ are aitalyzctlllunultane· 
oiuly, and .11 uJcnllttc~ c)l.ph~o:Ltly thc !ayer iu wlti~:h thc 
iiCtatiVC (lR'CCLiurc dtver~c~ Wlthuut JusiÍI¡c thc ~ulutiun fur 
tho uvcrtyins layL·n. 'ltn~ chminutes thc ncctJ tu prcM:Ic¡;t 
an 11rhitr.ary llc¡llh lur tlu: !>otl prulilc:- wlu:n hcduu;k I!IIIUI 

clearly·idcntit'icd, ••r !11 c11~a"c 111 a 1 rialawd t:rP•r p¡•u.:cdurc 
varyina lhc llcpth ut thc !ayer ur rhc frcqucn¡;y ~:unte ni of · 
1hc iOputliaotiun wh~.·u l.'unvcrgcm.:c ÍJ nut.at:hicvcl!. ., 

PROPERTIES llU'ENOENT ON STRESS LEVllL 

· ThC llerullvc linc<~r "PPiultiln;¡ticm lo thc nuu~lincar ampliO· 
catlon pruhlc:m anvnlvc~ ~.:umruliu~ values' ni' cl<~n!piu~ und 
IC'Cant mudulus hum """e ..:ha•ach:ristic rnca~uu.• uf )lrain, 
Whcn ·lhc cunllul mu11011 ¡, prc~~.:rihcll ;11 lhc fr~e ¡¡urfa~:c, 

OQ ].00 6.00 9.00 1 .oo 1~00 

FREQUENCY - CPS 

FiJ:urr 2. Amplificution funciÚJfll.' non·lincar rimc-úomuin 
a11alysis wemu jrequency.Jomaln IIJ!wldtiun wirh linear 
hysJerelic úamping 
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L. 

V 

1 
1 
J 

J 

Figu~ 3. Lumped ~oss IJt>olizatúm uf¡o/1 cOlumn ~ 

this can "be t!:featly imprnvcd hy dcscrihing rlie propertlea 
in terms of charactemlu.: le veis ul M te u lll);lead. To undor· 
stand why th~ Üi so, cum1Jcr !he lumpci.l mus representa· 
tion uf thc wil culunm l!ohuwu 111 hg .1. l.ct r1, u1 be tho 
shcarilig slrcu and dl\pl.i\.l'lncnt uf !he ¡lh lnt'"r(aca. and 
PJ· G, llr lhc mass i.lcmll). \hc.u motluhn, aud lhh:kncu of 
thc jlh /ayer. Thc cou11ul tuutum •~ ~pct.:1licd at Interface 
(mass) l. Kegardlc!.s o/ mo~!cual prnprr11cs, e4ullihrlum 
rcquircs thal fur c.ach frcquc-ucy U, 111 .m anillysis In lho 
frcqucncy domain 

(1) 

so ihc· ftequCncy varialiun uf r 1 (m 11s 11me histnry When 
the invcrsc huuier tr:m~fnrm 1s appl1cd) and 1ny charac
teristic nr avcra~c values, can he c-umpuu~d dircclly from 
that uf U1• Jf the secanl m!1dutu .. ;uu.J c.Lunpmg u( layer 1 
WCIC ktlllWit Íll ICrOIS uf T¡,llltC CIIUhJ O.:lilllpUIC lhcir ViJUCI. 
dircclly witbout iter¡¡titHUi. Once lhc malcnai¡>Jupcrtlenro · 
knowu fm !ayer J. a une stcp linear :lolu11un u( the vertical 
wavc pmpoaJ+Iliun prohlcm (or J;,ycJ 1 g1vc~ lhc (rcqucncy 
variallon uf the at:ccleraliun U a. 

h, • a,-a,+-n ,, (21)· 
G, 

Equilihtium requlret thal 

Tt e: T1 -:-l {p,h, + p.,h,)Ut (2b) 

This is thcn sulved for thc (rcqucncy variation of r2, 1nd 
the malcrial propcrtics are ohtamcd (ur !ayer 2. The pro. 
cedurc is rcpcated for laycr 3, ani.l su on. Thc al¡orithm can 
be &ummarizcd by &lalin¡ thwt, (or any Jaycr /, 

Joes nO! 11ppJy tJIJccl/y. bu! !he C4UIYO!lCIII C4UatJon for thC 
~ummuou¡ ca:.e 111 1111.: 1 rc4ue11t.:y Joma m ~~ ncarly as¡imple. 
hu matcnal~ Jym~ o~huVl" rhe r.:nrJIJul :no !Ion, !he ilerative · 
lmcar ~ulutJon mu~l be uht ... mc-d .n hd.urc-,cxccpllhatiÓU·. 
proper11c~ are dcS(.:Jibcd m lcnm ol ~t1css ralhcr than straín. 

Curves of damp111H dlld sc~.:ant modulus versus tho 
lolUJrllhm ol W1car slram iJtC ca~•ly rcplolted 11 curvea 
vcn.ua lu¡.tai!IIHn nf shcar lltcss. FoJ cx.amplc, the average 
cur-tcJ u/ •hcou ulotlulu~ uud Jam¡uug versus shw llrain 
(or S<~nds ;,ud c;l¡¡ys (F1gs. 5.ll, 5.1 J. ;,¡JHJ 5.9, S.J4 of rcC. 
14) ate reploUed in Ft¡;l!.. 4 ami 5. Sunilat transformadonl 
¡,;ouh..l be applied lo n1hcr, more rcccut rcvisions o( thcac 
t:urvc~ f pal\kularly for days). 

Onc ubjc~.:llun lo tlus prucedute is tlul the atre....atraln 
curve m3y he peakcd, ¡ucdudmg a uniquc r~llltion between 
~c~.:anl modulu1 and st~c~• levt.:l. lluwcvcr, 1hi1 ia mitig1ted 
hy thc folluwlng facts: 

l. The levcl¡ or stram are usually smaller than ~hose 
requited lo ~et past thc peak nfthesueu-:straincu~c. 

2. The moduli do uul reprc!!Cnt 1hc aueu .. strain curve 
(ur thc first applicalion uf luad hul reOcct thc cf(cCII 
nf many c;ydc~ ur' lmu.Jmg, which· tcnd lo climlnate 
peaks in llreSl.-slr;am curvca. 

3. Whcn a ¡;cnuinc peak exisu, lleratlva linear solulions 
may nnt he umque hy any mclhnd. The use uf shcu 
11reu u lhc t:unt¡ullmg paramcler ldonllnes 1 putcn· · 
tiaJ pruhlcm 111 ,u¡;h 1 cuc. 

··:~ 11!1! .... 
-1-WII.;.;.:..-H'-J 

' ~¡...... ·1-~-
1 1 .• 

f .. l----'-4---j·~ ~ 1; .,,_ - t'-; 
11. ' . " : 

1 1 ! ~ : 1 ·1-1-- , , -H--l 1--liiii---JI.. \+--H-1 
1¡¡ 

·1--+-l--+1 

• .... 
Fitun 4. Shear mvdulus t~enul ltral · 

,. 
• 

11 11!! 
1 1; 1 ., .. .. 

• • 

a1 e u1_ 1 + h¡_jn•r1_JG1_1 (3a) 1 1 ,' 
• ~ . r¡ = r¡_,-¡(p¡_,h¡- 1 + P¡h¡)ú¡ (3b) 1 

where Po and h0 are zerp. The procedurCI ll then: 

J. Solve (or r 1 from cquation (J). 
2. Evaluatc material propertics of layer 1 from rs., 
J. Solvc fot ü 2 from equ1tion (31). 
4. Snlve fot T2 from equation (3b). 
S. Repeat stcps 2-4 for cach laycr in tum. ' .. · .. 

When the &oiJ is not represented by lumped maUe1 but by 
continlious laycrs, as in tbc SHAX.E prog_ram, cquation (3) 

i . . 

. 
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ne proposed use of the sheoar stress. as the controlling 
P~~eler permats HChievingconvergcnce in a single iteroattou, 
u·opposcd tu the vanuuslterations that are ileccslklry when 
ahcar ·'""In 1~ llu: cunuulliu11 pai~Hl~ter. lt '!Je~.:ific.:illly 
WEHIIII<s outtdlllulll 111 wltk:l1 1110 teqUit~d ''""' 111eu 
exceeds thc av"aliable shear strcn~:th. In .:alhlition it ls more 
losk:al from a geotechnical point uf vicw :üncc it.allows to 
account dlrcc:tly for the 1hear strength of thc material. 

NON-VERTICALLY INCIDENT SI/ WAVES 

lbc siudy of wave ampllficHtiOn in laycred soUs aubjec,tcd 
to nonvertlcóllly indll~nt SI/ w01ves can be accomplbhed 
wlth thc well known Thompson-llaskell algurithm. 11 wíll 
be demonstraled in tlu: followmg, huw~:ver, how u simple 
(but exact) sulution lo thb pruhlem ~.::m he ohtiline'll also 
wlth programs ~uc.:h 111 StiAKE hy mcrely rcllefining the 
mau-dcnsity nf the .oil and tlic c.:hara~.:teristic stroain, Thcsc 
chan¡esarc as fullows: 

p, •p, [i -(~:)'sin' o] (4) 

In whlch p,. p, ore lhe r.cal11nd ti u; c4uivalcnt "ul dcu~tlcs 
·o( thc suU laycn; C, i:s thc shear wav..: vcJu¡;ny tu th~.: !ayer 
undcr consh.ler¡¡tiou; e, is thc shcar w;,¡vc vclot.:lly in thc 
underlyi.ng hclirm::k; unll O ls thc an~lc td tm.:tllcm::c (w/r tu 
the vertical) tJf thc SI/ WóiVCs in thc unllcrlymg ru":k. Alw 

r m 1 u, -hu'''l' + (~)' ''"' oi u, +;,··r -{5) 

ti the ilmpliiic<~linn -function (ur thc.maximurn :strain: 
na cxcitatiuu ht"l{tll:lll:y; ha laycr lltickm:\5: anJ u ·"thc 
rrequcn..:y rc~pun.:oc htu~.:tiun (tnmsfcr fun~.:hun llllll:~ thc 
Fourier spct.:lfLIIII uf thc iuput) fur lhc t!i:.plat.:cmcut :&t thc 
mhhllc uf the ith !ayer. llu: ~uhinlli~:c:s/ aruJ j + 1 rdl:r to 
thc intcrfou;l."~ huunllinK thc ith !ayer umh:r ~o:mt~tl.ierauun. 
Thc actu¡¡J ¡;h;.ua~.:h:mtu; slro.in is thcu cumputcd ;as in rcf. 
13. vlol the HMS valuc uf thc suain uhtaincd as ;m lltlcbróll 
(summatiun) iu thc fn: ucm:y dnmaiuu · 

2 peak Input accclcratlun 
ldw m X 1RMS {7) 

J RMS Input accelcration 

(the T f;u;tor ls thc duration ofthc record. whw:h 1s iuclcv:anl 
aincc it can~.:cls in thc ahuvc ratiu with 0111 iiJcntic:.altcrm in 
lhe RMS a~.:cclcration). Thcsc muUificiltion¡ will be proveiJ 
in the foUowing. 

1. Equtvtú~nt so« pnJpcTCi~J 
The propagation uf planc SI/ wavc~ in a hnrii.Untally 

laycred soil ls ch;~ra~.:terized by thc wavc oquation (with 
(u a u,) · 

a'u a'u t a'u -+-m--
b2 a:' e: at' 

(8) 

Solutions to this equation reprc.senting plane harmonlc 
SH wavcs are uf thc furm 

u m [.1 1 exp(-inz) +A, cxp{inzJI cxp(-ik.r) (9) 

where k, n ue thc wavenumbcrs, A 1o A 1 are wave ampll· 

tudcs and an impUe'd factw exp(/nt) has been omittcd. 
1l1e wavenumbcn s.atisfy ~~o dispcnion relatjon 

.-+n'•-. . (l'l)' 
. e, 

For SH wavet propagating tñ thc halfspace (ru"·k) with 
an an&lc O w/r to tho vorlical, the ptu&sc vclocny i• 

e, r--
slnB 

(11) 

ln whiCh C, • sh~r wave vc~city In 1he underlylng rock. 
llencc 

"' "' Ir. •-•-sln8 r e, .; . (12) 

which can bo uscd to salve fur n 

·. •' • (~)'- CD' sin' O (13) 

(l'l)[ (e)' ]'";' , .. e, 1- e~ ~in 1 o .•. (14) .. 
DcflniO.J thc CqUIVaJentshcar WIIYC: VCioclty e,· a. 

e, .· .... 
e·· ' ,fi - {C,/C,)1 1in18: : (15) 

we obtalA .,.· ... 
. (16) 

n· ··-e, 
Equallu~ (9) tran•furm• thcn lnlo 

.. 
·.·:. 

.:~•[A,cxp (-i~z) +A,exp~~z)] cxp(~lu) 
(17) 

Thc tcrm In brackcu is ldenti~.:al to thc snlutlt.lll fur the . 
onc-dlmcnsional wav~.: cquauu11 

d1u tl2u --c•-dt' ' dz2 l ... 
(18) 

whk:h chal'ilCICrÍlC:S thc pruhlcrn ur YCU(Cully propagaling 
Sil waves. Sin&;c thc cll.pun~:uiJal factor In (kx) is the samc 
in a·lllayers (and ~.:an 1hus he filt.:lored out). it fulluw~o that 
thc unc-dimcn!~Jtlllal soluu .. n w¡lh c4uivalcnl shcar wavc 
vclocity· is idcntu.:.:.l tu thal ul thc twu~inumsiunal wave 
propagatiun pruhlem w11h nun·vcrllcal incidcncc. h rcrnains 
lO est.u.blish lhc e4utvalcnt pru(lcri!C5 P~. e;. that prnvidc. 
tho appropri:ate shcar·wavc vcl .. ..:uy c •. TI1csc are nbtaincd · 
from thc ¡;uutinu¡ty •c4uuc•nr.:uts fur thc ahcariug slrcsses. 
(Tya) a..: rus.-; 1he uHcrta..:es. 

Thc strain l,;lllllpnnenls (111 thc frcquency dornain) r.zy• 
r,. ara 

au r ·---lku (19a) 
"~ ax 

au . 
r Yl • -• -ln[A 1 exp(-lllz)-A2 exp{lnz)j exp(-iu) 

az 
119b) 

Henee, the sheanng streucs in h,ortzontal plan~s r1• are 
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g.iven by 

ry1 •Grn 

~ ~~ 1111/ !A 1 "JI( llll ¡ -A 1 up(/nz)J CKp(-/k.<) 

(20) 
By comp.arison, the stren Tyr associatcd with·a onc..c:Jimcn· 
sional motlcl with propCrt1es Cr. Gr would be . · 

r,c-J~~r;, [11, cxp (-1:::) -A 1 cxp (1 °::)] (21) e, e, c. 
IJcnce, lo simula te thc iutcrfacc strcues· o( thcl IWO• 
dimensíunal molicl with thc unc-c.limcnsionul model, one 
must havc - · 

fl 
nG~~:~~-G, e, (22) 

which rcquircs G, = G, iinc.:c no:: 0/C •. It rollowsthat 

e, e [ (e•)' ] P...,_. ·- 1- - lin1 0 
'e:'] e, 

~p[I-(~~Js!n1 o] (23) 

Again, lhc cxpunenrial fac.:lor i:-. (k.r) is common to .111! 
layen, so that 11 drup~ mil whcn cstahlishing lhe cnntínuity 

. of thc suc .. ~~ a¡;ru!>s t/11: nHcrf:u.:cs. Thus, a 1\fllitr:un likc 
SIIAKE cuuld he u sed (wllh sli~hl mmlificoitlons) tu stutJy 

. oblil¡ucly 1n.:aJcnl ,\"// WOJYC5. lt sulliccs lo rc:placc in cach 
!ayer thc ;¡c,;tu;•l prupcrtu:~ hy thc c~uivi.lcnlsuil propertlcs 
as dc:w..:rihcd c;ulicr. · 

This llimplc Chut exact) pro~.:c:dure hots varluus Jntcrestins 
CO,RSC~IICIICCS: 

(a) In ~cncr;~l, C,/C, < l.llence 

e ' o.;¡- -.!. •ln16 ..;;¡ e, (24) 

so that 
p~<p, (25) 

Sim.:c lile c~¡uiviilcnt ~uil prunlc ls •ugtucr'. thc ¡¡mpllfl. 
caliun pcab lnt nunvcrth:al iru.:ít.lcn..:c wlll cvhJc.ncc a Jhift 
tow;utl~ liJe lughcr frcqucucic~ uf thc nn.lcr uf Cr/C1 • l"nr 1 
50j) J..:¡lll)oll U\'cdyang a lnUc,;h lliffCf rud, C1 o( e,, JO that 
C~:: (~. auJ nu- ~luft. wuuld be ubscrved. For a híilflpaco 
(dccr alh•vu!~-1. ~~/C,,.. 1, t~nd lhc pcaks (va !ley~) shift hy 
11 fac.:tur v'l- sin1 0 • cosO. · . 

(b) Fnr bcdrot.:k, e, a C,, so lhat 

p,. a (1- 1ln16)p, (261) 

e, e, e,.- a- (26b) 
.JI sin20 cosB 

Thc impcdance contrut for a uniform aoü layer on clasttc 
rock would thcn'bc: · 

p, e, ::.P,,_c."'''-::.¡~1;;--7,< c~,~¡c5,~í'F.Iln;;',;6 Rr:;:--• 
p,C, p,C,.JJ sin2B 

yl - (e,¡e,}' sJn26 · R R 
=R E!1 •- (27) 

.J¡ sin18 . ../1- atn•S cos8 

Henc:e, the cffcctive radíation dampÚ1g 

.. R . 
6, a !R.•j- (28) 

_cosB. 

mercase$ with . in~rcüil~~;~~glc of incidencc. The ampllfi· 
'a11un pcaks wilh rcspcct ·tu rpck uulcropp/ng. must thcn 
''"""• •rrroxlm•IIay by 1 foclor o( co18. · 

(el Tha ampliflcalion funcllon• from a dcplh 1 In 1he 
auil to the surface are (olm'ost) indcpent.lent of the ~glj o( 
•n~•dcnce, except for. the shift In frequcncy axis p1 p •• 
fnr exumplc, if C,JC, ~ J00/200 = 1/2, thcn 

(29) 

An incidonco anglo of 45° would thcn shifl the.apparcnt 
pcnod al dcplh : by a fac10r vi - d!Ü) = 0.935, whl<h 
Llifl'cn; little from unity. 

For the same rcason, thc pcaks of the transfcr functions 
wilh respct.:l to rock (nul out..:roppiug!) would eucn~ially 
not chílngc, but mercly shlft. 

(d) Thc dillortions in -.mplitude and frcqucncy rnay not 
he nc¡tligihlc in clearly stríltlficrJ :10il1 (i.c. altcrnatlng10ft 
and illff luyen). 

Tu •llullfiiCJ furahcr thoiC puants, flg1. 6 und 7 show tho 
amplilkaliun funclinm w11h rcspc..:l tu outc.:rnpplng (clastlc 
111t.:k case) an~ hedruck ln~uJ ruá ..:a.~c) fur usuil pronle 
with thc: prnpcrtics l1~1cd nn T01hlc l. T01hlc 2 show1 the 
un~lcs uf hu.:illcncc ni thc w;,\'c~ 111 thc Liillcrcnt layera for 
vauuua otnJtlcs uf inc.:tdcu¡,;e 111 !he rn,k. ha.huultJ be nOticed 
that cvctt.fnr un cxt•cmc ;m~lc uf 90° in thc ruck thc anglo 
uf im:hlc~cc in thc·top !ayer ls uf the ort.lcr of S' (l.c.an 

:; ... s.,.,...----,----.......,r-----, 
·~-R------+------~,_--~--~ 

·. ~-· 

··-~----~------~------~ g 1. 'J, 

FixUrr 6. ': Ampl/ficaiJon funclhml wlth TIIJ'ICI ID roclr. 
uuu·mpping ji~r t~DtlouJ anxlc• uf .'ii/·WIIYt lncldtnn 
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T•~* J. Sod pmperllrl 

Ooplll Shcu wave Unit wel¡tu 
Layar (fU velodty (ft/s) (lbl/ft') 

1 10 1!4 lOO 
2 150 897 120 
3 70 1200 125 
4 500 IJOO 12.! 

' 400 1500 ll5 
Rod< 8000· !50 

T•b/41. Atttltiofw•ll~-prcJfNitt•tlon thi"CJUxh th~ l•ym . , •• '· •• •• • • 
o o o o o o 

10" •• 50' ¡• 40' 1' JO' ,. 10' o• ss• 
lO' ,. 40' ¡· r .5o· l' 10' t• 45' 
30' s• lS' •• 411' 4" 20' J. 10' l' JO' 
40" 7' 25' 6" 10' 5" 40' •• 1 $' ,. 25' .,. 7'40' 6. 4u· 6~ wr •• JS' )' )5' 

So' a· u· 7• IIY n· J6' 4" SS' 3• 5S' 
60' 9'20' a· 1o· 7• )U' ,. 40' •·:zs· 

SofJ ampUficatlon: wme refmemenrs: E. Kousel and J. M. Roeswt 

u¡• [A 1 exp (-in :)+A 1 exp (m~)] up <_-ikx) 

(30a) 

"1·•• • [ A 1·exp {ÚI~)+ A1 exp (-m~)] cxp(~lkx) .· .. 

From hero.- wO obtain 

. 1 
A,·~~~------~ 

cxp(-lnh)- exp(mh) 

1 
A, a------~------

• exp(-tnh)- exp(Jnlf) 

. (30b) 

~n~)Jcxp(ikx) 
(J!a) 

70' 10" 10' a· so· H" 11.5' 6' 4" 50'. 

x [-u1exp ('"~)+_u/+l oxp{-tn~)]cxp(Jk.r) 
(Jib) 

80' lO' )6' 9. 12' 8" lO' 6' 20' 5' 
90' to• .so· 9' 25' a· 40' 6" JO' s· tO' 

alni0$1 Yc:rth:al inddcrll.:c:). fkcauliC uf thc: lar¡;c: ¡Jjffcrcnc:e In 
propc:rtics bctwccu thc 1uil uw.J thc uuJc1ly111K mck, lhc 
shift in thc .frcqucudes uf thc pcaks 1s vc1y ,m,til. Thus, thc 
effc¡,:t ur thc: 61/l~lc ur iuddcnce 1111 thc .lllll'llllt.:atiun wilh 
rcspect In hcdrud; b IIC)tli~ihlc, ¡IJu~tt.attu~ tlic 1111puüi· 
bllity (ur grcal Jtllll.:uhy) in usM:~~iiiK ti! e: .an~lc uf in~.:iU~o:lu.:c 
or tlu: wavc1 l'f111n rccurJs c•hl01iucJ al varu•u-' Jcptils. On 
1hc otlter hand,thc clfc~.:t nulhc amphlu.:at•un witlt rc~pc.:~.:t 
lo uutcrupp111g t.:illl be ~uhstauti.al. . 

2. Charactcmm· strain 
lf nnn·huear cffct.:l$ ;,re also tu be ~.:ompu1cd (atlcust In 

an itc:rallvc !!.I.:R\C) lur thc nuri-Ycrllt.:ally mc¡Ucnt Slf.w;,vcs 
amphficólllon pmhlcm, thcn !lumc mntldt~.o.attnn in lhc 
c:haua~.:tcrt-'111.: slram usa:J are uccc)>.\OI.ry lu a~.-~.oe~uul fur thc 
secund stralll ~.:nmpuncut that e"tsts 111 lln~ .... se. Ir thc 
undcrlyin~ hcJwd (h;¡lf~pa..:cJ Itas nu m.arcnoal l101mpiug. 
thcn the wavc uumhcr k i~ real ath.l thc .unpluuUcs uf thc 
suains in thc ""'¡ Uu twt dtaii);C m huutuut.~r plaucs. This is 
lruc e ven tf tlic ~uil itsclf has UamptÍrg llowcvcr. in such a 
case, lhc equivalen! mau dcnsaty Pr wuuiU he a eumplex 
numbcr. On thc utltcr hand. if thc halhp .. ~.-c has material 
damptng, thc inciJcnt ;uu.l rcilectcU w;¡vc' are Jllcnuated in 
thc horimntal Uircctiun ni piupa~:¡¡uur a11ú the maximum 
ltrains wou/J depei1J un thc >thM:a~""· llcn .. c. m this case. 
onc cóuld ohtain unly apptuxamatc !lot•lucJ .. u ... fur u givcn 
cross scction and tire m.ah.:nal prnpcrt•c" wuuiJ no longcr 
be constan! in horizunlal planc~ Nc..,crthcless, for practkal 
applicíltion, thc dalllpUlK 111 tite uuJctlycr•¡.: ruck can he 
neglectcd, 50 that ncilhcr thc ~.:h .. n~c nr peak si rain nnr lhc 
varlatiun ur snil prnpert1cs wllh lhc ¡¡hs¡,;j~¡,¡¡ nec..J be con· 
sidercd. 

The displou;cment Cici..J anJ assuccated strain compuncnts 
aro given by cquatiun~ 11)) a11..J ( 19) rcspcctivcly. Choosing 
thc origin of ~o:uurdinalcs al che nudJic ur thc layer. onc can 
determine thc amplitudes 11 1• Al m terms of thc interfa~.:e 

displa~.:cments u1, u1• 1 th.avurtt v~.:rtit.:alwordinates z,;. h/2 
and z =- h/2 rc~pet.:llvcly) 

At the middlc: uf thc laycr, wc huvc lhcn, 

r 11' •- Ut(A1- A ¡J exp(-/kx) 

-In . [ . ( h) ( h )J .. cxp in··· + cxp ·-in-·-
exp(-mh)-cxp(lnil) 2 2 

)( (u1-u1• 1J 

n 11h 
• --cm ~·iu1 -u¡. 1 ) 

Sil! nh -
(32) 

11 ''1!1. amull. thcn cmfl(h/2) 2!: l,sin11h 21 ;,h utu.l 

(JJ) 

Also, 

u ""(A 1 + A1) cxp(- ik.r) 

a-· l ·rCXp (-/n~)-cxp (ÍII h)] 
exp(-mh)-CXI)(/nh) r 2 . . 2 

)1 '"' + "' .,) 
11n nlh/2) 

~------(u¡+ U¡+ a) 
IIR nh 

wht~o:h fnr thin layers rcdutes lo 

·ul!lj(u¡+u1• 1) 

The strain cornponcnts are thcn 

-ik -/Osin8 
1' =-(u1+u1• 1)= 

xy 2 e, 
uj+u1., 1 

2 

(34) 

(35) 

(36a) 

r -~,-~,~ 
,. h (36b) 

,UJd the frcqucncy spectrum ror tho maxlmum 5lrain is 

r'- 1 r,, 1' + 1 r,,l' 

•1 U¡ -hu¡., r + n• ~;'61 U¡ +;¡"1' (37) 

SoU f!Yt111mtcJand f:..izrlhqUllke l:."ngineering, /984. VoL J. No. J lll 



S~il umpll[icalion: some rejincments: E. Kuu::ie/ und J. M. Rotuer 

whu:h 1~ based un Pancval'5 relalion5hjp 

J 'Y' dr = J <'Y!,+ -y'~) dr 

~- J 2• ' (lr,,l' + 1 r.,I'J dn 

-· 
• '· -... · .. · 

~.2.. J r'dn 
2• 

' .. (J8) 

-· 
Sincc 1 cxp(-lkx) 1 ~ 1.11 rulh>W>Ihallhc ompllludcs or 

the strains llo nut cl1¡¡11gt' Wllh x. Tl1c Jterativc computaUou 
would thcn be perfmmcJ us follows: 

l. Define thc cquJvalcnl ~uil prupertics in cm:h layer. 
2. Solve fur thc (ah~1lulc) d¡~placcmcnt frequcncy 

rcspon:oc fuw.:liuus iu thc Uloual way. (Thc~t rcprosont 
1hc :nuplitudes al x = 0). 

.3. Cumputc thc slralm or strcs..'t(.!s with thc modifled 
formulu. 

4. Mudify the shc::ar modulus in thc standard fa~lon. 

lmplcrncnl!.ltÍim uf lhc ilhuvc pmccdurc in a rrnMrilm weh 
015 SIIAKE shuulll rcquirc unly minui prugrammingcffurc. 

molion.lt foUows nnaDy 

U,= Fil U, (42a) 

, S¡~F,.Fj,'U,aS, · (42b) 

Equatio~¡z_-(42) shuw that the motlon at t~c 'rrc~' surfaco 
and at any other puint bctween the free 5uñace and the 
~>un troJ surface) i5 íl function of 1l1e clastic propertlcl o(lhe: 
cnlire 10U column ílt>ove the cun1rul surfaCe; however, U is 
lmJcpcndent of the prupcrlics ami solution below thc 
control wrfacc. When thc response of non·llnear material 
as iimuliltcd by ilcraung a liCnes uf linear cases, cach itera· 
tiun for lhc matcual ahuvc lhc ~.:ontrol point is im.lcpendent 
uf lhc malcrJul bcluw thc cuntml point.l-lcnco,lhc Ucrated 
sulutlon for thc culunm uf :snil ubuvc the contrul puint can 
be ohtained in !he u~u¡¡J way, wtlhout considcrution or 
layen underlyin¡ lhc control surface. . .. 

(b) SoiJ column helow thc control poü.iú from equatloru 
(42), il (oUOWI that: ' 

, .• ( 
u. 

X • 
• L• p•l r:u 11 u.){~:} (43) 

dcflnes.lhe dis1•la..:cmcnu and strcucs DI lhe control inler· 
fa~.:c. ~·, ls ~omruh:d with thc ltcrutcd soll propcrtics abova 
lhc Control pumt 1 ~.:t.~u;llltul ( 42h)). lf thc motiun is dc:Oncd 
al lho free surL.u.:c, thcu Se"" O. Tilo solullon for thc flnt 

.''hinlcrf;u:c bclow thc wnuul •urfacc isthnply ,, 
APPENDIX . ..:. ::~· · ;~ x ..... r,x. 

'".':""•; - ' " 
(44) 

Tt1c analytkal !iuluti~m uf thc 541 ¡¡ 0111111¡¡ficaliun prohlcm- ·. "' Nutc lhat this mutiun dcpcnds unly nn thc snlutlon ofthc 
wa~ <1utlmcJ hy Thmm1011 as c:uly a~ I'J5U.' amlwas thc , ·prcceding mtcrl:u:c. am.J un thc clastic propcrtlcs of tho 
suhjc..:t ,1¡ •ntcmc rc:...::u..:h llmmK thc I•JhOs.: ·4, u Mure · ·· '!ayer umJcr cumu.lcrOJtlun. Thcrcfurc, thc ilcratlvc algurlthm 
rccc111 , 111 dtl'' ¡11 1¡10 a•nplillcóllt•m uf t:cncralucd brMiy' and :· t~·-r ciln he ~¡,phcJ 111 111<~1 !:ayer willuml "cmJUJcr:.tiun of the 
,.url;u:c" w,1vc\ are óiiMt avonl:.hlc. · : unJcJiymf( layen. Once lhc ilcr;,lctllinlution ho1 converged 

h 11 .. ¡11111wut01 1Jy stratificd 511¡¡ llcposil undcr pl:lno .... (lf al all.l. ~wc prncccJ• tu thc ncxt lilycr, ualns 
str11in CllltJIItCIII:I, lhc ~CIICriiJ sulullon fur stcally IIIIC hlr•• "~\_: X"+2 a T,.IXvtl (45) 
munil; mutiun can he writlcn fur il parth;ulilr laycr1 (lee ·. ' 

1 
. d d ' 

1¡~ 1 Hg. 3 ,1. . ~::.::. and so on_. llencc, ouly eme ayer ls tonal cr_c al a lime, 

x,._ • .. r,x, 
· ·; and unnccc~ry cumputatlnnt fnr thc ovcrlymg layen are 

(39) uvctillcd. In thc cllllsllu;alachcmc, all luyen (hnlh ubovc and 
hcluw 1hc cununl pnml) urc lrcatcd simulhmcuuily. Thcre• 
fmc, thc uppcr J;,ycrs cunvcri{C ·lypK;ally In a tUJeranco· 
much smoallcr lhorn lhilt apccificd by lho cnginccr,since tho 

whcrc X1 = (UT_ ST)T is thc vc.:ltu uf llisplaccmcnlt aud 
slrcs!oC~ al lhc ith interface anJ i~ rcfcrrcJ tu u thc 'atatc 
wctm'. Al~o. 7j is a trum,fcr mutnx dcpcnding unly on lhc 

_ cJa,tí~.: and .:cnmciJIC pmpcrtic~ ur thc 11h J¡¡ycr unJcr cun
iidcraliun. thc llcqw;:ncy uf cxcitataun, anll the dircctiunal 
paraiiiCICI\ uf !he má.Jc:nl Wii\ICll lhc C.ltal>l furm U( lhC 

1famlcr matnll. i~ nut impurtantln thc ¡uc-.cnt cuutcxt (acc 
fur inslilllCC rcr~~~ 7 :md 1 S). 

Ca) Suil culumn a hove control puint (if any): frum cqua·· 
t!on (39), il followslhJt: 

X¡= (T1 T, T, ... 1j_,)X1 

(
,.,_, ) 

= n r, x,-Fx. 
1•1 

'(40) 
., •' 
·:' . 
··~ . :.:· 

where 1 defines the interface at which thc control motion 11 
specified; X 1 conlains thc di5placcmcnts and stresse1 at the 
free surface. Partitiuning F inlo four submatriccs. it il 
pouible lo write 

F.,) (u) . ·:. ' ·' {41) 
F, S o '· · 

The boundilry COI)ditions are S1 =O 11 thc rr·ee .~rface and 
U¡= Ur, at thc control interface, whcre U c. is.thc control 

.. ·-. '' .. . 

, Juwcr rc¡,:um1 u~u.ally rct¡uirc more ilcralinns tu converge. 
On 1hc ulhcr hand, thc rcviscd ulgorlthm afford1 tho 
pnn•h•lny uf illcunlyiug 'prublcm' laycrs and taking appro
priulc rcmellial•u:llun. 

Whcn the cla~"'~>al method uf ltcrutlnR olllayers simul
tancuu!ily d1vcr~c~. it is !J!Wully fuund th~l the diverglns 
layen are l<u;att'd In the lnwcr purt or the proOie. The 
divergcncc hccumc~ orpparcnt whcn · thc computcr aU1o. 
mallcally $1np,. cakulilliuns hccau!IIC of thc numerical OYCf• 
Unw. lnfonnalmn un thc bchavinr of over!Ying layen il 
lost, auJ thc cnl!lllccr must rcfnrmulatc and rcsubmit the 
Cillculatton lur a rcJui.:cd profilc. The.cntirc trial and error 
pruceu can be quJIC expenaiVC iR bnth nuanhoUfiiDd Cotna 

puter tame. Thc rcvisc.a1 algortlhm dcscribed hcre ldcntlnei 
the cntical nunconvcrglng Wycr dircctly, provides a fuU 
solutiun for thc ovcrlying laycrs, and avold1 thc need for 
lrial and error rcductions of thc pr~fllc UK~ In calcula~ions. 
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1. IIIT~O:J\ICTIO'I 

EFFrtT OF LCC!.l SO!l cn::O!T!r.:;s 

liPOil U·RTP'::J,\~:: üP.:l!::o i·:OriC"lS 

b~ P.obert V. h~1tmln 

It has lcng ~een recognized that 1oc!l soil conditfons can have 

1 pr:»four'ld effect u~on the d~:-::a~e causeG by ui ¡o~rthc;u~ke. · Scch ~n 

effect "'11 clearly evldent 1n accou~ts of the c;reat listen earthquake 

ot liSS, and tn the eccounts ot ell".ost e•tery subseq"Jcn~ majar earth .. 

quele that affcÚed a large ctty. The effect of soil '"onditlons U;:JOn 

d!::-a;-e C:uring the 1~C6 S3n Franctsco eart!~c;o3-i.~ wo\S we11 recognhed 

In stl.dies of that euthGu~:..e. The topic rec~ived consi~erab1e study 

follo..-lng !he Kl:nto (To«.yo) earthquake of 1923. :n~e effect of local 

soil con::ilticr.s u¡:~on earthqua._e dac..!ge ts hardly .s new 'rcble-:t. Th!' 

sth:-:ic co~es cr r.ost t.:luntr1es s;¡ecil"ically rcquir:e ~iffer.en~ earth .... 

quake resht.!r:ce for di-rferent soil condlticn1.. Co~es n:1~1 1n effe::t 

tn t~e Cn1ted States c~ntt1n no such re~u1r(~~,~.·~u! n~t ~eca~se 

sotl "ndf:.tcns v~ t~oug.,t to be unir."o~rtJ:-::. ih~ writer~ ~f !!";e ü.S. 

to~es reccg"nized the f~oortance of sotl cór.~iticns, but felt !he prob• 

ltJ,, wu so cvr.:;Jlu.and pC"orly understood tha.~ t~i:~u!te coc:c provis1ons 

ce~\·.: ,.~t lit ... rltten. :.·at.out a doubt. soii conl.l'itlon:i wiii be ;ncor

Fo'rl.'tC'd tn:o ·u.s. sehrntc codes tn thé very neu fu!ure. -· . :. - .... -
·~ 

f.uch of tl\e tarthquake d3r.'l~se to buildfn5s built u;>on poor sotls 

res;lts .. frow car-thl or co:r.plcte failure of the soil. Such fatlures 

fnclu~e S]u~in; cf rlver banks. faqure 0fwaterfrO:'It i-:Úaining S!r-uC

t:.,¡re"s. l.ars:e lar.c:sll¿u, foundaticn s~ttle~ent and f,:,ur:dati.¡;" fatlures . .'· 

Stf:1 (1910) hn provt¿ed an excenent su::::-tl")' descl"'fpticr. ot" s~~-~h hfl· 

ures •. r.any such failures are caused by. to!al or p.;¡rt;il ll~~:e'f!lcti('rt 
ot loase Situ~ated Úhesionless sotls. rne pÓssitiiHti ~f ~;. .. n f!ii:;res. 
·, •• '.;:.~· e<, • ., -.· .• '>•:: <-:"r.;'<~~. , ...... ,.,.;.,._ ·-·· .. -·t,.";',;:...C"'I•' , • • -
tspech11y 1i~1.0efactton t'allures, .l'l ·an" given local e .lr si te reGuires • • • ";;,.~ • ...,w • .. w-· • ,-~..,.., ......_.;.;,...,. ....... ,_-• • 

indhidual st"'¿l' by experu. Appendlx S cci'ltains a \"ery brtef disc¡¡s-

sion ot 1i~ueraction.· 

lhl1 'hapter cons1dcrs the effect of local $0~1 cond~ic~s u~on 

llrtr-.qulkt gfoun4 IT~t10nSt an4 hence U~Orl tJ•,e Shl~ir.~ Of butldir.c;s. 

' • 

-..hen there 1s n~ failure of the sofl. it:ic1d (!bservatlons and the· 

oretical··studies or this ei't'cct hav~ ~'!'tTI sunnarhed tn recent papers 

by Ohsaki (1969) ond Sccd (1969). l·:uch h no• known atout the prob• 

le::t, a1though.by_no ~.t?ans is thcre co:::~-ete understandlng. There ar-e 

tevera~ ',.;.;ys ir. ~-átich thh. r..!!~t know1ed-;~ can be put te ?ra;::~1c!l ust. 

Or.e \o·ay 1s tt-.e ~eve1o;::::ent of sit~-co~:~tion~d earth!;u4ke r..ot1ons for 

1n~.;;t !o the an~lys.is of i.":"Qortant s~n.:c-::~.:res; this ap;>rca.:h h ncw 

tetng used in the ~csign of tall bu1ldi~;~ in S~n frar.clsco ~nd Tckyo. 

The second.way h to ~ul<!e the C:evelo:-.::¿,~t of new butlding coC'e pro· 
vb.to:-.s. Thts cha~ter d~als pr:r."larfly .. at. the latter ap;>11cation. 

tr.at ts, the cha~ter will discuss ho~ t.~.e i.lase shear coeffic1ent e 
shou1~ vary ~ith so11 c::~nditicns. A p;ct or C vs. T. the fur.~~::·.enta1 

per1o~ of t~e ~u11ding, w111 be calle~~ seisnic coefficier.t ~i~:~a~. 

Ft9ure 1 1llus~rates severai" dit'fe:-ent foncs of. setsr::lc co.:f

rtclent dh1rar:;s lncorpora::lr.g ~oil cor:~Hions·. The sim;lle~t fon:~s 

are those tn fic;~res la ar.d.lb; here all 

a fact~.-; that 1s in~epenéer.t of period. 

ord1nates áre mult1p11cd by 

That 1s: 

. (1) 

where S ts a sotl faCtor and C0 (T) 1s tbe seismtc coefficlent func

tion for a reference soi~ condttion. Ohsakt (1969) has t!~ul!t~d 
. . . : :~.' . . . . . 

values or S required by the cedes of 13 countries. · Table 1 ghes 
exarr.ple.S,.of S:Jth f~ctor">. ran;ing fi"'O!ll Ue very sic;tle. t~ble used 1n 

C~:;a~~ to the. sc=~~;hat cc;:o;lex tab1e in effect 1n J!pan. 

Figures le througn lf show rr.cre cc~~1icated ;trooo~a1s td'r tntro

dudrig the ·effect of local son condi tioris into seisrdc coefficlent 

dhsfa.-:-.s; n;~ the ·tffect o~ so11 h varied d'epen~ing upon the ~er1od T. 

1. 

2. 

- '":' 

Fisure le c~::-.es 

vs. T vnies in 

parar..eter T
0 

h 

the site of ti:e 

froa ti".e new C~iiun cede. Tlie curve of C 

shape. depcnding upon a para":"".ctel"'· T • The 
.: ....... -· . . o . . 

related to the tharacteristfc frequency of· 
building being -~esÍg~ed.- · 

Ft~ture ld shcHs a seh:r.tc cocf'ffcier.t dlagrar:~ pro~osed by 

t:uto '" Ja;:~~n in 1S63. 8oth the- n:axtr.::u~ sehr.~ic .coc:!'flcient 
,u,C: the per1od sca1e are ldjusted. fn accor~ ... ncc vith t~l 



3. Accordlng to the· pro;Josed curves sho~m in r:sure le, low 

stttr bufldin~~ having a s::-:all ;;eriod r ...,ould be Cesi~l"'ed 

for • 1ar4j;er "selsnfc ·cocfffcient ff en hard groun~ t:1an 

tf cm soft ground. F"or ta11 flexible bÚildinss~ the re · 

vcr~e would be true. 

4. fl~vre lf sho-..ts the cc~e pro'V;Si::lns de'Ve1oped _for ~~exico 

Cfty, so as to account for tt-.e effe .. ~ o~ tha u~usually soft 

and C::eep clay \oihi.ch u:1Cerlies r:;uch of :.hat ctty. 

Thus' a s_n~at vadety of r..cthods ha ve be en prr>'JOS~?d for incor

porating the etrccts or soils conGitions into the seis::~ic provis1ons 

ot buUdinq cot:es, A building official faced with the sele.:tion of 

• su1table provisfon. oran er.gir.cer taced with i~?le~cnting such 

prov1sfons, r::.~st ~.:r:~erstand .tt:e basic thinking 1ying behind the vari

ous prcposals. lo C.evelop suc,, bas.lc ur.~er-standinq. H is useful to 

consic!er rc~r cate~ories of so11 cor.::!itio:1s: 

r. S ha 1l_Ooi sofl depos!t wlth a Gistinct ch3racter1 sti e frCGL::!ncy. 

u. Ceep depostt of firm soi\. 

!11. Shalio.- ~oft soll ovcrlying c!eep é':';-cs i t of f1 r.:1 soil. 

IY. Oeep de pos 1t of soft so11. 

W'Mle these four cases do not er.cc:;:;::ass all posslble sofl cond1· 

t1cns. they se~~e to brtng out the funda::-.ental consic!erations. 

/ 2. ROLE .t..~;~ ST;..TiJS Of li:~r?.Y 

In order to \indcrstar.d a~eq".Jate1y the efrect of local soil cor.df· 

ttons, we ~st co~~tne interpretations of ~ctua1 accelerogra~h re~ords 

together llfith tt:eoretical anaiysis. Witnin the recent past, it h.n 

been necessary to r~1y ~ery heavily upon tr.e~ry, since the field data 

fro~ acce1erogr.aphs has been \·ery scanty inC::eed. S:!~J.uSI! of the .. 1any 

accelerographs whlch have !:eén 1nsta11ed within tl":c pas! few years 

and wtll be tnsta11ed wlthfn t~e r.ear fut~.;re, t:.ere s:::c:i should be 

r.any rore records 1nvolving a vadety or scil ccr.=:itlcns. H:;.-t!ver, 

theory wt11 conttnue .to be of vital tr..;:¡orU:lce in ~.clpirig te sort out 

. and underst~5nd. thc potentfally sta~~crbg ~udr.:.1tjt' of -r.lther confu:;fng 

data. 

_,_ 

!he theofy of sround a~~11fication· as tt exists today 1s by 

no means per~ect. Ho:~ever, in r.~any cas~s p:edlctlons fro"' the theory 

are in accord wtth ot>servations (Sced, 1969). There now hu been 

cons1dera~~e ex~)erlence in t~e practical us~ or the theory, anci we 

"~.:nCers~4r..:! :oth its ~in~-::atior.!. as ~o;ell ~s ho\0 ft can be u~~d. t.:sed 

wfth jucse::~r.t, this theory is a 11ery useful tool for ur.óerstandtng 

·the effects of local soil cor.d1tlons. 

'• 

3. CA.SE 1: SP.:..LLO"W SO!!.. D~PL'SIT :.OllH OlSTtilCT C~t.P.ACTERlSTIC 

F P.EC:..:~ :;c_y 

For a ~nHorm soll deposlt !F"lg. 2a). the. fwndamental perfod ts 

gfven .by: 

(Z) 

w~ere H thic\:r.ess of C:e;.osit 

c5 • ~h~~r w~~~~ v~l~~ft: 

,case 1 h typified by l 0 < 0.5 sec. The fo11ow1ng tabulat~O;"\ 1nd1· 

c:ates ty~1cal ccr..!;ir.a~jons. of c5 a'1d H satis_fy1n; th\s cor;~ition. 

J 
11 

:1 
c5(rn/sec) H(m) 

lOO (\'ery soft r:~ ay or silt) < 12.5 
\lo:) se sa.fld, sOtt· el ay) "' 

.. 
200 . < 25 

3Cü (:cnse sand, s:iff clay) < 37.5 
/ 

4~(j (Co::·.;;act sand, hard cl~y)< 50 

• 
$0t.1 d.epOSftS with a de~th ~:-eater than ab·)Ut 50 meters pro~abl)' dO 

not belong in Case J. lhe soil c!es:::ri;.:.ions in tt:e ta~le ar.e fntende-d 

to ghe a vert ~er.eral iCea cr ty;:¡ical shear wave velodttes in soih; 

fo~ furtt:er discussion of the Hal~.;ation of ~oil pro;¡ert"i!s for s;ecf· 

fic cases, se.e A~per.Cfx A and hh~:.~ln {1SG9}. Since the soil ls non· 

·li:':car, tt:e st-.eu wave ve1ocfty and nence ~he fu:•~a;;-.ental ~erio:: ée;end 

"u;:;on the in:ensitJ ·of the ear:.hc;ua~e. C:ecr.e¿s1n; as the 1ntensfty f·n

creases • 
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The~retlcal Con~ld~ratlon5 

The thcory of soll a~plffication ~ay conveniently be used t~ 

fndlnte the eJpected· effects of a s~allow soil éepostt. 

1.:-:.ltfio:-~tl'), <'lt>rtrl:":'.: t, a::::plfflntl:n :.;:ectno~:r~ ts the ratfo 

of the fourier ¿;-;¡litu:.::e soectra for rr.otions atop the so11 to the 

fourler CIC;:Jlltude s:;ec~ra for r:.Q~1ons of t~e.ur.Gerlyir.g rod. 1~:;-::. 

an a:?1fficetio:; ~pectr:...-::. sl'c ... s bw the varlc .. s fre~;;~ncy cc-;:r.en:s 

1n ea.-th:;uúe r..oticn are t::-,:¡lificC by the soil. 

ff~ure 2b shows a typlcal a~plification.spectrurn fol" a shc11o~ 
so11 C:epostt. lt ts characterizf!~ by a preC:~::oinant ~eú.. which occurs 

at the period given by Eq. J. S:r.aller. unir-:;::::~rtai'lt pc~i::s r::~;" occ:.~r 

&t vt.ry sr.-.all periods. The pe11k arr:;¡l1fic.nlcn ratio is a :'\or:c:icn of: 

1. The ratio of the se1srnic 1r.:pcdance of the S:lil to the sefs:tic 

1~~edance of the underlytng ro~k: 

hCslsoÍl 
t,c , 
• S'rock 

(3) 

~here y denotes unft weisht. As ciscuszed in A~yen~ix A. 

Uds (.actor acco:.rnts for the loss of cnersy ~ack. 1nto the 

L!nder-lylng rock. Tire s~aller thl~ ratio, the greater the 

ar::plificatlon. Thus, for a given roe~, th~ peak. a~~lffica• 

tfon r.atfo 1néreases as the overlying soil teco;-::es ,softer~ 

2. l~e ln:ernal Ca~~lng w1thin the soil: This da~~i~s is ée

temined prir::ari ly by the magnitu~e of the dyna~ic sfrains 

lofhich occur.wlthln the soll. Thus. the st.ron~er the earth

quake, the grea ter the dor..p In~ and t:1e. srr:a 11 er the a~p 1i f~ éa· 

tlon. 

C:"'e pofnt frl"'~:~ the theory is wol"th e_:::~hasfzir.g: the a:::;:¡lifica:'ion freo 

an outcrop;:¡fng of rod: to the _surface of soi1 fs less t.~i!n tr.e l:::pli

f~catfon free: tht 1n!.erface bet-..een scil .!nd roe~ to the surf~ce ~f the 

soll. Tl'lus, co:;parhon of t'IO:.Io~s r.;e.;sured at severa1 G~-;tr.s r.~y over· 

~st1r..att :.~.e a::-.;llif1catiorl between the surface outcropplngs of differ· 

ent sot~ or· red: .• · 
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For Cases of 1nterest, t!•,e peclk. ar::pltrtcat1on ratfo between 

soil and an Ol•tcra~;)ing of underlying rack h typfcallt bet'ween 3: .r .... .:. 

1 6, w1th the 1arger values applying to the softer solls during Sr.'IG .. .. 

ear~hQuakes. 

~e~i: acc~~~~ ;:';:;:-~ase I, T
0 

lies wit~·n ~he r~nge of :.--~ 

¡;re·éc:.in~nt pcricCs in c~rth<;uake grc~~d r..:;~ions. licnce the a~;~1 -

fy1r.g effect of a shallo~ soil li!:yer cau5cs the peak ac.celeratio:'l ~-

the ground surfac.e to excecd thH at an _o,;tcro;> of the unc!erlying -==k.. 
Fisure 3 ccr~~;;ares co::-.:~uted c;ro:.::-:G r..oticns for the case correS??r.c:· _ 

to Fig. 2. As the pe3k. of t!-le e-::~lificatlcn s;:tectrr..::n 1:-.cretses._ ~-e 

ratio of ~eck accc1erctio~s increases; 1-.o,..·ever, the ir.cre~se in~-=-·· 

acce1eration is less ti".cn the peak c~.,lification ratfo. For ty~_i:.:. 

cases th~ c,:¡::-~utf'd_ ratio of peak accelerations 1s fro:-r 1.5 to 4, • :· 

· the larserwah.es C!Jring S::lallel" earthqualo:.es. Jn Figure 3, nc..te a:~ 

the _opvicus chonse in predominant frequency. 

Res:-cr.se S:lectr_s_; Figure ( cor.:;:tares respor.se s:ec:.ra CC-:'I;:::.Jt~: 

t'rc:;~ the r..ctions on soi1 and on rack.. At a period corres;~r.cir.9 t.-: 

t~e fu:Jda;..ental period of the so11, the ordinnes of the s;ec!.ra !:--r--.. 

. so11 r..ctions are cor.slderably greater th;¡n those fcr the ~~ectr~ 

·1 
·¡ 

rock r.::rtions. Tr.¡;s. a ~uilc:ir.; _hhose ~unéa::-ental period fs a;:tt~rox.t

nately the sa:::e ts tr.e· fu:oGu.¿ntal pe~iod of the soil wlll respon~ ~c.h 

~}rore stro:og1y if o:-r the soi ~ t.han ff on the rock. 

·¡ A diagrar.~ for:r.ed tty ta:.:ins the ratio of the response speCtra ¡: 
1 each period is very si~i1ar to the a~~lification 

of the forr.:er 1s not so high as the peak of peak 
' 
' 

F!e1d EviCe:-ce 

spectr~~. altnou;~ 

the latter. 

\o.:-.i:e there are r.-.any pieces of evidence wt,lch s;.;p;Jort t~e ge~"~er•1 

·; conclusic:"'ls of the thecrj (see the ~a;:ters by Ohsai:i and Seed), ft h 

not .pcss1tt1e at this tir.:e to present eviC:ence "'hich totally substant1-

ates the t.l".eory. In p.articuhr. there ue ver-y few fnHances ~f re:on:IS 

frc::-: instr:..rr.ents pltced ovcl" very c:ffHent soils tn the sa:ne:fcr.ediate 

vidn!ty. f.. sar.:~1ln~ ot" :he avai1.;.~1e eviGence h prescnted 1·n--t~ fol

lo..,·ing su~sections·. 
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A~oliticatten sprctrJ: 

and ~redicte1 ~-pllflcatio~ 
Fl~ure S sho~1s a cor::;:~artson of actual 

spe::tra (::,t-ry, 1971}. The heavy 11ne 1s 

•" avera~~ ot f~~llflcatlon spcctra tor six CJrth~uakcs ata ~iven 
stte. based on rreasurer:-ents r...:!C'c at dlfierent d::??ths in Japan. Con

stóertng that there are uncertafnties in the actual a~~ltficatton 
~ta introd~ced by the processln~ of the data, the theorettcal curve 

· follows the actual behavior very \oóCll. 

Peak. ao::celer.nioM: There are a r.u::-!:er of exar.-:;:tles Within tt:e 

. Ja~ar.ese ltter-ature shotting that peak. acceleration t"ncrellses as the 

grcund surface 1s a~prcached, In accorCance with the thcorY. 
serve~ In ratt:.er sr.~ll earthquJ~.es, l!;,¡ring whicn the lnternal 

h Sl""a11. this tncrease 1s typically in the ratio of 3 or ~. 

As ob
c!a~pfng 

Fi ~u re 6 

sic...-s ~ea\; acceleratfons. Ob'!.C:rved. ·.,,cHlj' in !l.l':.er:-..:-nts .oLbüild~nss, 

1t \"Jdous ~e~tt.s beneatl"l the surface of the srt"und tn Tokyo. lt. 

should be e~phasizcd that such an tncrease occurs in rock as well as 
in soll, because thc sti.ffness of so11 C:ecreases néar the surface, 

partly t~ca'Jsr n' •• ,. .. t¡,~,.t~!J !nd ~artly be~a:.:!.e cf C:~:.:-::;:.:;e 1:-: c·.-cr

bur~en stress. 

Res;,r.se scectra: figure 7 co~pares rcspcnse Spectra co~puted 

frc:~ gro~nd r."".Ot1or.s r.~asured on soft soil and finn son rlurinq the saa-.e 
eart ... Guake · In ea.ch dtasra~. the spectral orc!inates hav~ bcen norr.".al· 

tzej to t~e pea\; acceleratlon. aod hence the e~fe~t cf so11 co~d1t1ons 

sh~s on\y In ~he shapc and not In the orCir.3t~s of the s;ectra. ihe 

shtft in He pericd at which the spcctra ?eak is the result of a::'ip¡11-

fication by the sot1. 

oa~as!' to t-ullC:In'Js: P;ost or the ev1Cence concerning_ the effect 
of lc:al sotl ccr.:Ht.tons h tr.dircct: tn the forr.t of differences in 

dt~.a~e to buOdinc¡s rour.~ed over differe.nt so11s (Ct.sak.t, 1969; Ouke 

and Leeds, 1953). St:'.a 11 butl di ngs, \\·hose fundar::en ta 1 peri od i s t n 

·. the rJn;e from 0.2 to 0.5 se.:ond, ger.er;.lly experi~r.ce sreater" da::-:age 

w!'len founded over soft sot 1 than w~en fo1.0r.Ced 1.0~on ff rm soi 1. These 

c~servatfons for tt.e lf.OSt part are consiste~t with t.he t!':eo:-y. Ho.,.,.ever, 

sor:-.e of the differer.ces tn darr.a~e rr.ay have res'J1ted fror. part1al 

f¡llure of softer so11s 1n adC:ttton to diffcrer..:es it) gro;.;r.C: ::-o.:~tions •. 

.y 

• 

'· 
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Penpe::!ive fro:, f1eld evtdence: Cons1dú·1ng' the ava1lebl~ ~-'1'1-

Pa.risons t.e:w~~n pred1c':.1ons and o!lser•,ations, tt may be contlu~: :.~.&t 

the the~ry ;..~y !le used to t:;:Jiée. the choice of seism1c coefflcie:...:-:. ;:· .... 

gra::-:s for- ~ra.:::c~~ \\•;,rlc Hc~·.:vel"; lfaho·h. c1Nr th!t C"IQre ¿..;.:::...,¿! 

exci!rfence is necessary before greater accur!cy can be ex.pecte~· ··~-= 

!heory. 

H1crotre-:-~:- S~:.~~Ú 

K.ar.al ¿r.d Tanlka (1961) have prc??>cd a r.:ct.'":c~ of r.dcroz::~r::~:; 

,base\! upon :..easure;r.c:'lt of ar.:b1ent vibrations. The n:easured V1b:--;.:ions 

~are plotted in the fonn of an ar.1pl1tude spectra: in Kana1 's ori'i- ~ . .!1 
1 
work th1s s~ectra was constructed 1n an 

\ re:::er.t1y FcJr~er ar.alysís ~as beer: lis e e: 
ap¡:¡roximatc wa¡. but r.::~re 

fol" this pur¡:¡ose. fis::~ E 

:shc.:s !oc.-:e ty;Pc31 :-·:s:..ltso for- 1"er.tifica:.lon of the so1l·ty;.es. Ht 

• ,Taole l. a~tn tne ~enod anj the r.:~gnituCe of t.ie p~ak of the s:-!.:tra 1 . 
. · are ¡;Hd to Ceterm1ne the se1s~1c zcne; the lon~er the perlod •~= t:-:e . ' . . 
oht~h'!r t~'! ;:"'!~.\· .• t!":e -:-!'"e !::!•:ere ~~.e e:-::e~!e~ ~!::-. .!;~ ~~:-!:-.; ;:~ =~ -.... "":-
lq;,:úc. K~na:, hB ccr:-e:a:.ec the c::-:.e""<~ec! per~oC: ar.d ~-;JH tu~e !: t!"!e 

fcur ty¡;es of ¡;;rc:J_r.C.ccnsiC.?red in the Japa~ese seism1c coC:e. 

lhfs ap;n·oach was spec_tf1cally_ deve.lo;:;ed to predlct the effe=t of 

shallow soil depcsits u¡:¡on éa~ase to bU11dings hav1ng only a few stor1es. 
~or these cor.dftion!:. i.ju, pre,nc~i:ns r..ade by r.ar:a1's a:-:--ro~ch a~ 

1
e:'ltire1y c::-:sis~ent 'rtit.!"! t~e pred1c:1~ns of a:::¡:d1f1ca~ion thtor')'. T_h_:,s. 

:~ere is a sc:r.d reason ..,.,.hy Kar.z~·s i!;lpr.:~ach has been 1n accord -.!t.h 

ex~er1ence c .. rir.g actual eart.hq~.~a;::es. 

~eéveC:ev'! ~:et~od 

'íhe ~wssian selsrr.olo'=iiSt l".cCveéev {1S52) has ~rcposed a rr.et:".vd for 

esti::at~r.s :.~.e effect of ~round ccndit!cns ~.:pon eart.r.c;ua~e 1nter.s~!.)'. 

. ba.sed u pon b•o factors: 
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where c0 h the <hhtattcmo~~t, or co;::pressh~. wave veloc1ty. 

The ~he velocftJ for gran1te serves a:. a re~ere:-:ce agafnst 

wMch o11 so11 ts rat~cL ihe srr.aller th1s rt.tio, the more 

seve~ the u~eocted C:<!r:".ac;e durír.g an eórtl'a;ua~e. 

2, The depth to the wo1ter ta~le. The shallower t!':e watel" U.ble, 

the greater t.J':e expected da::-.age. 

These btO factors are cornbtned tn the ec¡uaticn 

(5) 

~eren fs the lncre~ent fn 1ntensfty unlts·on a scale·e~v1valent to 

the r.odUftd •~ercallt sea le, and h 1s t~e C.:o¡Hh to the wa:er tatlle 1n 

ftter"s. Eq.S typtcally ghes an 1r.Úease in 1 to 2 1nteo:s1ty.un1ts 

(rr;uh,.l~"t t_, ~ 2 'JI" 4 fol-:i 1~creas~.lr. !:::!~e:-!:~o.~.} ~=-~ ~::": ;r:..:::.~ 

as co~a,..ed to ffm grovn~. ~~ec!veCev's rr.~:~od .,..H orlg1:-. .:11y ~evelc;>e:: 

for use tn connect1or. wlth shallow so11 Ce;¡osits and b·JilCfn9s havir.g 

cnly a 'fer~. stortes •. 

Tl':e rehtior.sh1p bet-r•een 1-:edveCev's meth~d an~ a:.:p1H1cat1on 

th~ory r-.ty b~ ur.éc?·rstood by r.ear:s of the e:<.c-~le 1n Ffsure 9. \o.~en the 

"'ate,. tt~lt 1s 'f'!ry lcw~ the:1 the ratio C:l/C 5 is t~~ st~e for bct!'l tr.e 

so11 afld t!:e rock.. Thus ratios 3 ar.d 4 are ~::u1valen!, Zfld !·~eCveC:ev's 

tr.ethod ard a·pllftctt1on theory will ¡>ree!ict the sa:-:e tren~s. Tne soil 

Jn f1;..1re 9~ I'IH the sa:--e CS llS fn Ff~ure 9.!, end thus t.":".;>lifl:!tior. 

theory "'culd p!"eC:1ct tt-.e sa:":"e behavior for t:o:.h c~ses. Raising the .. 

\o'lter ta!Jle r.e-\ns that c
0 

1ncreases cons1d·~r.:bly in t~e soil, ar:d th:.~s 

t.he flrst tem 1n ~!eveéev's e~uatic;, éecrc?ases E:;,tcver, th~s Cecrease 

h c~;¡ensated by an ln:::rease in the seccr.C ter.::. !h..zs, :-'.cdveC:ev's 

tvo factors Uken tosether q1ve rol.i;hly the H.::-.e result u a~.;¡l¡ficat1on 

ti:eory. ~oreover. the u.cre.u.es in 1 n tens i ty ? re ::ll t :.cd by !-!eCvedev 

•re ccnststent wtth 1ncreases 1r. tl.tteleraticn preC:1cte.:! by a.":':¡¡ltficatfon 

tlleory • 

. ·----------------~---

o 

o 

-10-

Sl:~·.'!rV ----
For the: c.c~on case of shalloW so11 de;¡ostts. the i!ieC:1ctfons of 

a~~11fl:!!-~M ,~-:eory ue ;er.eraily fr. accord w1th ~ctua: ej(;:edence 

C::Jr1r.; earthq~zkc~ <~n.:! r.:reo.,er are 1n accord w1 th t.he s.~:--:1.e::-:;>1rtcal 

r..ethods of r::1cro:on1ng proposeé by Xznat anC: ~:eC:ve¿ev. 

n;~ .. e 10 5 ~-;".Jri:~s tt·e effe;: of local so1l a~d -:,:1:. cor.dttions 

u?on res;J:-:se s;>ectro (sty for s=; !:.!-~lr.r;;) tt a ;!.\·efl e ::.~'lee fro.-:1 ::he 

e¡>icer.ter of u. eut:-.~L:J-..:e. ',.,'i~.-: ~n:::reas1n9 sof:.ness e" :.~.e earth 

r..aterlal. ~r.e peak cf t!":e s;:-ec~ra i:-.::reases JrlC s~.1fts :.::. a lar~er 
pe:-1od. lhus. t!'l~ resj:lor.se of le ... or,t~ff tan1C\r.;s 1s s·--~r.;ly aHec.ted 

by. son conC1:.1C:lS. Cn the other !:anc. ·a shallc.~ S011 ::.:::osit has. 

l1ttle or nc effect U?On the respc:-.se ·or -..~e f~r.da-:-.en-:.a·· :lef"'io:j of ~all 
bu1l¿in;s ha~ln; long natural per~ccs (aHh.o.:..:_;h the sha:,1c-~ soll wi11 

affect t~e response cf the h1<;!1er ::-odes of such a bu11c-ng). 

easea upcn currcnt Kr.c·decse. a seH::~ic c.oefi1c1er:: Oi.,.._rc:.l• s\j~;. 

as tj;;e (b) 1r. f1;;·J~C 1 s~c .... lC ~-e :.:~ed to acco~r.t for e rferer.ces 1n 

r.ear surfac.e earth :-.lt~rials ~it:-.1n a s~.a1l r-e¡;ion. T:-.L! 1s to u:¡. 

t.":c soil ftttr>r s shou'd b;-1r.Ce~er.Cent of period. The--e are several 

reasons for thls rec_c~-•~"~.:.~~on ... · .... 

1. Secause of ur.certainties 1n tloth th~ funC:a:':':er::..z.1 :;.eriod of t."le 

soi1 ar.C: ~!"Le prcd::o:-.~nu,: ;:!:'r\cCs in ':":e ~n;:>u: ';!'"'OU:id r:o:.ton. 

1t 1s éif~ic~1-.. :o preC~ct the ;;rec:;-:-~r.a:-Jt pe~· :C in ...,tion 

at the top of so1l Use ot cor.s:ar.t S for T ' 0.5 sec. 

CO\·ers these uncer':.<l1r.t~es. 

2. Use cf cc.1 s:a~.t S fo.- 1 ~O. S sec. reco;ntzes :hat the con

tr:~wt\c,1 of t~.e hi;her r..:)r!es wi 11 be affecte::= ';.:J sotl con· 

Ci tic:-.s,, tnC ;Hov~Ces .et:ra cc::r.ervat'is:n with re~arC: to the 

c~s1~n of :all buil~in;s. 

W1th furu:·er research. tt r..ay be poss1ble to use & redu·:cC: ulue of S 

for T > O. S sec. 

1 
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Table 2 ghes recet:rnended sofl factors. These factors are bued 

u~" both the~~ And exper1~nce, ~nd consfder posslble settler.~nt prob
le:lS tn a~d1t1on to a~li.f1cat1on effects. In the 2nd coll;.':'.'l of t.1e 

tz:ble, hard cr,.stalllne rotk. fol.!nd at consfder~ble de;l:.h h.5s b·een taken 

as the reference; the so11 factor for a soft so11 is 4. licl<'ever, 1t 

generally 1s more practfcal to use surface exposures of ro~k ¿s a 
reference (3rd co1u;o,n), and then the so1l factor fvr saft soll ls 2.2. 

In so:rl! localltfes, 1t may even be desJ.rable to use ftrr.. so11 as a 

reference (4tf1 cohum), in which case the so11 factor for soft son 

h only 1.6. 

4. C~SE 11 D!EP O!POSIT OF Fl~< SOIL 

Several areu that ha ... e exper1e;¡ced maJar urthqu111kes are under· 

latn by aJ:~re than lOO meters of comp,act alluvtum. Los Ar.geles, Caracas, 

Venezuela, and Sant1ago, Chtle are prtme examples. 

Theorettcat Co:n1Geratlora 

A...;p11f1catton spectra: Figure 11 111ustrues. the general nature of 

the ar..;:¡~Hicat1on spectrt~m for thts case. tiOW' several peaks occur wtthtn 

Ule rano;e of bu11dfng per1ods a·f practtcal tnt~rest. 

The fundarr.enial per.tod 1s greater than 1n Case 1, and tends to 

tofnc1~e wlth the pertod of t~ller stn.~ctures. Because the s~ear wave 

welocttt of to:npact alluvhen ts rather htgh (300 to 450 m/sec) the 

radhtton damplng also 1s greater than tn Case 1, and hence the ar.:pl1-

ftcatton at t."le fur.da:r.ental p.Hk generally h less than 1n Case I. 

Konetheless, thts amp11ftcatlon can be Qu1te 1mportant. 

The htgher order peak.s.· typ1ca11y occur at per1ods less than 0.5 

second; that ts, w1thtn the same ran7e of periods for wh1ch ~mpltffcatton 

occurred fn C~se 1. ·Radlatton danp1ng 1s len 1mj)ortant for these htgher 

rodes, and hence when interna\ dar..ptng ls sm4l1··CIS dUrtng sn:a11 ear.th .. 

quú.es··the pellk.s .corre!.pondlng to these t:odcs rr.ay be neuly i!. htgh 

u the funda::.!nta.l pea.k. 

o 

•. 

'. 
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Pe:al-. acctoleratlons! F'igurt 1.:' ·.~ow~ cor::puted acceler1tion at 

9rcu:-1d su .. face:, for condltlons. c.orrt"~iH>rvJln9 to Ff9ure 10 (the 1nput 

15 the sa.~l' as 1n rtg. 3. but W!th 1 peak accelerH1on of O.OJg). 

Peak. oHCeier..Hlon IS tncreased: typlc1l tncrea!.H are f•ctors of l.S 
to 3, wlth the hq;cr 'c'alues applyfng to sr.:.aller urthquakes. Th1s 

fr.creaH h caused 'e, ~ .. '! h1':1nt;r -...:-.;es of the sotl; t~c>·e r.:::Jdes ha\'e 

a"r:?11ftc.atlo.'l. pe.ü:s 1n the rt.'1c_;e of t!"lt prei:!:-:-,il".:=:-~t pe:-tods o( the tn~Jt 

·r.Gt1on. The fur:.d~~~r.ental rr.oCe c!::es nct CaúSC an 1n¡;reas~ 1n pe•i 

acce1erat1on, but does arr.p11 fy th! lon;~r perlod to:<.ponents of ground 

coot1on. 

Response s!lectra: F1;ure~3 cor..pues response spectra for t"Qttcnt. U 

the surfac~ of several dlfferent dcpt.'lS of cc::-.patt dlluvlu~. Cr-.a";ln~ 

the depth of the all'J,.1u:n has relathe1y l1ttle effect upon the o;eneral 

pos1tlon of the spectra for T "'0.5 second. Hcn-.ever, 1ncreutng the 

dcpth of the 1lluv1u~ has a ver-y stc;nlf1co5nt :ffect upon tht s~ectn 

dl hr;tr p~noC~ !.urresponJin9 lo l41ler building-;.. 

F1t:.1d fvtdence 

!here 1s. to the lluthor's knowledgt, r.o .ade~uue dlract conrlrr ... tlon 

of these theoret1caJ results. although Gut(·:herg (1957) hn sho.m that 

di!e¡l depos1 u 
acce1ervgr¿:f:h 

a.:-.?l1fy the lor.g per1oJ cco:o;:J::ments of c;round ri\Otlon. Act.ua1 

recar·as fro;;¡ ne.srt.y si~es wtth vef.y dlffere~t c:{?ths or 
alhrv1~ r.ust be obtalned betcrc ~Ce~~·He confir..ltlon 1s pontble. 

Obsenatlor,s of damage to bu11dtngs d.Jrlnq the CAracu earthquak.e 

of July 1957 !!J_pro.¡1~e stronq in~!re~t conftr.:-.Hion cf tl'oe t.heory (\..'h1t-

• D".an, 19GS; Se e:: et al, 1970), CuaCdS 1S underla1n by a co;:-pact 

11luvtu:n · .. ho~e C~¡H~. ger.era11y ls les.s than lOO r.:eters. HDwever. und..:r 

one p'ort)on of the c1ty the depth ts as rr.u::h as 300 ~ters. An.&.lysts ot 

the patterns of damage shows: 

1. for bu!ld!ngs hav1ng 6 s tor1es or less, the percentali~ "or 

bulldln~s éa;..a~ed 1s ;-.ore·Or·less constant for all p.Hts o~ 

the <lty. 

• 
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Z. Bu11dtngs hlvtng mora than 8 storas. ~nd P•lrtlcularly those 

hn1n9 rrore than 15 stor1es. were v.~c.h mor.e.he4vlly damaged 

In the part of the ctty over the very de!:i) a11uv1um than else

whe re 1n the ctty. 

Th~se obser.attons show clearly that a great depth of alluvtum s1gnH1· 

centl7 empltfles the elrthqu•ke three: to ull bu11d1ngs. 

SI,II'T.II!")' 

o 

The tl'leory, together w1th the evtdence from the Caracas earthquake 

shows the need to c;uard aga1nst the strong shak1ng thzt can oc.cur when 

th~ funda~ntal perlad of a ta11 bu11dlng Co1ncld~s .,·~t.h the funda:renta1 

pertod of 1. deep so11 de;:oosit. Thus. the fc~C<l.t:le:ntal period cf the so11 

D.Jst enter 1ntc tht code. When d~fferences 1~ depth of sotl, ratt.er 

t.han dtfferences 1n the nature of the sotl, are of concem. tt ap¡lears 

thÚ 1 seu=tc coeff1,c1~nt dh.gra::~ of type (e) 1n f1gure 1 1s su1table. 

M VTfple 1s the follow1ng forouh fro:n the Ch11ean coC:e: 

t • t :• [ 2 T (T o J 

¡ 
o 

. 0 l•(TiT0 )2 

T < T 
- o 

T > T - o 

1 

( 6) 

The so11 per1od T
6 

rnu5t be <!r:terr::r:eó f.""C~ a ccr-.~~rat1on of ex~ertence, 

careful an1lysh of earthqua'l:e rec.or.:s and thcoretical s:uC1es. Us.ual1y '· 

tt 1s not poss1ble to detern1ne T
0 

by measurer.:ent of mlcrotre:;-.ors, s1nce 

tht h1gh frequenc::tu pr~sent 1n a::-.b1ent vlbratlons mask the low fre

qu~ñcles usoc14ted w1th the fund~.":'lental per1od. When ustns Eq. 6, T
0 

should always be at least 0.4 even 1f the fundamental per1od 1s s::"laller 

lhln th1• 11m1t. 

5. CASE 111 SHALLOW SOrT SOIL OVERLYIIIG DEEP DEPOSIT 

OF FIR!, SOIL 

Theoret1cal CoM1de'r.,t1ons 

As )e t. ·lhh case (t.t\lch a sketched In f • ?re 14) has not been 

stud1ed cor..ple!.ely from o theoretiCal stanc!p:urt:. The e!fect of the soft 

shallcw ~~poslts en ter through the h1gher r:-.cce:s- a:"'d the response of 

the\e h1cher meCes IS qutte sens1ttve to the c:.~:.n1s of·the anatys1s·· 

especlall)' the assurr.;Jt1or,s concerning damp1r.g. -~.e theoret1ca1 results 

"-'h1ch have been co:i.puted are not entlrely sat~!·t::tory. 

Ho11·ever, in a seneral way 1t ~ay te Hi~ :.·;:CHe Jtl 1s a com

.btnatton of Case 1 and Case 11. Thus t~e fJnc~-.~,tal ~ode of the decp 

compact alluvlum h'lll "-rp11fy long t"Criod rr..:;t1:·.s. ~o.hile the higher mJdes 

of the deep ~'lluvlu:':i w111 also a:n;>ltft sl¡:)rter :~rtod rr:ot1ons. The 

shallow soll deposlts w111 further u.pllfy the ;·.crt pertod rr.ot1cns. 

With respect to the effect upon hulldtngs, L.,e !'::.llo>'l1ng can be elpected: 

l. Bu11C:1ngs w1th T <. 0.5 second. Oa::::.e;~ w111 be greeter if 

these bu11dlngs are founded upon the ~:;ft son than lf they 

rest upon flm alluvlum. The depth cf :~e f1nn a11uv1u~ 

bene<.·.n a butlding has 11ttle effec:. ~::Jn t~e damage to tpat 

building. Tnus conclus1or.s appl1o:·.! toCase¡ apply . 

2. 8~;11dings h'lth T ~ 0.5 second. ~~-. .!;~ .. ~11 be 9reater tf a 

bu1ldtng 1S founde<: over a great de;:;.r. ot f1m a11uvtu.11 tllan 

U 1t ~ests upon a sha11o..., depth of t!"'1S alluvh.rn. The 

presence or absence o f soft so1 \ nea.r the surface has less 

effect Upc ... =~~ dam:.~'-'· .. Thus conclus1ons appl1.::able to 

Case 1 I a;~ly. 

1 
Fie1d E.;1C:ence .. 1 .,. .. ' . :· . .•• ··1 '·' 

Oa.7o3ge 1n Vald1v1a. end Conccpct6n durtng the 1960 eilhh~uakes has 

been stud1e~ e .. tens1~ely (D~ke and Leeds, 1953, a~d s~~seGuent studtes 

at the Unlverstty of Chtle) •. Thh dilmage "'~s sreatoc:st where U1ere wn 

soft so11 ;;.t the surhce, The o;rt:H r..a;on ty of thls da;:uge was te 

1 and 2 story bu11dlngs. Thus the behavior c!;.;rtng these eArthQu4kes h 

conststent w1th Case l. Hence 1t 1S not surpr1s1ng that pred1cttons 

based upon Kan al 's and Hedvedev's methods correlated -.el\ wtth the 

dama~e pat~erns. .. •;· 

~_.;....;-'-.· -"'------------------------ .. ,_,_,_ ... -<-- ---· -- • 
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At both of these c1tles, there ex1st deep depos1ts o~ f1rm so11. 

Us1ng a:':'lpltfiCo!llton theory, atte::'lpts have been r.1~de to co··relate dam• 

age to thts total depth. However. s1nce th~re were very f~w bu1ldln~; 

f11-vtng penods gr-eate,. than 0.5 second, no.such·co;re1at1:.t. wn poutole. 
Koreover, stnce the theory for a soft shallow \.ayer over 1 deep st1ff 

hyer 1s still not reluble, the theory often dld not shc .. c::~rre::tly 

the effect of the shallow \ayer, 

Thus the 'eaper1ence from the 1960 earthqut~kes sh01~ec: :.'le effect 

of s~.allow soft deposlts but gave no 1ndtcat1on .as to the tffect of 

vary1ng Cepths of the compact c:~11uv1um, Howe..,.er. the effe :t of the 

dt:ep alluvlum lt.IJSt not be lgnored •,;hen esubl1sh1ng mlcror!.¡;1cnt~llat1on 

or bu11dlng code provlslcns for future ccnstructlon, beca:..!~ mere and 

rore tall butldlngs certa1nly wlll be constructed 1n these l.nd other 

cttlu wl th similar: sotl cond1t1ons. 

SC·'>'O!) o 
A seh:nlc coeff1ctent élagr~~ for tn1s case mi.:st rec: ;:--:~ze both the 

tffect of shallO'W soft depo~lu upon bu11dlr.gs hcht,¡g T .. :.S second 

ind tlso the effect of deep set\1 upon bu11dtngs hav1ng lor tJfi periods. 

These requfrements mlght be l!':tt by com~1n1ng Eqs, 1 and 6: 

• T < T 
- o e • (7) 

T > T 
- o 

The so11 f.ctor S would be chosen based upon the shear wave veloctty 

ot the near·surtBce solls, wht1e T
0 

would br1ng In the eff~ct of the de~p 
. de;¡ostt ~uch a code prov1s1on mlgnt dpply to rn11ny c1t1es. such as 

Sosten t~r e.r.ample, wnere very poor so1ls at the surface c ..... erl1e deep 

depostts of chy. Such a provhh,;¡ probably should be use~ only for 

T < l.S seconds. lf the furiGa~t.ental ¡::er1od of thc sotl 1S greater, 

spec1al provts1ons such d5 that descr1Led In t~e ne~t sect:on are 

wHranted. As befare, the 1!"11nlmum T0 h 0.4. 

.• 

o 

6. CASE IV OtEP OEPOSIT Of SOiT SOIL 

A~::~\1f,,.,tlon soectra: f1gure 15 shows an l-::pllf1cat1on spectra 

for a ~eep dl.'poslt oi .. ery soft clay. Th!s spec.:rum 1s ~1m1lar to lhat 

1n F1;;. 10. "'lth or,e unpo,.ant dlffere~ce: noW" ~~.e peak ampllf1C&t1on 

tt the fvnd.!n!!nt"l mctle 15 d!:.tlnctly grea:er tt".~'"'. that fol" t.he ti1Jihl!f 

rr.oCes. Thn. th~nge occurs beuu~e • .,..¡th a deep c::pos1t of soft, !iOil, 

radlatlon damp1ng IS less lmportant cnd stralnS {~nd hence 1nterna1 

damp~ng) are larger. 

Resoc-nse srectra: Figure 16 compates respc:-se spectr~ frc:n rr.ot1~11:. 

measured on tcp of tne soll wttn that from rr.oti.:-:s 4t ~HI OIJtcropp1nQ 

of the u!"'derl 1 ,n9 hard so11. There 1s an tncre.!se 1n tr.e orU1nates at 

lo"' penods P.cne-..er, the rernarkable feature a the very great lncrtaH 

1f'l. the fiH"::J~ frnm 2 to 2 S seconds. Na.. the peak of the Spectra has 

been shlfted toa rr.uch \arger per1od. 

Peak acceleratlon: In the case corresponClM9 to figure 16. peak 

acce1erat1on on .top of _the so11 was n.tce that on the hard outcropp1nlj. 

_ln other cases wh1ch ha...e been fn\'eSt1gated theor-et1cally, peak acceler&• 

t1cn ts de~retsed . 

Fte1d Ev1dence 

The class1c example of th1s case !S tl'le scft Ceep depo~lt of clay 

underly 1ng Me .. 1co C1ty ihe eaarr.ples 1r. f19s. 15 and 16 apply for the 

so11 condl t tons tn Mextco C1 ty, and ha~e t:een codl rmed by actual 

accelerogrtph records 

lt has often been suggested that a deep soft depos1t can actually 

cause a det'UH tn peak accel-eratton \,'h11e there ts Httle or no 

f1e1d e.,tdence to pr-o11e thH. suc.h m1ght occ.ur durlrlg a Hrot:~g earth· 

tlh "h ti ld be lnC.reased. quaie 'r,hen the 1nterna \ dam¡Hng w 1n .. e so _nov 

·t 
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Fo,. thts s1tuatton. 1t 1S appropr1ate to use! a sehmfc coeff1ctent 

dfagralft of T)'pe (f) in flq 1. Now the setsmtc coefftcfent h 1ess for · 

very smal_l pencds than for tnte~dlate pertods. HO'.-'ever. at thfs 

tfme use of such a dug!4.11 1s Justttted only for s1tes where there 1s 

const~erable actual e•perter.ce whtch has teen stu~led tn deta11. 

7. PitE fOUIIMTIOIIS 

The evtdence currently avallable suggests that pfles usually do 
not alter the ground II"'tfons at the base~! a building (Ohsak1. 1969). 1 

Thts h becaust p1lu generally are flex1ble enough to follow the 

horizontal rottons of the so11 {for exan-:ple, se e h:~a~:~oto and Sekf, 

1970) Hcrwever. ptles IMY 1mpro .. e the ab11Hy of the bu1ldtng to 

resht the effecu of the ground rr.otfon··by redvc1ng both statfc 

settlements (that may use up some of the reserve strenglh of the 

butld1~g} and dynam1c rocklng rnctton. Because of the need for less 

tonservatlsiD, the so11 factor S m1ght be reduced so~tcwhat fcr pt1e
supported buf1dmgs. 

"large c:Íhmeter ca"tssons 01ay 'be stfff enough to resfst·follow1ng 

the rot1ons of 110ft sotl through wt'dch they pass (Ohsak1, 1969). 

Then the ampllfyfng dfect of the so1l-ca1sson syste:n will be ~.ore 

HLe that ora f1rm sol1 rather than a soft sotl. Thus for ca1sson· 

supported bu11dtngs, T0 used tn Eq. 7 could be somewhat less than the 

fundat:>.ental perlad of the s.o11. 

Unfortunately, at th~ present tfD'Ie there ar~ no sound "'les for 

dedd1ng Just how much S and T
0 

mtght be mod1ffed tn accordance w1th 
t.hese constderattons. 

B. RfSPO!!SE SPfCTRA A:!O TIME HISTORIES 

1 
. ' 

o 

The tmphas1S tn thu chapter has been upon code provhtons to ,.o 

reflect -sotl c.on<llt'ons HCNe,er, theie 15 a growlng trend to.tard 

requtr1ng d,namtc ana1yses fa' tatl or l~portant butldtngs. 

The pdnc.1ples d1sc.ussed In connec:t1cn wl th Cuu. I • I1 • lnd t: ~ 
can be used to svg~est the pos.s1b1e ronn for a genera 1 d~stgn res pe~ u 

spectru:'ll ln~or;cratlnq so 1 t ~ond.1 t 1 ons: 

~ s,.s T < T 
. s, . - o 

To [<s-l) T; + 11 
... 
\ ., 

s,o - T:! T0 T 

where $
6 

ts the. spec.tral Hceleratton and s 40 1s the spectral ac:celcra

tion for the referente so1l condltton. Thu equatton 1s plotted tn 

f1gure 17. The sotl fllc.tor S, ..-htc.h br1ngs In the effect of the nu.r

surface ~otl. ~1ght be less than In Table 2. stnce use of dynamlc 
ane.l)•!ts ~!~!. l~!S n~.:d for"" com;ervat1sm. for eumple, th• followtl\¡ 

values ~t~1ght be l.lSed: 

Ground condttton ___jL___ 

Exposed rock 1.0 

Ftr::~soll 1.3 

Soft sort 1.8 

The effect of the near-su,.fa.c! so11 upon spect,.al acceleruton decrustS 

for T ,. T
0

. Thts 1S in contrast to Eq. 7 where there was nced to 

account for the contrtbuttons from hit;her mode~; .. hen 1 dyna~1c 

ana1ys1S u performed. the response of h1gher r..odes ts tntroduced 

dHec.t1y 

For T ~ 3 secon·ds and T , 1 second, Eq. 8 becomes too conserva .. o . 
the Tezcan (1972} has recently pr!!!sented a more general approach 

to Uveloprr.ent of response spectra 1nc_luthng s~1l df~cts. 

T1~~e h1Stor1es whose s.pec.tra lte above the spectra ghen by Eq. 8 

V 
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would bt su1table u Input for dynamtc analys!s. Great cautton should 

b~ followed 11'1 usfng.fndfvtdual tl~r.e histories senerated by the 
thtore:ttcal proc.eduru descr1bed 1n Appendu A,_ si:':ce u·,ere are Uf¡oo 

ce:rutnttes both In the v1lld1ty of the proc.edures end the selectlo!l 
of soll properttes.· U suth procedures are used to ger.erate stte

r;ondltloned tlrr.e htstortes, tt 1s very essentl~l Uat a set of time 

hhtorle:; be developed by vary1ng the 1nput assu~;lt1ons. 

9. F JNAL C0:1:~Elll:i 

The four cases whlch ha~e been d1scussel.i In thfs chapter cer .. 

t4tn1y do not co~er all poss1blt sofl condltfons, ar.G ~any problems 
rtmatn to be solved by further theorettcal research plus analysls 
of accelerogr&i'tl n:cords. F'or e .. u.ple, the llne of derr.ucatlon 

between Ctses 11 and IV ts not at all clear. Howeve~. the current 

understand1ng of t~e effect of local so11 cond1t1ons 1s alrr:ost equal·· 

a ... d ~rn~ps ev'!~ '!~!Hl~·to t~e current :.;:;t::cr~t;:.nC:lr.; of tt":e r.atJre 

and ~.~p11 tude of earlhquake ground r.-.otlcns for average sol 1 con .. 

dlt1ons. That h to say, the effect of so11 condhions can be 

tvaluated ttfth almost u 111.1th conf1denco u can the referente 

ul ... lc_ coefflclent C0 : 

• 

o 

1 

\ 
1 
1 

1 

o 

1• 

1 

1 
1 

-ZO· 

Toble 1 

EXAKPLES OF SOIL fACTORS 

~ 
Arcentir.a 

General 1.0 Hard ".7'i 

Soft 1.5 Medt 1:'11 1.00 

Soft I.ZS 

Very soft 1.50 

Jopen 

Ground/S trvcture Wood S te el Refnf. Cene. 

Roe k 0.6 0.6 0.8 

11 01luvtum 0.8 0.8 0.9 

111 Alluvtum 1.0 1.0 1.0 

IV Very soft 1.5 1.0 1.0 

·. 
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The purpose of t.~ ese r..Jtes is to present scrne of the !!' -~ods 

n~ available to tnc1ude the effect of local sotl condlt~ons 1n 
tht derlvatton of ~es lgn earthquakes or respc:'lse spectra. 

The dyna~lc characterlsttcs of a so!l Gc~osit can be ex;n·essed 

by1ts Transfer functlcn represent1r.g the a::-.~lfftcatton ex;¡erl

enced fro::~ bottor-~ to top by a slnusolclJl steac!y state r.-.oticn. The 

~crlvatlcn of a~ltficatton curves uslng both 4 ccr.tinuous and 
¡ dtscrete solu:ton is presented tn ti ar.C tl1e re1at1ve a~vz.ntage 

of u eh C"Jethod 1s di scussed. 

The ~eneral prc:;,ler.~ of consid.,ring an actual earthqu.1k.e rtcord 

and f11t.erlng it throwsh the sotl ts disc~ssecl in III. Ftnally, 

approxtr..ate s1Er.;¡ltfled ~ret.hods are presented to obtain d1rcctly 

response spcctr• whtc,.. 1r.clu~e the effect of the son frot"' the 

t~ledge of ,. response spectN:n gn f1rm ;nund or at bedrock._ •.•• 
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• f1JNOAI'I:fiTAlS OF SOIL MPLIFICATION 

by 

·t·•·1NTRODUCTIO~ ·- ----- ... -· -----
t ~ ••.. 

·----,¡r-,•1- St~tel:'t!r.t ·o¡ the Problem. 

:~: .. 

Dur1ng the 1nftta1 phases of development, Earthqvake En9ineer1np 
'PIU Nfnly ccncemed wfth develop1ng r.:ethods to est1mate the response 

of 1 stMJcture to g1ven dynam1c loads. ¡.,'h1le the•e are st111 many prob· 
· ·--- lims to be sohed in the aru of Struct\Jral Dyna:;¡fcs. partfcuhrly 1n 

: .. :.· ttle non11neer range. tt ts sorr.ewhat dtsturbfng to observe the hq1e dls-.. ·'. . 
~!"":·:'re?ancy tet..-een the accuracy sovcht by sc:r-e nethods of a:-:alys1s and 

tt.e u:·H:Hta!rtt 1n tt-.e nature t~nd r..a~"l~tuée of the loads to whfch the 

stn:ctvre w111 be s:.ójec~ec:. Thts 1n!:'Jns1stency ht.S t-een reco~ntzed. 

in t.he last years and tn 1ncreH1ng a:..:~unt of. effort fs now befñg de

'fOl..ed to stvdy tr.e char¿cterlstlcs cf earthauake r:-,ot1ons as a func.tton 

cf Ngnttude, dhtanc-e to tt.e epfcenter and local so11 cond1ttons. The 

puryose of tr.ts research h to arrtve at simple, but real1stlc rr.ethcds 

to represent the characterfsttcs of the ~round motlon at a particular 

·:s1te. Among these rnEthoGs one of the mc~t powerful ones ts through t~e 

use of desfg:'l response spectra. 

Oete~1natlon of the approprlate e~rthquake mottons at any ptven 

s1te tnvolves two fundamental steps: 

1. Evaluattoo of the H1smic r1sk cf the regton. F'or an nea wfth 

frequent strong earthquilkes this ste;:¡ may be relathely euy ar.d engl

n~rs NY already know ,that a. certa1n ctty 1s perlodically subject to 

e&rthouakes of sorre aver11ge ma~mttudes wfth epfcenters at sw..e average 

·dhtilntes. for regtons wtth rehttvely scarce earthc:u.ake htstory, the 

detennlnatlon of a Ceslfln ee.rthquake beccmes much ¡,.ore complicated tnd 

requlres In ~eneral geologtcal and sefsmologtcal studfes, whlch attempt 

"to 1dlnttfy posstble sources of earthquakes or·acttve faults. 

• e ~s5achusrtts Jnst1tute of Technology, Milrc~ 1969 

.. 

---· ---··---· -··-· 
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The results of tt.ts step can take dtfferent fonns, the s1rnp1est 

011e be1nq ll series of 'lalues for probable r.l:a~ttudes and assochted 

ep1centre1 dfst~nces. I! 1s poss1ble fro:n these values, us1ng the for-

r.~les su~;ested by Rose~blucth, to character1ze eilch pcss1ble de~1gn 

earthqvake by Hs r..ax1r..u:n ground accelerat1on. veloc1ty and dtsplace· 

ment. Ne-..-:ndrk h~s der1ved a s1rr.ple approx1fllate r:-ethod by whtch the 

correspondtng des19n spectra Cdn be esttmated, knowtn9 these three c.har

acter1s.tics. lt 1s ~oss1ble tl'len to c!raw response spectra for Hch 

Ces1gn earthqual:.e and to f1nd their average or e:'lvelope. Alte'r~at1wely 

one_ Ciltl try to se:1erate artificial eilrthquake:s that would hrr.v~ the utnt 

averilpe character1st1cs. tt PJJSt be realized, h01ooever. thilt 1f thh 

procedure ir used 1t w1ll nJt be enough to genente just one H~lt 

ea.rthqua!<.e for a glven set of values of tr.apn1tude and eplcentrill dls·~ 

tence. Cu1te the contrary, a substllnt1al nuc-.ber of Hrr::tles shculd be 

gener'ilted and used for each poss1ble earthquake, C'.d:.1ng the proced¡·re 

extreme:¡ long and costly. 

In any case the correspond1ng des1gn e~rthqual:.es or response spec

tra w111 apply to an overall rcg1on for ffrm ground conditlons. 

2. Hav1ng obta1ned oñe or more -earthQuake records whtch coul~ occur at 

the stte on f1nn grour,d, or tetter,a set of d~stgn response spectril, the 

next step 1s to study how t~ese rr~t1ons w~uld be mod1f1ed by the local 

so11 cond1ttons of the parttcuhr s1te where the structure h gltng to 

be bu1lt. The effect of the so11 1s go1n9 to be one ~~!:~ 

mc;.t1ons, 1ncreas1no the1r ar:-p1Hu':le 1r: so~ ra~ces of fr~s.;enc1e~ 

decreaslna tt tn others. This problem ts nor~11y referred to iiS sotl 

ar:';)11f1c.!lt1on end w111 be .the subject of the followtn9 dhcusston. 

The particular problem under cons1derat1on can then be Hated 

as: Gtven a so1l proflle anda destgn earthquake or response· spectnua 

at t-cdrock, detenf.tne the correspondfng ea;thquake or spectrum at the 

top of the so11. 

lt should be not1ced that 1n order to be able to apply these 

results dtrectly 1n the dynamtc an.11lysis of the structure, 1t ~r.ust be 

• 
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ass~d that fts ma~~ fs n~g11g1b1e in comparison to t~at of the under
lylng sotla Oth!!:rvfse a third step 1s tnvolved correspond1ng te the 

- problell'l of so11-structure 1nter-act1on. In other words lt wtll r •t be 
______ ¡possible to cons1der the structure and the sofl as uncoupled systeCl5 ... 

: 

1.2 Generc11' Constderatfons. 

Earthquake mottons mdf be decc~posed fnto a series of waves wh1ch 
propagate from the focus in a\1 dtrecttons. Gtven ~n tnf1ntte rredtum 

· ~these waves are ba~ically of two types: dflatattonal or compresstonal 

w1wes and shec1r waves. The flrst are nor;.~lly called P waves. The 
·second.can be decc~osed agaln by projecttng the motion in two ortho~ona1 

dlrectfons. SV waves correspond to mottons In a vertical plane, SH waves 
: ... to horizontal mottons. Of course when the dlrectton of propagatton ts 

verttc•l, both SH and SV waves ~o~ld correspond to horizontal mot1on. 

. \lt:en the waves propl!gating throu~ a contlnuous ~dtum f1nd a free 

surface, 1 new type of wave 1s ger.erated, noroally referred te a~ surface 

or Raylet!ih waves. lf, 1n addftfon, the rred1um 1s not homogeneous, but 

there 1s a clear dtscont1nu1ty at sorre depth from tht free surface, a 

second type of surface wa~e, called love wave, ts generated, ~hen there 
are several surfaces of dtsconttn~tttes tn the properttes, other ty~es 

of \llnts are created. 

The overall problem of followtng an earthquake as 1t propa~ates 

frocn 1ts focus 1s of course a three-dirrenstonal wave propa~atton probltm. 

By assu=fn~ for 1nstance a ltne source of relatfvely larSe len~th or by 

cons1der1ng only the effects at some dtstance from the epfcenter, the 

problem can be reasonably reduced to a two-d1rrens1onal ene for SV and 

P waves and a ene-dimensional pro~lem for the propagatton of SH waves. 

The methods descrlbed here relate all of the::. te the solut1on of 
tht one-dtmenstonal wave propagatfon equation. Th~1r baste lfQltatfons 

are thus: 

e 

. -4-

· 1. Only shear w~ves 11re constdered, clther Su or SV tf they af'i_pro,..,

: gating verttcally, and only SH 1f they propa9ate atan angle. P whts 

l propagattng "t"ert1cally could be cons1dered by rr:plactnº the app.g,prlt!• 

ccnstants {modulus, wave propa9atton veloctty). Surhce waves are. r . .;
ever, neglected, 

2. The d1fferent layers of sotl are assurred to be para\lel and r:•ter-. .:

tng tn the :-.odzontal dtrectton for a dtstance several lh"ts l~r9er t..-: .•• a 

the total de?th to be~rocK. 

In sp1te of these l1m1tattons •. the soluttons obtatned by these 

ftthods seem to pr'Ovtde a useful anG rea.sonable est1Nte of ttle fll :er

tng effect of the.soil. lW"J·d1ri-enstonal wave propagatton pro~ler.:s e~:-: 

now be sol ved by the use of the f1ntte elerrent aethod~ · Theu techniQ~.o.t!:S 

offer 11 pror.tstng future. Thf'tr appl\cattoO ts. ho..:ever, st111 limite~ 
end there are several questtons. ... htch sttll have te be sol-ved befare 

they can ~e ~sed wlth ccnfldence. 

The f1ltertng erfect of the so11 can be rneasured tn two dtffer ... 

cnt ways: 

1. By constder1ng a steady sute htnnontc oscilhtton of the so1l ~nd 

the underlytng rock and determtntng the ratto of the a~l1tuée at t~e 

free surface of the sotl to the a::~¡:~lttude at bedrock or at the outcro'· 

ptng of rock {wttho~t any sotl on top). Thts ratio w111 be a functlon 

of the frequency of the ~tlon, and tf tt.ere ts dar.-.ptng. a co::-plu fur:

tion. It 1s· normally referred te as the Transfer Functlon of the sotl. 

Its rrodulus ts the amp11ftcatton functton, alfl)ltftcuton rat1o or ,.,_,,. 

ttcat ton spectrum. 

2. By considertng a give:'l earthq"Ja.ke record {tt~ hlstory of accelerl• 

tton} at bedrock or at the outcropptng of rack. and detemin1ng the 

correspcndtng accelerogram at the free surface of tht s.otl •. The ruult 

1n tht~ case 1s not only a cor.p1ete tt~ htstory of acceleration at tho 

free surfac~ of the soll but also, tf so destred. ttcre histories of 

s~car 5tres5es and stratns at any rotnt w1th1n the sotl. lt provtdes 

t;,erefore a ¡ruch rore COI:"fllet~: solutton, but 1! Nqutres constdero~bly 

•• 

' 

,, 
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~" Coe'!pUter t1n. Furthenrore, _because of the rcasons prevfously rnen .. 

tioned, the co~~lete analysts would have to be rePeated for each earth .. 

quake sa~le, and 1t would mak.e 11ttle sense to do 1t for just C'ne rec .. _ 

o .-d. 

,.,. 8oth ty~s of results' ce.n be obtatned ustng two d1fferent m.athe· 

Nttca1 rodels: 

1. A conttnuo..:s solutton ot the dtfferent1al ec;uatton correspondtng to 

the one-dt:enstonal 'lf!Ye propagat1on problem. 

z. A dhcrete solutton rephctng each ltyer of so11 by a systern of 
r 

lurr.ped ~r.assu and sprlngs and applytng standard procedures of StruC• 

tural Oynadcs. 

The conttn:.::l:JS rnodel offers 1n 9eneral more fle:Jt1b1ltty a0d t-.as an 

econo::~tc ac!vantase tf the resu1ts are des1red only ata few points. At 

present the dhcrete rodel requtres less co::-putatfonal tfrre when com· 

plete htstortes of accelerattons, veloc1t1es, stra1ns and stresses are 

necusary at G'.l;~)' polnts. 8oth rr.odels y1eld exactly the ur.-.e resul~s __ 

(enept for sr.all d1screpilntles due to dl fferent round·off and trunce

tlon errors) V-len: 

a) Darr.ptng 1s us·umed constilnt tn all rrodes and vtscos1ty for 

each hyer dlrectly proportlonal to tts ~rodul~s and tnversely 

proporttonat to frequency. 

b) The unC:erlylng rock. fs assu!'red to be r1g1d or In other •ords 

the tnput r.Dtton ts considered at bedrock wtth the so11 on 

top, nther th~n at the outcropp1ng of rack. For e1asttc. 

rock, results can sttll be cnade to agree 1f en add1ttonal 

dacnptn51 1s tnserted tn the d1screte model to s1rruhte the 

toss of enerpy \hrough radhtton in the rock.. 

In the: follo_,tng pages tt.e bash ot both forr.ulattons wtll be pre

smted, constC'er1ng ft~~ the case of steady state pertcdtc mot1ons 

(determtnatto~ of the arnpltftcatton curve), then the case of transtent 

~tfons. The ~ppl1cat1on of these ~thods to obtain filtered earth .. 

\ . , 

e 
1 

•. 1 

• 

1 

1 

1 
1 
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quak.e records at the free surface of the sotl ts fmmedtate. On the 

other hand, their applicatton to dest~n response spectra .. modtfytng 

the~ to fnclude' the effect or the so11, fs not so straic;."'tforward. Thb 

po1nt and approxh.ate solut1ons are dtscussed at the end. 

11 • STEAOY ST:nE PER!OOIC f!lTIO~S 

11.1 Cont1naous Soluttcn. 

A. UnHorm ·hver. Rtg1d rock. 

let us cons1de!"' flrst a un1form lay~"r of son resttng on rock. • 

The e~ua.t1o:"t of motlor. corresponding to the one-dtu.ensiona1 wave: propa

~at1on ~-o~lem 1s 

where o • dens1ty or ma.ss per un1 t. vol u.~ • i' 
1 • untt we1ght-

g • accelera.t1on of gravity 

n • v1scos1ty constant 

u(x,t) • d1sphcerner.t of a po1nt 1n the sotl hyer 

lf the rack ls rlgld but • dlsplaceoent •,!ti 1• loposed at the 
base of the so11, the boundary cond1t1ons are: 

.!:!. • O at x • O .. 
u • •c!tl at x -~ 

• 
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and the 1n1t1a1 cond1t1ons: 

u • O at t • O 

~·Oatt•O ... 

·---- .----

By ct111ng y • u - uG the relathe dfsple.ctQent,- the equat1on --
can be nvrttten as: 

wlth ln1t1a1 Cond1t1ons 

••O .U..o 
J 1 ;t 

and Boundary Condltlons 

y • o 

u. o .. 

at t • O 

at a • ~ 

at a • o 

lf u6(t) • O, the free vtbratlons can be tnvestlgated, Wrltlng 

then 

and trytng a solutlon of the form 

y • U(x) ' V(t) 

U 11 a funct1on only of a 

Y 1s a perlodlc functton of t alone 

• u., V •-p2. 
tr GV + nY 

' "' 

l . 
l. 
1 

' 
.r 
1 

1 
1 

1· ., 
i 
1 
1 

,, 

·. 
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o 
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ond the so1utlon by 

y(x,t) • U(x)elat . 

ti> en 
_U • E cos px + r sin px • C 

• "2 
---· Hh. 2 w p • G+1ññ'" 

llllpOSing ti> e boundary con di tlons 

t . ! : : :· ~ 

F • O ___ e 
Ecospii•C 

-u-•c·¡tosp.x_ • 1¡ 
;_ rnptf 

and ";; • • 02C (COS DX • 1) 1Dt 
<~ cos pi't e 

\ --· --- .. -·-·----

: 

and et the free surface of lhe sofl th~ absolu~e acce1eration bec~~s 

u • - r.Zc 1 

cos pH 

1ot . . 

Slnce tl>e base onotlon was uG • .le elot 

The transfer funct1on of the so11 for a~solute &cce1erat1on at 
the free surface 1s then ~ef~ned as: 

1 • ¡o¡-¡;¡r 

.e 

• 

i 
·1 
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It should be not1ced that 1f there 1s vtscos1ty. p 1s a c~lex 
yar1ab1e and therefore cos pH has to be interpreted as 

112 (e1pH + 0 -lp!l) 

or 

The- fact that ~he tra:ufer fun~tt~n is com;>lex fnd1cates U.¡t 

there is both a cl'.ans:~ in a::";¡libce and 1n phase. If only tl".e c.~an~e 

in u.:;:~1i~uc!e 1s cons1Cered U.e r.~;1 ification F'u;-,ct1o, 1s ¿ef1ne4 ~~ 

the C'IQCulus of the trt:1sfer functlon. 

Ca111ng 

2 
·A(a) • 1 lp."" lpH 

CJ .,. ~- • 1 •• 

a•_lH~/& 
/'[ 

A(n) • 

A • (on/G)¿ - 1 

1 + (on/G) 2 

/1 + (r_::/G) 2 + 

+ (on¡:J 

For s:r.all. iialues of ~ 

a • 1 11 r ~o ¡; 
o n¡;- 1 -::.. . .--..... 

a • H:l/f 
. ~ . 

\.1. (\. ..... 

'{._G; 

·1 
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The natural frequencfes of the layer of soil are t.'1en siven by 

• • r. 

and the natural pertods · 

(2n-1)c
5 

.fH 

T • O:H ~;: .::t 
n rn:T i¡ : trn=m: .,. .. 1 S 

Wlere e • li 1s the st-.ear wave veloc1ty of th.e son. • 1 ~ 
lht cot"1"'espond1ng r-odal shi!pes are 

U • ~ (22~1.)• X 

If the so11 has v1scos1ty" 
. we JUSt have 

·~ 1'1 e rrn:n; ~ 

A cr1t1ca1 value of vfscos1ty can 

·1n particular 1n order to have at least 1 rnode 

"e" •~Ir;' 1 r.rt t • 

1 -
-~ 

motion 

,. 

tt ts f~portant to real he that 1f there fs any vfscosity. the 

nurber of rn:)~es will be f1n1te. (Hig~er rr.odes wtll have Ga::';)ing hi~l":er 

th&n cr1t1ca1). 

Ccnstdertng now the forced v1brat1on pro~lem, ft 1s ccnve:'\1ent 

for a steady state per1odfc r:-ot1cn to reyr~scnt the base d11~hcer.ent 

by 

. 1 

1 
1 

1 
l 
1 

i . 

' 1 
·¡ 

' 
1 

---,-. ·-. 

·-

--.-

----:..· 

--.... -- ---
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&nd 

In particular lf.thero ls no vlsccs1ty 0 • O 

A(o)·-1-cos. p 

and the a~r.p11f1catton will bec:orr.e 1nftn1ty ata • ( 2n-1}" which cor-2 

nth natural freGuency of the 1aytr. 

On the other hand. tf n ~ O, the t~pl;ftc~tfon ~111 not be:o~e 
tnf\ntty. Two cases can then be ccnsiéered: 

1. If the vtlue of., 1s constant as n increases, the ftrst ex;>ressiOn 

tttll have to be used stnce nS. wf11 not ~e s::-.all any lonser. As n 
" 1r.creases A(n) tends to zero. ~o.n1ch rr.ec?.ns that for very 1ar;e ;n;¡ut 

frt~uencfes the·to~ of the layer rer.~ins at rest. The ar.;¡itfica~1on 

functton wtll have only 1 f1nfte nur.~e~ of peaks correspondfn; to those 
n1tur1l fre~uerictes of the hyer whtch have dar.-.;¡tng less than cr1tfca1. 

for values of a such that n ~ 1s still s;:¡al1, the a:':':p1fffcatto.1 

•t o • "'n' nth natural freouency of the layer, becomes 

1 2 'l:r1 
~·-;;; 

Th1s shOWs that the amplitud~ of the peak a~ the seccnd natural 
' 1 

frt~uency of the layer w111 be~ cf that at the first, the·a~~1itude 

of the thlrd wlll be ri- etc ... 

2. lf 1t 1s assumf'4 that the v1scos1ty is 1n..,.erse1y pro;>orttonal to 

Ul-. frequency so that 
n. 

n "t" • tan 4 1s ¡ const~nt. fcr SJ..a11 va.lues of 

"t 

vlth 

4 
A(-nl " (2n-i)•t•n4 

4 • 1 
• 't"Zñ-TT. 27 

1 • t tan 4 • fr~ct1on of crtt1ca1 damping • 

1 
j 
1 

·. 

.-
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In this case the emplitude of the second ~lll. wfll be 1/~ that 

of the 1st. tht ar.:píi-;.ucie or the thir-d pe~k. l/5 .!:""-.. so on. 

co~¡;>arbg ~hese results .,..ith t~ose for a -:_-~ed rnass ~1screte 

syste~ as norr.:ally e~co:..:ntered in Structural Oyr..:.-·:s. -..e can say that 

a constant vahe of viscos1ty n corresponds toa~ ·-::reas1ng perce.,t· ;,. 

a;~ of ca~.;rtng in ea eh r:;oée. wh~reas a constant .,...;_ · .... e of n ~corre- / 

sponés to consta~t da1.plng 1n all r.~Ges. 

F1!;ures 3 and 4 sbo.,. t!"!e a::-;lificat1on eL.---: for a un1for::~~ son 

layer with the follo"dng characte:-istics: 

Depth 

Shear wave veloc,ty 

Unit -wet¡;ht· 

h • lOO 

e, • ;so ft/sec. 

1 • 125 lbs/e~.;::-.;. ft. 

B. Un1fom hver. Elast1c rock 

Taking now two sets of axes. one with or~ ;-;n at the free su,.._ 

face of tt.e son. tl":e sccc:-td wtth origin at the :.:; cf tht rock, the 

mt1ons in the son and the rock can be ex;>ress~; u 

1(p •r + r.t) -l(p x - =:1 
Er e r + F r e r r -. 

where 

: 



J 

t ' .· 

• 
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The bound&l')' condltlons ore now 
1 

u (x • H) • u (x· • O) s s r r 

'"r ..- <•r" o¡ 
r 

Tilo ftSu1t 1s 

wltll 

E
5 

• r5 

u, • Es e1nt(eipsxs + e-1Ps"s) 

E • ZE .. 
s 1p-H ~1p k 

. e S (1+u)+e s (1-u) 

p (G + lr.snl 
0 

S S 
~ p (t • ,~rJ) r r 

( 01 • ZE 01at 
US •s" S 

1 t lp N -lp H • nt 
u,(•,• N) • u (x •O)•(E +F )e r. • E (e s +e s )e· r r r r s 

The nt1o between the disphcerr.ent (or acce1erat1on) u at the ' 

free sur:ace of the son. and t',e <!1s:>h.cer.ent (or acceler .. tion) at the 
tñterface betwKn rock and so11 can then bEi expressed as . ~ 

fr.·--·2·-· 
1p-R -1p 11 

e 5 +e 5
. 

1 .. 

S0/4 

·j,J 
1 
! 

¡ 
1 
1 

1 

l .H 

'· • 
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the same opress1on 
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prevtously-obtained for r1gid rock. 

lf on ;the other hand one consi~ers the situation of the rock 

sofl cin top. th~ ~tion at the-outcro~pit'lg of rock would b~ 
-1 

' 

' ' u • 
./ zc e1nt -. 

~d tJ:e rat1o
1

1 
between the dis;>lace::-ent (or acceleratton) at the free 

surfue of the sot1, and the displacer.-Pnt (or acceleration) at the 

outcroppil'lg of roclc. would be 
1 

' ·¡ 

1 

A se~ond ampltftcation funct1on can thus be def1ned by cons1d· 

trfng the el~sttc pro~erties of the rock. Th,s functto~ ~ives now the 

ratto between ar.~plttu~es of motion on top of the so11 to the amolit~Ce 
' - . 

of the rot1~ that would be felt on tcp of thé roclc. 1f the sotl ~ere 
not there. 

A(a) • -,¡r::p:-H.,--!Zc--,_..,., ;:-P """ __ _ 
--- le s {l~~).t· e 5 (1-:.a)l 

e 

At the r.atural 

1 ( ·1 l" • and s n p
5
H • 

frequencies of the layer a • "'n cos p
1

H • O 

lt can be seen tr.at this a--:>liftcation ratio does not become 

1nfin1ty even 1f the so\\ nas no Vl:.tOsity. 

lf the rock has no vhcosity "lr • o. and the so11 has a v1scos1ty 

"s so that ~5n/G5 1s sr..all. ene can a9ain derive an approxico.ate for;:.uh 

for the a:::;¡,lificat'ion at the na~ura1 fre<;uenc1es e • "'n 

'Y rcr 
• ,- s.l..s • 

1 + 

For the case of constant v1scosity n5 

yrCr. 1-• ;-¡:- __ _,_ ___ _ 

Y s s· ., e "s . 2 w 
+ ~ • -- (Zn-1) ,.. 

Y s"'s ns cr1t ~ 

In thls e&5t lf there 15 no Vl5cos1ty n5 • "r • O ··----¡ 
• Za • (Zn¡ll•_ 

llld .¡ 

1 

. p •. !!.,_ 
s e, 

p • ..!!.. 
r e, 

. i . 
• 1 

. . ',. ) 

!='tC'JI~S t' t.:-:d 7 !.~OOol a:.·~1H:nt1or. f:.nctions wi th e1ast1c rock 

for the u....,s uni+'orrn ~ayer of so11 ?r.::viousl.v considered {yr • 1401 

cr. (5~:j). 

l .. r r.-.tin d1fference· betwe·m ~Cit ... tlPS h the hct that the 

roclc. cons1clC'reC z.s a:"l t-~u~ic t-~lf sc:ce is dissipatin~. ener9t by 

rodiatior..16 · Z:ot't sr,~l--::~r."'\!1' ;r! ~u~n a:"t'lrCix~r..atelv rela!.eci -~Y the 

1 • 
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ezp"sJ1on 

where A 1 (~) 1s the an:?11flcatton function wtth rtqid roe~ 

Az{C) 1s the am;¡l1flcation fu:'lct1on ••dth elastic rock •. 

Thh fonoola can ~e reproGuced b.v .!l~d:inp; to the first ene an 

equ1YJ1tnt radlatton da~~inp. functicn of freouency 

g_ • 
~eQ • • 

or J • i Ys CS • 
eq • 1/r 

1 
rn:T 

s1nu "! • 2a thh represents 

, e 
• ~ 2S • ! G S S • 

"eq a eq • s ";C; 

C. Mult11avered Svstem. 

... 

\D'.en the son dep..,stt fs r.~ade of several 1ayers w1th ~Hf~rent 

proptrtles (Fig. 8) one can define for each !ayer J 

• shear l:'OC:u1US 

Tj • untt we1g_ht 

cj • shear wave veloci ty 

"J • vlscoslty coefflcl~nt 

""'(; e : 

·~· 

1 

z. 

3 

4 

' ' 

IZ 

n~.l 

r"· "'' 

L, a, 

L. "• 

¡-~~ 

""' . 

L.. u. 

¡ 

--l"'·' 
,.,., 

., 

.,. 

·.! 

··~- ~. 

/ 

1 
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&nd 

·ZS· 

z z •¡n 
PJ • G/ '"/' 

Ctsplace~nt 1n each layer wfth rcs~ect to a local set of coordtn. 
ate u.es with orfgfn at the top of t!:e laJer can then be expressed as 

By establfsh1ng C~T.pat1b11tty tetween each layer and the next. 
one c.&n vrUe 

llld 

F1 • E¡ (because of the free surface condit1on) 

lplhl ·l?¡h, 
ZEz • E1{e . (1+.1 ) +e (l·•,lJ 

lplhl -lplhl 
ZFz • E1{e (1 •• 1) +e (1•.1)] 

lp h 
2En+l • En(l+vn)t n n + 

ip h . 
2Fn+l • En(l·un}e n n + 

By replectng tnto the expresstons for E3 , F3 the values of E2F2 
1n t.erms of [1' then these enes t n to th_e expr~ss ~'?ns for E4 , F 4 and 

so on one can flnally obta1n 

-26-

1he ampHficatiO!" function wHh r1g1d rod. ~ratio of dhplacement 

or acce1erat1on at top of son to displacemc:nt CT'"' ltteleratton a~ 
bedrock).is then 

1 . 

The amp1if1cation function w1th elasttc rc•:l (ratio of displacE .. 

D'lent or acceiera:.io:1 il.! t.:-p of so11 to dh~laC.t":'tte:-:t or accelerH1on ;.t 

the outcropplng of rcck} is 

. _,_ 
1 •1 

The e~plicit expresston for the ar.:;:¡lifict:~::n functton tn terms of 

the soil pro¡>erties beccr:es too long e\'el'l for t--: )ayE>rs. HQ'-.'t'ver, the 

nu~ertcal co::-~;;taticn prccceding from hyer to ·tyer is si~ple a,.1 ~c!apts 

ttself very ~e\1 to be pro~ra:rt:'E'd tn a d1gttal c:--;::uter. 

lt 1s_ ~ossible to have any ktnd of vhccs 4 ty (cono;t~nt oral'\ ar

bitrary funct1on cf frccu_fncy)in any hyer. e~ :!'le o~!-.er hand for tlle 

purpose of co~~aring the resv1ts ~ith those o~t!ine~ by oth~r rethods 

(moC:al analysis of ~he d1screte 1:1odel) a case "'-"'ich becor-.es usy to 

tntnpret ts that tn wh\ch 1'\fG ts equal for-aÚ layers. 

T_hen 1f ~ 1s constant, tndepenc!ent of ff'!'')uency, the resulttn-, 

a:::pl~fica~icn function wi11 have in eac.h naturai freo~ency 1 percentage 
of cr1.t1cal óa::-:;"~lng 'increasing 11nearly with t~.e frec.;.¡ency 111. H.e e-.ag

n1tude of the a::".;¡lification tn the nth natural freQuency w1ll thus be 
2 proport1onal to l/w
0

• 

If ~ • n • 2! ts constant. the resulttng a:npliftcation func

tton wtll j have a cc:'lstant percenta(je of cr1ttcal C:a;::ptng in all thl 

c-.oc!es. '7h~ l:'~;nitt:-~¿e of -the am¡:¡l1ftcation will ~hus be proporttona~ 
to 1/wn• .. / 

' . ' -. - ~" . ..... ~ . 

• 



-:.~-· 

-27-

Vhtle tt ts not posstble to fir.d an exact stcple formula to re
produce th~ effect.of .. the.,elasttc-.rock;41t,.has_been.found .. that c;ood ··
rnults can be otltatned by taldng sor.:e average pr~pert1es f;r th~--s.otl' 

Ys avera~e • 

e, average • 

~ 
I hJ 

fc, 1hj 

PJ 

and ~rltlng 1 Y e xzr=¡ • s,ave s.a ve 1 
"r 'r + A,ToT 

1 

or addtng an equivalent radhtion darr.p1ng. 

e • l . ';ave ';ave ~ 
eq • 1 r'r o 

(The correct fonoula ~ould be 
• 

Azla) • 
A
1 
(n) A1 (n) 

·--.!...,,-
tbn .. 

• crcrub 
1 + 'b 

.;¡rcrubn 

llhere "b h the shear stress at the ba.se of the soil . 
~b the base dtsplacement 
ub the base accelerattcn. 

Figures 9 and 1Q show the •c~llflcatlon functlons for a ou1tl-
1~rtd sotl. profi1e wlth the followlng chancte,istlcs:---

'" 
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,.. .. . ' 
~ .:. 

.. !,. 

--·. 

: 

-· 

.-, 
lo:yer 

No. 

1 
z 
3 

4 
5 

Roe k 

Thlckness Shetr Wove Vela.tltt 
ft. ft./sec. 

10 714 ' .......... : 
ISO 897 ~--· . '"1 

70 1200 1·"" 

seo 1300 '"· 

400 1500 

8000 .·· .-· 

Un1t Wetsht 
tb./ft.3 

lOO .. .... 
120 .. ' 
1Z5 ... 
125 
135 

ISO 

ln both cases it has been assumed that tme ratfo ~/G ts the 
sarr.e for all lilyers. lt should be not1ced that for n • O the r.~ut .. 

C'JJI'fl u·.;:HficJ.tion cl~es oot accur at the· hrst "~:ural fnouenty but 

at the third one. Th1s. effect h more ev1Gent llll'hen dtfhrent '~~Al"'es 

of darr.p1ng are const~ered fol"' each hyer. parti:::.uhrty In the case 

........ ., 

of soft layers of son over reht1vely hard strata. figure 11 shC711s 

the ar:":plHtcathn curve for a so11 profile ft~1Ctl would corr!spcr.d to 

the condtt\ons at El Centro, Ca11Jornh. lt c-. be seen 1n thh case 

that tht a~r;,l1H.icet1on curve is bastcally tlie p:ro~uct of t~ funC· 

tions: ane corresnondfng to the relattvely han5 bottoc of 11.00~ feet 

·wiih 1 fun~amental freq~.:~nct of about 0.1 cps. ~e other correspCflding 

to the top lOO re~í.'~of soft sotl "'ith a fun~ac-..ecat•l fnauency of a~out 
1.5 cps. The am;»liftcatton due to thes~ top lc:'l fut is lar;~,. tt;an 
that ~~e to t~e rer.~tn~er of the sotl tnd th! r.axtnJm peat in the 

co~ined ar.:j)1ificatton Curve occurs in the r-ange of 1.5 cps. 1t ts 

1;r.p'Jr-tant to nottÚ i~ai"thtS.simplifted a;:;;:~roach; 1utiptng several 

hyers of soil with similar properites tnto- one hyer ·wlth l't'trage 

propertteS and reductn9 the ioial system tc;"jus.t two layer$ whtch can 

be co~stdered tnd~?endently. can often be ~ucce\sfully app11ed for p~ 
Hr.~inary ~..~ttrr.ates. Of ccurs.e to be a~le to treat the two re~ulUng 

hyers in~epen~en~ly. mu1ttply1ng the correspondtn~ arr.;.ltftcattOA 

functior.s at each potnt, it ts necesury to b' ab1e t.o treat thm as 

¡:ncou¡~led, or .,.hat 1s the s~. the mass of the top l1ye:r should be 

cons1derably s~lle:r than that of the bottom layer. 

• 

1 
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11.2 01scrcte fo'.odcl. 

ihe basis for the discrete ~del 1s to re,late each lay~r of 

. sotl by a sertes of lu:nped r..asses connected by a spring and ~a:.hpu~ • 

The resulting syster:'l {F1g. 12) fs of cc:.~rse a familfa;,.. one for engfn ... 

eers working 1n Structural C,Y:la:':lic:s. 

For any given 1ayer of t~.ickne~s hJ" shear mo~ulus Gj. u!'!.it 

we1!;ht Tj and viscosity coefficient '~j • replaced by "J dhr:rete :i.'~:>s~, 

one would have 

Of course at the interface between two layers the tota1 1t,C:\~ 

NSS -,ould be 

and 

where 

1 'h 
29 ( "J 

. G,'l\.. J 
• k • ....L....2. 

"J "J 
• ... "1~ J 

. j 

c
1 

are the dashpot constants. 

It 1s thus r:ossible to wr1:e the ec¡~Hiofl of ~!.101'1 for u.ch 

mus fcr:o~ng a stiffness r.:atrh, a ~J"'·?ing r.:atr1x and a rr.ass rr.atrh 

1 

~ Hagonal). The solvtion of the proble;;~ falls the~ wtthin_ the clas

s1cal Tr.cthods of Structur,.l Dynamlc~ and fe'Qu1rcs no further e:~plana• 

t!oi'\ here. lt 1s i,;,;¡ortant to not1ce, hoMt'ler. that H the. dashpot 

constar.ts are arbitrary {r,/G varia~1c froD ene layer to ancther) 1t 

1s ncccssary to salve the prob1e~ by phys1ca1 1ntegrat1on of the 

e<;u.lt1or.s cr rnot:ona 

• 
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In other w:>rds 1t 1s not possibh in general to find an e-~l.'h&• 

lent syste~ with r.c~a1 Ga~;>ing. 1f on the other_hand the C:a=-:>~~-: 

aatr1x can be ex;:~ressed as a polync::~ta.l expression of K'"'1K or M-- X 

of the fonD 

or 

e • 
r•r.',+n-1 

L d K(H" 1K)' 
r 

r•::~ 

r-~n-1 

e • L •r H(K"1M)r 
r-m 

correspond1ng values ~f ~dal da~;>ing can 
ar.alysis can be peñoreed with Ca::-;¡lng fn 

or 1 
'1 • 2" 

r-m+n-1 
r d Zr+Z 
'- r ~1 

r::m 

~n-1 

r d Zr+1 
L r "'1 r•m 

be found anl! a norNl c...-..¿.11 

the 1 th oo<:e • 

• 

It can be shown th.1t for- the free vfbration problem as tt:.e nuta

ber of ~sses increases the natural periods and modal ~'.,o:>es tend te 
those given ~, ~he cor.O"tn-ut..JS solution. · 1~ has :..:e~. fovnd U:l.:: a per

fod 1' is :-eprc~uced wfth sufficfent accur.!ty if the nu.'!'ber of r:-:.asses 

1s 

n • $ (ir. • JiF. ) 
- S S 

For a rrultilayered sóil this condftion shculd be vtrtfied for"'~t.Tt

each layer in!leper.Ger.~ly anG for thc total depos1t wtt.h an avera~e 

s:,ear wave veloctty. 

~· 
Know1ng the natural per1ods or frequencies and"the correspond. 

1ng r.Ddal shapes, the participation fa:.tor of each r:.ode fol" • b.t.se 

o:>otion 1$ 

.. 
--. 

N 

': 



r" • (-1)""' 4 rrn:TT·· for a uniform laver. 
' .. -- . -- ..... ;. __ 

ln general lhe parttctpat1on factor can be found by the normal 

pn:~cedures of StMJctural Oynam1cs. 

thl nth eigenvector 
lf H is the r.4sS ~~trtx and t . o 

-·· - --.THf. 
r • n 
n -.r¡¡o 

n n 

where 1 1s a vector wfth all co~~onents untty. 

lf •nt ~1s the·co~ponent of the efgenvector at the free s•1rface 

of the sot 1 ull tng gn • r n•nl 

\he lrr:pltftcatton 'functfon -can .be ~u·ttten as 

A(o) • 

Ot" al~emathely 

n 

A(o) • r 
i•l 

U a11 the ~r.odes are constc:!ered both formulas give the u.:ne 

results. lf Only the ftrst few v4des are 1ncluded the results wfll 

differ slightly in the high frequency range. 

Results obtafned wlth these fo~vlas (taktng sufftcfent nur.~er 
of ~sses.and ~des) agree wfth the a~pliffcatfon curves o~tatned 

·Wtt'h ·t"'e··cont tnvou.s ··modt-1 'for the .e u e -ot ·r t·g f d. rock. -AC:dln9 to the 

valuu of modoll dar.~;:.ing a
1 

the ec;,u1valent rad1aticn C:ar:.;:.tng prev1ous-

1y sug~ested results for elastic rcck are a~ain re;:.roduced. 
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For all practical purposes H can·be const~ered··that the. con ... 

tinuous a·nd the C:iscrete r.x:.del wi1l both be ap~Hc .. ble-to detemhie 

· a~;¡lification fvnCtions l.nd will y\e~C the sarr.e results provtded rodal 

<k"":;>1n~ can be specificd and an aé~itio!'lal raéiatton c!a:r.ping h a~ded. 

to the lu::-;:¡ed syste:n. The continuous r..oéel 1s. however, ::-.ore flexible 

s1nce 1t allows for artlitrary variations of da::-.;¡ing fro:n ene hyer to 

ar .. :,:.;u. F'urthemore, it recuires in ~eneral less cc::-.puter tir;e. 

The discret.e r..oéel has the aC•·ar.!J~e t.hat '\: 1s eas1e.- to visualtze 

s1r.ce 1t red.J·ces the problem to a ciass1cal use.of Structunl Oyna:>-

1cs. 

The arrpHficatlon f..:nct1on has severa\ trnportant p.-ope.-tles": 

a.> It gives a clear graphical pictu.-e and qualttathe tnfonr.atton 

on the ef~ect of the soil. A si~ple look at the ~urve 1s suff1c1ent 

to ~etemlne in \oo'hat rar.ges of frequencies the so\1 can have a serf .. 

·ous ~a::-.agin~ effect, and in ";hat ran;es this r~:~ct would not be 

i~~rt¿nt o.- mi;ht even te benefictal. 

b) 1t is inde;>o?r..!er.t of any g1vcn earthcu~\:.1! and 1t re~rese'lts there

fore a p.-operty or character1stic cf the sotl ttself. 

e) For so::-e of the rr.cthcc!s H.at wi~l be Cescribed here. the <!~term-

1natton of the tr.-plif1cation c:.:n-e is a necessary first step to 

~ete~ine accelerog.-ar.os or .-esponse s¡::ect.-a at the top of.th~~tl. 

For cthe.- rr.ctl":ods, howeve.-, this step f.lay be by;¡assed. 

In sp1te of thcse featu~s the a~p11fication cu.-ve ts by no 
~¿ns "he ulttrr.J!e t;oal or this ty;:e of studtcs. From the potnt of 

view of the struct:..~.-al 6es1;nc'r the main objective 1s to have a Set 
of response spectra w~tch apply to the su.-f~te of the sotl or less 
fre.::;~entiy a set of eüthc;ua;;e .-ecor.::s· "'hich cruld charactedze the 

t.otions to be ex;~ected. Fro::~ the polnt of v1ew of the soils engtn

eer 1t 1s 11T'9orunt to be a::,ll! to est1rnate the r..ag:nttude of shur 

) 
.... 

. : 

• 

i 

1 

) 

• 
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strrsses tn thé so11 durfng an earthc:uake to determine the factor of 

ufeo.ty agafnst ltc:uefac!fon and to guide 1n the selectfon of suitable 

nlues for nodulus· and dar:1ping ratios·.· · 

Jn on:er to obtaln these results several r.:ethods are still 

anthble ustng elth_er the continuous or the dtscrete m.Jdel. 

IJJ.1 - Conttnuous So1utfon 

Gtven a certafn tfr..e hfstory of acceleratfon representing an 

earthquake record at the outcro~~ing or rock, or at the interface 

bettoteen sotl and rock. the correspond1ng acce1erogram at the free .. 

surface of the soil can be cbtafned by: 

a) Obtafnlng the fourter trtnsform of the Input earthauake. 
b) t'oultfp!yfng 1t by the Transfer functicn of the so11. 

e) O~tafnfng the lnverse Fourier transform of thc resultfng 

functlon. 

The fourier tran\fonn of a fcnction of t1rre f{t) can be v1su-

111zed as 1 lfm1tfng case of 1 fouri~r series expans1on. lt fs 

ghen by the fonruh - .. 
Fl•l•{t(t)e"1•ldt• J_!,(t)e"1•tdt (lf f(t) • O for t!. O) 

ft as 

f(t) 1s then sa1d to be: the 1nverse Fourfer transfom oi f(w) -f(t) • J J. F(.)e
1
"'t d.. 

1t should be not1ced that f(..,) is a CC::lJ)lex f'unct1on.wrlt1ng 

F(w) • C(w) - IS(w) 

e(.). J~(t) cos wtdt(ls the coslne tr&nsfol"CI) 

S(.) : [t(t) sin wt dt0s tho sl~e transfom) 

o 

-JS-

lf en the other hand ft 1s wrtttcn as 

.· 
. ~ .... ~ ~ __ .....;-- --·--- ;,~;·. '~{.¡ ·.-i;(.)t 

E(.) • / C(u) 2 + 5(.)2 .• 

~(.) • tan -1 S(~l 

-~/. 

• 

r/" 

C(w) 

E(w) represents the a!:':plituC'e Fourier spectrur:~. and ,(u) the 

phase spectrvr:1. The a~;:¡ 1 i!uCe spectru::~ ho!ls an ir.:oortant p!1ystca1 :nean

fng. Ghen .two val~.:es' oí frec:uency, ~.. 1 .... 2 • the Hea under the curve 

E{..:) fro~ ..,1 to ..,2 sives the a~pli!uóe of the rotion in this rar'19e of 

fre~uencies. A sil:':ple lcok at the Fourier a~plitude soectruM (o!ten 

referred to for short as f'ourier sccctru:":~} gives t~diate1y a~ i:ea 

of t~e r~nse of freo:.;encies ... here r.ost of the ao.;>lltvde of the ~r.:-tion 

h contained. In fact Hudson has shc-.:':'1 that t~is spectrur. is a ~ 

bound to the und~~ped veloclty response sp~ctrum ar1 1n ~~neral a 11ery 

;ood approxir.-.atic~ to 1t ·(they would coir.cide 1f tt.e rr.axir.'IJ:n res;>onse 

occ\Jrred after the end of tt-.e e~citation). Arias has also shown tnat 

1f [(..,) 1s cor.;¡yted for different durations of :he earthQi.laO:e. tr.e en• 

velcpe of t!lese Sj)ectra 1s an uoper bound to the undal:'i;>ed velocity 
response spectrum. 

The ar.:pHtude four1er spectrum 1s of course closely reht~ to 

the spectral ~ens.1ty function "$(,..) 

and 

where T 1s the ~urat1on of the txc1tat1on f(t) 

r 
The area un~er the spectral ~ens1ty fu/lction betwetn -t.¡a··rre:. 

quencfes u;-and wz gfv.es a ¡r,easure of thwe enerQy of the eXc1taÍ .. ~on 'in 
"·~.:-~;....., . ~ 

th~t nr:;e. 

• 

1-
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Tht fourter tr,nsform has not been used no~mallt in Structural 
Dynat!lttS. Its deternunattC'i 1S 1 however. e.-;trc:T.cly ft~st and simple 

../ 

t:r1th 1 dtg1ta1 co:r;>uter. [ven 1f thts r.:ethod cr ~nalySlS 1S not go_tng __ 

to be use·d._the Four1er trdnsform wtll provtC:e stgnif1ca~t 1nfof"l":'.at1on 

on the nature of the e.r.ct tatlon and will help to ans ... er sUCh-qUestiOn"s,----'

u how rr.any ~odes should be tncluded tn a rr.oGal an.:dysis. __ . _. ------------

The trtnsfer functton ot tlle sot 1 as c!t. .E"rmned tn II 1s agatn 

a toetplu functton. The prq•1ur;t of these two cor.:;.lex functtcns can be 

~cc~ltshed by 

t\.rlttp1ylng the Fouder ar.:p11tude spectrum of the input by lhe 

ar;>ltftcatton funct1on of the sotl. The resvlt 1s the Fourier 
a::-.;>lttude spectrum of·the earthquake at tne free surfac.e of tl'le 

sot J. 

Addlng to the rouriH pl'lase ~pectr1.1m the chan'ie 1n phase curve 

of the sotl. The result ts the Fourfer p~a:te spectrurr. of the 

output. 

lhe ¡r.erse fovrler transfom of ttns proC:Jct w111 ~e again a 
rtll func.tlon re~resent1ng the tu;-.:? hlstory ot .1c.c.elera:1on on top 

of the sod. tlottc.e that H the 1nput represents :~e accelerogram 

at the lnterr~c.e. betwe~,.rock and so11 the transfer functton cor .. 

r-esp-Jndlng to r1gid roc.k st:o1dd be used. h on the other hand the 

fn;Jut re~resents the accelero~rar:t "'h"h would t-e reccrd~:l on the rock 

wlthout any so1l on tJp, t~e transfer functlon for .elastlc roe~ has to 
be used The second approacn seem!. rr.ore log1cal However, at the 

present ttr.e, '-nere 1s no clear "'"'1 to deterr.nne what ttle earthc;uaKt 

rec.ords s~ould be at bedroc.k w1th so1l on top or at the ovtcropp1ng 

of ~ck. Slnc.e m:JSt ,accelerograrr.s or rea1 euthc;uak.e; have been ob· 

talned on ground {even lf f1rt:1 ground). 

F1~res 13 through 17 sur.u.arize the procedure as cutl1ned. (The 

phne spectra •re not p1otted). F1gure 13 shcws a record of the T•ft 

urthq\l&k.e &nd r1~ure 14 1ts Aa,?11tude fourter spectn.;m. F1gure 15 
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shows the aonplH1cat1on curve for a g1ven so11 pn>f1le (the un1fo1111 
!ayer prewtou•ly cons1dered w1th r1g1d rock). Thr product of the 

·fourter spectrvm of the: 1nput b1 the b!f.pltfic&t1on funct1on t~ ShC"'fn 

In Figure 17. 

Onc.e ·the earthquake record at the surfac.e · of tht sotl hu been 

obta1ned, destgn response spectra can be obtatne~ 1n two dtfferent 
ways: 

1) frtlftl the F0ur1er tnnstonn of the output (befo re invert1ng 1t), 
byJUlttplytng 1t by the Transfer funct1on of 1 one~degree-of-free-

docl 1 tnear osc111ator, then tnverttng the resul t and ftnd1 ng the cnax- \ 

hum. lhe Transfer funct1on of the one-degree-of-freedom syste:m wtth 

frequency •n and da~~"ptng tln 1s 

2 
.. n • 2ten'"n• 

H(o) • 2 2 
~n .. • ~ 218

0
w

0
• 

b) By1ntegrlttng through 1 st~p-b)'-step procec;~re, 

of ~t1on of a one-degree-of-freedom system .... 

The ffrst procedure 1S nonnally referred to as tntegrat1on 

·. 

1n the freqvency dorr.atn whereas 1n the second case tne solut1on 1s 

sa1d to be carrled out 1n t11e ttae dom:SHI \lhlle tne fHst method 

would represent a consutent .conttnu.atton of the procedure foTlowed 

up to that morrent at the present t1~ tne second seems more econom~ 

1cal as far os cornputer time 1s ton~er~ed. 

Figure 18 shows the pseudo~&cceler~t1on respoñse spectrum 

for the Taft earthquake f1ltered thr'ough the un1fom so11 depos1t. 

The response spettt"WQ or the Input 1s· also shown tn the same figure. 
F1gure 19 shows the rltto of b0th respoou spectra for 2 -:.nd ~~ 
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.·damp1ng together w1th the arní)11ftcatton curve. The s1e~i1arfty betwM~ 

these curres 1s of course str1ktng, and thefr ':ht~onshtp w111 be 

· further dtscussed la ter. 

a III.Z .. 01scret! Hcdel 

In the di serete rrodel the son 1s represer.ted by a close-coup: e-:! 

. set of manes. springs and dashpots. The e~uat1ons of JnOtion can be 
1 - · wr1tten tn terms of relative d1sph.cernents 

• 1 -

H1r~ • c1Cy1- Yzl • k1Cr1-r2l i 

' -l 

or 1n Ntrb fonu 
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Replac1ng Ü by the accelerogra~ of the earthquake at bedrock 
G . 

and 1ntegrat1ng nu~rtcally tht~· set of dtfferent1al··equat1ons, one ...... ,._ 

un obtatn the _ttme hhtory of d1sp1aceme~ts;·vflo~1ty·or accelera· 

tton at any of the m4Sses, or what· ts equivalent at any.potnt 1n ·the 
son .. Once~. atlsolute acceleratton • Y+ ÜG 1s obta1ned at the sur-· -----

face of the sotl u a functton·of t1~~ the procedure to ~etenntne 

The ~d~<mtag~ of thts type of solutton fs that 1t requtrrs o,ly 

the .~oluqon ~f a one-de_~ree~of-:ircedom ec;,uatton for e·ach rnode, onc~ 
the rodal shapes, part1c1pat1on factors and natural frtquenciu u-e 
k.nown. Horeover 1n 9eneral only the f1rst few rnodes contrtbute stg

ntttCantly to the solutton. ·For the case of the un1fono layer. previ

ously constC:ered w1th the contin~ous 'solutton the coefftctents gt &1""1 

response spectra 1s the same as that dÚ-:r1~ed for t."! e ccnt1nuous t10del ;· 

second approach. 

The tntegratton of the set Ot·dtff~r~nt1a1 eq~attons as_~ut-
1 tned above h normally referred to as physical tntegr.adon of the 

equ~ttons of 100tton. Thts·procedure 1s the only one whtch can be used 

1f the propert1es of the sotl are cons1Cered nory_-ltnear. Dn th~ other 

h1nd
1 

for 11near systems 1.f ~dal c!a:nptng can be spectfied 1t 1s nonn

ally preferred to car-ry ou~ the- so1~ut1_on .b~ 'mo'da~ supe_r-po-.1tton. 

U .. 1 n-e the natural.drcuhr f~e·auenct!s of the s'on 

•t• 1ts rodal shapes 

r, the parttc1patton 

· 'e · -·: . · , T · 
(etgenvectors), ~orrr~ltze~ so~that t 11-'..._1 

factor of the 1 th u.ode 

the so lu tton can be upressed u 

. ,.._ 

de pos 1 t 1 

_. 1 and 

. -·. 

o
1
(t) ts the solutton ~f the ~n;-~egree:,;~;.:.edOIII~~quotton 

Í + zs 1 _, 1 i 1 +w~ ~ 1 ' • • ÜG(t) .. • · 
1 . . -- - '• .. 

tn part~cular et 'the surf•ce'of·the s011 

~ ., .... - ' 

·. 
' .. -' . . '• .: 

.. -.... --'. ~--'.. . ... 

'\ 

flrst mode 9¡ • 1.27. 
second mode 9z • -0.416 

thlrd rnode 93 • 0.24 

... ':- ¡.;' ~ r .. ... 

Only three r.'Cides are enough in th1s case to obtain a good sohJ

tton. The rr.axiraJ:n Hceleratton tn the ftrst mo::le ts of the order o( 

O.Z7g, tn the-second of 0.15g, and in the thtrd of O.OSg. 

R~sponse_ spectr-a obtatned by thts rrethod show good agrtement wHh 

tho_s_e obtatne.d by the conttnuous solut1on. although not as per-fect u 
tn the.case cf. the a~p11f1ca~1on function. The dlscrepanctes are, how-

~... '. ~ 

r·ever-, 'tlery small and are easy to I.JMderstand tf the hrge niJ!'lber of com-
pu~¡tton; t~''tlolved -1s cons.tdered. Ea eh rrethod has 1ts 'own ri)Jnd-off 

1 an~-tnmcat1.~1! e~rors and they wtll affect each procedure dl'ferent1y. 

Jo~ al!_·P~~~:.tcal_ purposes the results can, however, be consH!ered ~uh• 

alent... • ··.; .. 

.. . 
.• • Agatn Ú the effect of the elasttc rock has to be fncluded, U 

can be done by adjlng the equlvalent radtatton damptng in each mode. 

l.f the or.ly result destred ts the tfr.e htst'ory of acce1eratlon 

at.·the -fr~e- surface of Ue so1l (or at ·a··srnall nurrter of polnts) the 
'•!' ... , 

cOnt'tnuou·s solutton has an advantage both from the potnt of 'lile., of 

fleX1bt11ty (being ·able to consider dtfferent values of da~~tng 1n 

each layer) ·And from the potnt of vtew of tÍme of COit.putatton. On the 

o~e(h.lnd:·tf the tlri-.e hlstory·of acceleratton and stressu-h destnd 

at many ;)Otnts the modal solutton becorr.es morr econornlcal. Oan--~tng 

t~·the so11 d:oes not really cocre from vhcostty but from non-ltnur . -· \ . 
., 

. ' 

• 

) 

)' 
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ht1terettc dtss1pat1on of energy. Correspondlngly both shear ll'()dulus 

a.nd dall'!ptng are funct1ons of stratn. lf a non-linear analysis ts to 

be perfonned only the d1scr!te model wtth phys1ca1 1ntegratton d the 

equattons of ~t1on would be appltcable. ~~ten! however, the s~stem_ 
11 cons1Gertd 11n~ar, usvmtng values of shear moclulus and d.,r..ptng, 

dete~tntng hhtorte:s of stra1ns, cor.:t~ut1ng new values of r..odulus t~nd 

damptng and cycltng cnttl convergente of the process ts obta1ned. For 
thue pre11mtnary nms the d\screte model wtth C'IOdal analy$1s'1s con

nn1ent and tt provtdes a hster, more economtcal solut1on. Once 

a~proprtate values of modulus and damp1ng have been obtatned, the con
ttnuous ll'()del un be used for a ftnal series of analyses w1th d1fferent 

't'llues of daa:ptn9 tn each layer. (In the r..odal solut1ons the values 

of dacvfng are averaged a.nd expressed as rrodal darnp1ng, conshnt 1n all 

IIOÓU ). 

IV. DERIVATlON DF RESPOrlSE SPECTRA 

The nthods prevlousl_y out11ned are matnl_y tntended to cons1der 

an urthquake at the base of the so11, f1lter 1t and obtatn the result• 

1ng tine hhtol')' of acceierat1on at the free surface. Wh11e h 1s pos· 

s1ble to obtafn :then des fgn response spectra on top ot the sofl, the 

procedure hu for thll purpose uveral d1ff1cult1es: 

1) lt requ1rts n an tnput an actual acce1erogram, be tt that of a real 

earthquake, scaled or not, or an art1f1c1a1 urthquake obta1ned by a 

sfn.Jlltfon Jlroceu •. Whfle the area ot Earthquake S1muht1on has seen 

1 consfderable progress in the hÚ ye~n. 1t 1s stlll harder to derive 

the ti~ hfstory of an: earthquake correspondlng to a certatn magnitude 

and tptcentr.al dhtance than tt h to derive a response spectrum. 

b) In arder to' obtaln relhble results the analysh cannot be dona for 
just one fnput earthquake, but should be repeated for severa\ fnputs 

repruenUng Ufilllts of earthQuakes w1th the sar.-.e average choracterh• 

tlcs. Tho rtsultlng response 1poctra should f1nally be sroothed by 

drrwtng an average or envelope. The proceu becomes then too long and 

tlpenshl. 
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lt would be therefore des1rable to h"'"e simple and approxtrnatt 

ways by wh1ch smooth response spectra on top of the so11 would be de

.rtved from response spectra at bedrock or on ftrn~ ground. ftgure 19 

showed the lltrcpl1f1catton curve for a gtven sotl prof1le and the ruto 

of response spectra fOr 2 and 5% of structural damptng._ The stmt,._lar-

--- 1ty of these curves is ap;>arent. In fact, 1f the Fourter spectrum 

lrttre exactly the undamped ve1ocfty response spectrvm, the arr.;>11ftc¡ .. 

tton curve should co1nc1de v1th the ratio of response spectra for no 

da~ptng • 

There are, however, severa1 1rr.porUnt dtfferences between thest 

1 t""o curves: 

1. The arr.p11f1catton curve tends to zero as the freQuency 1ncre¿ses 

1 oras the pertod becomes very srr.all. The ratio of response spectra 

on the other hand tends to a ftn1te value whtch ts the ratio of t:le 
~r~axtmur., acce1eratton on top of the so1l to the max1rr.w~ acce1erat1on 

of the tnput. (Thh ratio un be est11t.ated from tl'le destgn response 

spectra at bedrock .tf the mod_es of the sotl are known). The ratto of 

response spectra 1s therefore h1ghly dependent on the tnput earthquake ,, 
1n the htgh frequency range {or for very short periods. Hy T small~r 

than 0.1 seconds}. 

2. ·rhe ampl1f.1c~!.:_.,l .:urv.:- j,¡ .. function of the son propert\u only, 

Th!: ratio of response spectra on the other hand w111 dep«!:nd on the 

so11 prcpert1es {pertods and damp1ng), the arrount af stNctur41 d"np .. 

lng and the selected earthquake input. 

3. Th~e ratto of response spectra 1s In general smoother than the 

e;r:p11f1catton curve w1th lo....er peaks and higher valleys and lt becomes 

smcother as the structural Car.ping 1ncreases. For darr.plng values of 

20 or 25'1 the ratio of response spectra ·1s pract1cally const1nt over 

1 long range of pertods. On the other hand for very small values of 

structural darr~1n9 or for undaiT9ed spectra, the rat1o of the response 

spectra should be c1ose to ~he a~p11ftcat1on curve ex.cept 1n the range 

of owery s;r.all per1ods. ' ·-·~. ;o: ••• 

4. 1t shoul d ol so be .upected that th~ agree.,..,nt between the- •"!' llfl

cation curve and the ratio of rtsponse spectra ~ould be better fur 

• 
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htgh values of da~1ng 1n the sotl stnce th1s would tend to eltmtnate 

the transtents and fum1sh a mot1on clase,. to a pertodlc ont. 

In onlO' tD determine the •?Pllcablllty of the ampllflcatlon 

cune to rtproduce the ratto of response srr.-ctra, the ratto between 

both cunes b has bt'en obtafned at seve"r,o¡l :•n.:.u for" untform so1ls 

wHh varyfng funt:arr:enta1 per1oCs and dar.o;>1ng, subject to dlfferent 

~arthqual:.e tnputs. The earthquúe records consldered are El Centro, 

Taft and ffve artificial earthqua~es wtth a Tajfmf type spectral den
stty funct1on. 

Figure 20 shows for _one of the cases studled the a~plfftcatton 
cune and the ratto of response spectra for El Ce:llfO and Taft earth-. 

qua\:es. Ft9ure 21 shows the averi!lge ratiO of response spectra for 

the ftve art Ht eh 1 ea rthquakes , to~ether wt th the 95: cot. f 1 de:~ce 

levels (tean • 2c). Most of the potnts of the cur.ves for El Centro 

¡ndl1ft hll wHhtn thts l:.and. lt ~r.ust be therefore. realtzed that 

even ...-1thtn u~hs of ~arthquakes wlth t'·· Bme properttes {magnttude 

and eptcentral dhtance) 11! subsunttal nrlat1on is (Q be e.xpccted tn 

the ratio of response spectr1. 

Ftgure 22 shows the effect of the natural per1o... of the son 

and t~e llf()unt of darr.¡¡tng tn the so11 tn the value of b at dtfferent 

potnts. For T • 2l¡ (1st natural pertod) the ratio 1s practtca11y 

constant, 1nde~enCent of t 1• For T • Tl tt has a~a1n llttle varla

tton for pértods larger than 0.3 seconds. For T • 0.5 11 the varh· 

tton ts large for pertods smaller then 0,5 _seconds a.nd for T • j- T1 
for pe:rtods sn:aller than 0.8 or 0.9 seconds. lt should be not1ced 

that tn all cues -the nriatton ts small for ulues of T larger than 

0.2 or 0.3 seconds. 1~ 1t 1s accepted.that 1n th!s range {sayO to 

0.2 or 0.3 seconds) the ~~xtmum accelerat1on at top of the sotl con· 

trvls the responu spectrum, the values of b can be constdered onl)' 

sltghtly dependtnv m t.h·e natural pertod of the son over .the range 

· of app11cat1on. 
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Ffgure 23 shows the effect of structural damp1ng 1n the values 
of a. lt c.an be notfced that as 1t should be e,pected the value of b 

h closel"' to un1ty u the damp1ng fn the so11 fncreases and th~: struc-

tural dar,;Jing decnases. Wh11e the effect of the structural da;.:?1ng ---

.1s llrse tn the range O to 201 1n the ·noma\ range of structures {say 

Oto 5%) th1s effect Ny be constdered slfq~t. part1cular1y cor..;:ared --

to the var1atfon from one input record to another w1th1n a hrn11y of 

urthquakes. 

Curves lfke those shown 1n Figures 22 and 23 have been o~ta1ned 

fÓr dlfferent values of T/T1 • Us~ng these curves the fo110"t<1ng ¡;ro

cedure 1s suggested te derive the ratio of response spectra fro-:¡ ~he 

&~~1f1cat1on curve. 

1. At u eh one of the peaks (T • T1 , T • } T1 , T • } T1 etc.) flnd 

the value of b fro~ the curves and obtatn the corr~spondlng potnt 

- (ru1t1ply1ng the ar-,p11f1cat1on by the factor b}. A horizontal seg

~nt is then dr~wn pa~stng by each one of t~ese pc1nts and cutttng 

the puk of the ampl1f1catton curve tf b lS smalle, than l. 

2. At uch one of the valleys (T • }t.1• T • Í t 1· etc.) the ratio b 

h obtained from the curves anda po1nt lS C!rawn. ,These potnts are 

then jain~d by smooth curves to those result1ng from step 1. 

3. At T • 211• the value of b ts aga1n found or can be taken a~~roxi

~tely equal to 1. For T > 2 T1 the ampltf1cat1on curve can be used. 

Thts po1nt ts then jotned to the po1nt 1mmedlately next to t
1 

by a 

s~rooth curve 1f the curve 1s plotted yersus pertod or a stra1ght line 

tf plotted venus freq1.1ency. 

4. In the range of small per1ods or large frequenc1es the response .. 

spectrum has to be controlled b.v the acceleratton ·o.1 top of the son. 
The ratto of thts acceleratton to the ~x1mum tnput ac~eleratton can 

be obtatned. At a pcr1od of'O.l sec01lds (or a frequency of 10 cycles 

per second} thts Yalue may be ta.ken as the ratto of response spectra. 

Between the Yalue at a pertod of 0.2 seconds and th1s ulue 6 stra1gh~ 

Hne 0ay be drawn 1f the curve 1s plotted versus pénod or a srooth. 

transttton cune U plotted veNus frequcncy. 
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While all the case~ considered to derive the ·curves fot the 

va1ues b have corresponded to a unHOrm so11 profil~ and further test~ 
1ng 1s necessary for JJJJlttlayer systems, 1t 1s be11eved that suth 1 

pro::eGurt couid also b~ t.ppHed fcr the latter taktng the Tl as the 

per1o~ at w'dch the rr.l.K1rr.um ampl1ficat1cn occurs rather than the ftnt 

fundamental per1od. 

figure 24 shows an uarlll1e of applic:atton of the rrethod. Cur'YU 

of the stli"'::lar.1 Cc·dat1on .:1 have eho t-e~n obta1Md. f!"'C!'l tl'ltse curtti 

1~ 1s thcn poss1b1e to draw not only t.:,e average ratio of response 

spectra but also confi~ence levels. 
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Q45l0 MEXICO, D.F. 
548-11-35 

43.- PEREZ CJ\BALLERO FRANCISCO J. 
COMISION NACIONAL DE SEGURIDAD NUCLEAR 

44.- PEREZ VILLAGOMEZ FERNANDO 

45.- QUIROZ CERVANTES EMMA 
ENEP ARAGON UNAM 
PROFESRO ASIGNATURA "A" 
AV. CENTRAL Y AV. RANO!O :;!ECO 
SAN JUAN DE ARAGON 

CALLE 15 No. 542 
COL. STA. CECILIA TLAHUAC 
DELEGACION TLAHUAC 
03110 MEXICO, D.F. 
842-09-64 

AV •. LAS GRANJAS No. 216 11 C" 
DEPTO. 301 
02530 MEXICO, D.F. 
355-93-65 

RAYON No. 585 
58000 MORELIA, MIO!. 
237-25 

PIEDRAs NEGRAS No. 118 
COLo VISTA ALEGRE· 2a. SECCION 
QUERETARO, QRO. 
2-58-30 ' 

SAN· FRANCISCO No. 515 
DELEGACION BENITO JUAREZ 
03100 MEXICO, D.F. 
523-48-44 

2a. CERRADA DE ALBERTO SALINAS No.26 
COL. AVIACION CIVIL 
DELEGACION VENUSTIANO CARRANZA 
15740 MEXICO, D.F. 
763-37-86 



46.- REYES NU!<EZ JUAN 

INSTITUTO MEXICANO DEL PETROLEO 
EJE CENTRAL LAZARO CARDE NAS No. 152 

. COL. SAN BARTOLO ATEPEHUACAN 
07730 MEXICO, D.F. 
567-66-00 ext. 20298 

47.- RIOS Y LORENZO J03E LUIS 
FAC. DE J::S TUDI OS S,UP. CUAUTI TLAN 

48.- RODRIGUEZ CALLEJA ROGELIO 
COMISION FEDERAL DE ELECTRICIDAD 

49.- ROSALES LEON'J03E 
LAR. MATERIALES FAC. ING. UNAM 
TECNICO 
CD. UNIVERSITARIA 
550-52-15 ext. 3733 

50.- SAAVEDRA VASQUEZ WENCESLAO 
INSTITUTO TECNOLOGICO DE OAXACA 
MAESTRO INVESTIGADOR 
CALZ. TECNOLOGICO 
644-13 y 6-17-22 ' 

51.- SOTO DE LA VEGA FRANCISCO 
COMISION FEDERAL DE ELECTRICIDAD 

52.- TORRES CAMARGO ADOLFO 

53.- VELA TOLEDO PETRA 
INSTITUTO TECNOLOGICO DEL ISTMO 
DOCENTE 
CARRET. PANAMERICANA KM. 821 
JUO!ITAN, OAX. 
3-00-42 y 215-55 

A!'EMONA No; 2 7 DEPTO. 1 
COL. TLATI LCO . '' 
DELEGACfON ATZCAPOTZALCO 
02860 MEXICO, D.F. 
355-57-26 

. ' 

, 

.. 

GUERRERO 330 A 103 
UNIDAD NONOALCO 
DELEGACION CUAUHTEMOC 
06900 MEXICO, D.·F. 
583-21-18 

3a, PRIV. DE MACEDONIO ALéALA No.102 
COL, DIAZ ORDAZ 
OAXACA, OAX. 

ALLENDE No. 29 
ESCATEPEC, OAX. 
3-95-50 

' . 
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.. 
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