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1. Sismlogia y Tectdnica de Piacas

(Teoria del rebote eldstica)
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de 1a tierra. fnla fiwra1podemos wor esquaifit icnzoente su Sonst iiucisa.

SISMOLDGIA Y THCIONTCA I PLACAS

La ciencia gue estudia os aspecios red avionades con ba ocurrenc i e tea-

Blorcs de tierra o sisros s Thmadn Sinenlopia.  Bsta os o ciencia joven

en U pran parte de sus métodes o Lestoementat Doeron Jesusrrollados duran-
¥é i P

te este siglo.

A pesar de Bsto, 1z Siuzrolegia ha lograde avicices notadtes. wicd wma de

sus mas valiosas contribuciones al entendimiento ae nuestro planztia o <onis

~tituya su aportacion a la llawads TECTONICA DI PLACAS.

Para osbozar esta teoria consideromss en priper lusar Ia estrucivra interna

-
-k

-nfico tertestre estd probablemente compuesto de fierro y niquel. ! ran-

to terrestru ticne wtna corposicidn a bhase de silicates ferromagnesiancs

mientras nque 1a cortera estd compuesta por silicatos shindanies o potisie,
sodiv v caleio. El cascardn mids externo Je la tierra, el cnal comrence 1a
corteza v parte del minio, con \n espeser de aproxiradanente 138 km parecs

+

cormortarse Cofo wn <ugipo tipuidn “flotande™ en el resto del mante en don-

Profamwtolag {3ml
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. de pueden prescntarse wovikientos como i se tratara de wm fluidn.  Ha:g : .
:
conducta semejante a la de wm (luldo tiene sentide solamente en tiemos v :
- - - - a - H
16gicos, es decir cn tiempos del orden Jde millenes Jde anos, ;
. ]
" . . . - 1
El cascartn exterior Jlamde litdsfern no ex continuo subre la superficic :
1
cde Ia tierra sine que estd formado por diferentes “plucas’en contiacto l
con otra. ;
. :
Ias placas sufren rovimicnios yelatiws debidos o nwerzas Jde ovigen o !
I
A . . . , L]
no camplctamente conotldos, aplicadus 1 1o large de las mismas.  Dstes s _
'‘mps csfuerzes producen en algmos de sus mirgenes 1o =subdiccidn de won pie- ;.
g
. . o . . . 1
ca bajo 1a otra y en otrus la creacidn de nuevs Litdsfera {Fipura 2).  Dobi ¥
. = 1
- . . - s . i
do a estos myvimientos los continentes han variado su posicidn relavivn 5 '
3
través del tiemo geollpico y st cree que en am tierpo estuvicron t2los re-
i

unidos en wn gran continente !lamado Pangen. Fsto nes cxplice el ajuste )

F
- ]
‘yue cxiste entre, por cjemplo, las costas de Sudundrica v Sfrica.  ;fedl os i

la distribucitn peosriifica de estas plavas? Lo Fignea 3 tews 1o Rewesszo,

reog n e ,
i
. - N - . - 1
Las :omas de €reacidn de nueva 1itadsTen se presentan come cordil leras ok :i
H
mrinas y las zonas de subduccion forman o memudo trincheras submarina: e ![
1
-4
i!
cordilicora Oreaanica trinchara '

-\ ~&.
g Falla Transformida, 3
-——— '\:_\\‘ |
Cociano \\“ ‘
Y
Asterosfora \IT/
Margma
s
Fig, 2 .

1
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gran profundidad. Podemos también notar g las diferentes placus kx> coin
ciden con los contincntes y los oclanos, sinn tue pucden tener cotten con

tinental y ocefinica.

No se sabe con certeza gie cousi los enfuerzos gue producen los mvinicntns
de 1as placas pero s¢ cree gue Cstos son producidos por transferencia con-
‘vectiva de calor, de la mismi mncra como ocurre curnly se hierve ayea oo
T ewiquier otro 1lquidn. FEl fluido mis cercunu a la fucnte de calur scoox-
i-mndr:-, se vuelve de esta manera menos dense v tiende por lo tante & subilr
a la superf{icie donde es enfrindo y desplazado hacia el fonco por ntwuss
parcelas ascendentes (Flgura 4).
Este tipo de corrientes de conveccifn pueden existir en ¢l manto tevrestre
auque no debe por &sto suponerse que el mismm se cncﬂv:::.ra en estads  de

fusion cotn fas lavas. Ya se ha mencionado nue &sto s8lo tiene sentida on

ticapes my larpes. Una mancra de visualizar ésto es cansiderar o cierie

Fig. 4
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volumer: de roca. Si aplicamos a dsta wn esfuerzo tendional por un

corto 1a roca yvuelve a su posicién inicial. Si por el coniraris o

‘el esfuerzo por un periode prolonguds de Liesmo ia roca quedard deforrads

-

permanentemente (Fip. 5). [En este ltime gaso ba rocd

“Fluye

+

se

en cste sentido, a wn fluide, va que en &s5tos Ins deforraciones son

nentes. [Esto nos explica tamhién Jos plegamicntos que

ces en las cortaduras hechas en s carreieras.

[1 estbagirr s B afel o
durantr e Liemige ot

Fl entoasp® S0 uf 21740

durante un tisgaivr Larno

s

Forma orirainpal Aplicacidn oo vnfue:ros

Frgure

P ograrnn o
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que en una zona de subduccién el povimiento de ama plica baja 1

realiza venciendo las fuerras de {riccién jeneradis en ol contacio onire

oot

arbas. A lo largo de cste contacto, llamdy cona e Wandard-eme £

¢l movimiento Jo wma piaca contra 1 otra tiene higur dicont inuasenic,

"hrincos'. s fgto precisamente 1o que genera los temhlores on CsAs Tey

H Il e

;Cuil os la relacidn de fsto con los tembloges? Fn primer jugar ncl

54

e

T
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- nes.  Para visualizar estos procesos pensemos en un blogque de cepeonic sohre

una mesa corg se puestraoen b Vipura b,

tenaiin

»—

fricciion

-8

Fig, 4

51 colovamas am nuso pegueno on 1o cimast il ia o1 bleguwe no sd ooverd dehid

a la fucrza de friccion entre €1 blogne v Yo Gess, Gonforme awmwnt o us
peso la tensidn en el cable continfi acwwmiindnse hosta que iguala 2 tafoeer
1 ) -

za de friccidn, a partir de ese momento cl bleque cipeznrd a imverse.

Analogamente en lua 2ona W-B se aciomula prhalrente Rosia que redasa oo ii-
mite, en ese MAWNIO cumienza 1 presentarse wi follawionto en nlgfm e

Narmado foco desde donde s propapa a2 toda tma swuperficie (Fig. ¥,

s npenevaet. e T tura

Fig. 7
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Este. comportumiento puede ser ohservads cuando el contacto entre placn: -
flora en 1la superficie de 1u tierra como cn la fwosa Falla de Sun Andiis
- e‘n California. De hecho, fue en observaciones hechas unoesta fulla que pu
& deducitse este mecanismo que es conocido com Ya THORIA DEL RIBOTE 10§
TIMW. | Dsto ocurrid durante el sismo Je San Fruncisco en 1006, Lo Figura
Ea muestra las idos pln.u.:n.v- durante el eovimiento lateral g prodice 1o wen
mulacisn Je esfucrzos,  En 1o Fipura 30 los Iu:-zi'm*r:.u_v. rebasan cierie Vies-
te y ¢l fallumiento se produce on wm punte ¥ 5¢ propadi en apbas direccie-

nes. La Figura 8¢ muestra la situacidn despuds del temblor; estste ghora

. ) 4 — e — b__-_ C_._._.. - d—--—--
[— r Y] I . ._h-._,_g 1 ____i
— | -
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wn desplazamicento permanccee entre ambas caras Je 1a falla.

r

Angue este proceso phede  parecer intuitivanente ghvio, en reialidad no 1o
es. Trante mucho Iicrmpo s€ pensd que el (allamiento de 1a cortena era
efecto de los temblures v omo suoripgen. Como fuentes de €510s seopensiho
en inirusiones de oo™ o colapso de volimenes por carbios de densidad e

1.:15. rocas fque companen 1y cortezid. MOgue estos aecaunismos pusden ocnrric,
50 p-itn:;:! en ta oacuwlidad gque booemvoria de los tenblores ea 1as regivies

de sibduccidn se orivinme por el mecanismn capuesto v oson 1 lanados 1ecta-

T TN 1 A, —— — ke ek — s . T o ——
. - - - [P e R +a —— -
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nicos". Otros tipes de sisms cstdn asociades a fendmenos lecaies crro =an
los volcinicos o alpmos otros debido p. ej, al colapso del subsuele por

perdida de agua, etcétera.

ONPAS STSMICAS
$i desplazams un diapazén de su posicidn de equilibric v lo soltanns re-

pentinamente percibians su sonido carcteristico (Fip., 9. 1o misto socede

"

en la ticrra, hems visto que el fallamiento fle la roca consisie precisaren
te en 1z liberacidn repent ina de los esfucrzos: imuestos ol tcecreno. Toe es
ta manera, la tierra es puesta en vibracidn., Esta vibracidn es debida 2 la
propagacidn de ondas com en el caso del diapasan,

Ahu.m bien, en un $6lido pueden transmizirse dos tipos de ondas. El primer
tipo de ondas es conocida copo Conpresional porque conliiste en o otransmi-
5ibn de compresiones y rarefacciones coro cn ¢l caso de 1a transmisién del
sonida, en este case las particulas del nedio se mocven on ol mismo sen:ida
en que se propaga 13 enda.  El sepumde tipo es conocide corvy opdas transver
sales o de cizallamiento; las particulas se mucven ahora on dired

cibn perpendicular a  la direccidn de  propagacidn de  la onda.

—_—— A i me—

Sy S ———



La figura 10 mestra esquenditicanente 1o propagacidn de estas ondas en o
bloque sdlido.

Las ondas compresionales ¥ transversales han sido 1Mamadas Py S respecti-
vamente por razones que se verin mis adelante. Son también conocidas  curp

ondas intemas porgtic pueden viajar en ) interior de o s8lide elistice.

Ademis de estas dos clases de ondas pueden existir otros dos tipes =is 1lu-

madas superficiales, Ustas ondas viajan en la superficic de la tierra v su

— e T sm e A N —— .




arplitud decrece con 13 profundidud, Se les ha denominado con el norbre <
los cientificos que demostraron tedricamenic su existencia: Ravleigh v
II!\’L;-.

las ondas de Raylcigh se originan en 1a superficic de un s6lido eldstico,
es decir, estas ondas no podrian generarse cn n medio infinito y se carac-
terizan por la trayectoria elintica retrograda que describen las particulas
al propagarse 1a onda. Tsta trayectoric ocurrc en ¢l pliaw Je propagncion

de 1a onda (Fig. 11}.

Traysctoria e la particuls

- biréceign de rropagasicn de la onda

O M FR T o s ST i T i Rdriiddddiieridd dadddlidiiiiifirid

Fig. 11

iy pilro lade, las onpdas de .Inwz srurron cuanda existe ma nierfase entre
dos medios elasticos de distintas propiedides. Corsy 1as ondas S, las ondas
de love ocurren Conoan mvimiento de Tas partieulas perpendicular 2 la d1-
reccidn de propagacidn, sdlo que, poltarizie on el phino Jde o siperfice

terrestre (Fig. 12).

BDiracclém de propaga-
trapaciarie du l= parilinla (lén do la endo

) " Fig. 12

e e ——— -

4y - - T

[——— ] .



- oy . E——

11

Sl es o velocidad de estus ondas?  Se poede demost rar odricmente v e

ohserva cxperimentabmente que ti velocidind de Lus odas exotal egree:

¥ -C‘."sc"urp

donde V "u's ¥ k’L son las velocidades de la onda P, § v simerficiales res-

pectivanente.

f..;als veloCidudes de las diferentes :;m:l.'ls dependen de las caracteristicas del
médio; por ejemlo, en rocis Iymeas la velocidad de lus ondas P oes del or
den de 6 km/seg micniras que en Tocas pm:ol consoiidadas es de apruximacaney,
te 2 /sep o menor.  As1, las ondas P de un terremote originads en la

Costa de Acapulco serfan sentidas en 1a ciudad de México en menos de 2 minu

10S.
SISMOGRAFOS Y STRM0GRAMIAS.

Los mecanisaps para detectar los tepblores (ueron ideados a fines del siglo
pasado y perfeccionados a principios de £ste.  Actualmente estos tnstrizen-
tos han alcanzado wn alte grado de sofisticacitn, pern al principio bisice

empleadn no ha cambiade. 5i tomamas en cuenta gque al ocurrir wn temblar ¢l
suclo s mugve, entonces para porder ohserver este movimiento tendriamas que
estar en wn punto fijo fuera de la tierra para no sufrir nosotros misios ese
movimlento y poder detectarlo; &sto obviamente cs imposible.  5in embargo,

es posible construir m mecanisme que pueda medir este sovimionto relativo,

El mecanismo consiste de wna rasa susnendidi de w resorte atado a un sopor

te acoplado al suclo (Fig. 13}, Clwando ¢] soporte seo sacwlde al paso de  las

—_— e — - [ _ . . 1 . .
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- ondas sismicas, la inercia de la masa hace que ésta permancica o insgite

Fig. 13

en el mismo sitio de reposo. Postericormente cuande lu misa sale del repo-
s0, oscila, El mvimienty posterior del péndulo ne refleja el movimiento
del suclo, por lo cual se¢ ha ideazdo wm mitodo para volver a la masa a su

sitip original, &sto es lo quec se conoce Coano arortiguamiento del aparate.
En la Figura 13 se representa el amortiguimiento cord ima limina simerzida

+ gt

en un liquide {cormfinmente aceite].

St se sujeta wn 13piz de 1a masa suspendida para que pueda inscribir sabre
un papel pegado sobre un cilindrm gue gira a velocidod constante, se podrd
regiétrar suceswmmente el movigicnte del suele.  El instrnimento, hasta

aqui descrite, para deitectar la componente vertical del movimiento del sue
lo, se <onoce comn sismiprafo vertical v el papel donde se ir;s-::ribe e 1la

ma registro o SISOORAMA.  Sismogramas tipicos se muestran en ls Figura 14.

los rovimientos del suelo también tlenen componente harizonial ¥ para meo-




. . 13
'
.
-
N TP $ NDAS ¢ ]
ONDAS SUPCIRFICIALES PAS - 78 Nov. 19748
' . vy

. lw-.!'-' R ‘-‘- LI o r-':.‘."-"\"'* L L S

A ;uﬁu::mu;llrﬂl drlar»lulﬁntumulu;"dﬂt Passibena 1FF L1L"; ||uun|m|u{u mir el bl de € i del Rty winvarm Loe g I'! M

LT = | Fw e mane —— o =

g E"‘;-;—‘Ef;:.-”"’1*!.ME';',':'::-!T." > S A ER
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{ia t?drlrbrecuce 1977 rr‘m..du.h«lﬂh 16735 s locabinasdoanrel " Epe YVoleanire
Cenical™ Diviania (O delaesiaeninde Tusubiana (30N

Fip. 14

dir este mvimiento se reguiere de péndulos horizontales que oscilan conc
wa puerta que tiene su eje inclinado (Fig. 15a). FEl sismdprafe horizantal

SE Tepresenta en 13I(Fig. 15h].

Los sismigrafos que se crplean actuaimente, en gun;r:ml tiDﬂ{_;ﬂ S35 qUE pue
den ser de wnos gramos hasta 100 kg, mientras rue los sismografeos antiguos

de :mn;:lii'ic.acién mecfinica solian tener grandes nasas con el fin de vencer

..l-as fuerzas de rozamients, tal es ¢l caso del sismdorafe horizontal Wiechert
de 17000 kg de la estacidn sismeldgica de Tacubaya (apéndice A); el amrti-
-guaniento se¢ hace po7v corrientes parisjtas o imines, etcétera, la amplifica
ci;‘m por medio de palancas y galvandzetros v 1a inscripeisn en pﬂ.pel ahima-

do, papel fotogrifico o cinta magnética.
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Fig. 15

Ins Sismipetros son los sismdgrafos cuyas constantes fisicas son conocidas
de tal manera gue se puede conocer el movimieate real del suelo calculado

directamente de los §ismogramas,

Para deterninar Con precisién el cpiccntrﬁ de 1 temblor se requiere del
auxilio de varias estaclones sismelbgicas, per lo cual los observatorios
sismaligicos requieren por 1o menos de tres estaciones slsmolfglicas o for-
mindo redes de 6stas. Tal como 13 Ped Sismolépica Mexicana (ver apéndice
B) que contrela el Servicle Sisrolbgice Nacional, orpanismo epcargade de

la generacidn de datos e informacidn sismolépica.  En '¥xico existen otrms

redes de proyecins especificos comn RESMACH, RESNQR**, y SISMEX***  -A ni-

e e

* VMPED STSMICA MENTCANA NE APERIURA CONTINENEAL" operada por el Instituto
de Matemiticas Aplicadas v Sistemas de 1o UNAML

#*  MRED SESMOIOCICA DEL MOROESTL" operada por el Centro de Investigacidn v
Ensefianza Superior de Ensenada, B.CL

sk NSISTRMA DE INFORMACION SISMOTLCTONICA DE MEXICO™ upf.‘rada por el Insti-
tuto de Tngenieria de la URAM,

T T i w —
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vel mridial existen Comrenios pard cl antercamio Joodafes S8Te lon e

rentes gbservatorios, formandn asi tedas las estaciones 1a red mundial.

DETERMINACION DEL EPICENTRD
Heros mencionodo que el lugar en gque comienza el [allamiento que produce
los temblores os llamade foco. A grandes distancias el plano corpleto de

nptura aparcte com un punto ¥ lo llamamos foco; lu proyeccidn de Bste so

Er_c-la superficie terrestre recibre el nombre de cpicentro (Figura 16).

-

ESTACION

v

Fig. 16 .

(GEmy determinan los sisedlogos la ubicacidn el epiceatre?.  Ya se dijo
' 1

‘que los sismdgrafos amplifican ¢ inscriben ol movirdento del suelo en una
tira de papel {o cualquicr otro tipe de waterial similar) que se llama re-
gistre o sismgrara,  Fn el sispopram se registran en orden sucesivo  de

tiemps los diferentes tipos de ondas generadas por wm temblor v que arvi-

“ban a la estacidn sismoldgica, corn se pucde apreciar en la Figura 4. La
wbicacitn del epicentro dc wn tesblor se hace analizamdo sus repistws e

identificande los diferentes tipos de opdan cono se ruestra en 1a Figura
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.Iﬂ. Se ha mencionado va que la veloCidad e las ondis P es munvor gue ia
de 1as ondas 5. Iiste hccﬂn os ulilizado onoaa de Tas téanicas mﬂﬁ.ruwn-l
nes de la Siseologia para Jeteminar el epicentro. B electo, supangiene
ﬁue la persona A es mis veloz que la persona B (Fig. 17). Si anbas enm-
pieian a correr desde el pinto 0 enel mmento que cstin fimtas a medida qu: se ile-
jan de 0 Ta distancia entre cllas serf mavor, Puede utilizarse la separa-
rEiEn entre «1ias en un punto dade paru calcular la posicidn del nrigen a

partir de cse punto.

R

t=20 T = 1

Fip. 17

fobre la superficie de la tierra, wna estacidn puede proprcionar 1a diztar
cia al epicentro pero na su direccién de paners que son necesarias al fenos

tres vstaciones para determinarle sin ambigupdad (#Fig. 18},

"En la practica, la interseccidn de los circulos correspondientes a las tres

estaciones no coincide en i sole pumto sino comprende wna qegidn ris o oe-
nes grande dependiendn de 1a calidad de los datos nrilizados. 1a informa-
€ion obtenida de cstaciones adicionales es tratada estadisticamente en oiros

técnicas sismolbyicas para refinar 12 posicidn.
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Fig. 18

ESCALA DE MANITUD E [NTENSIDAD.

lds escalas de magnitud e intensidad son utilizadas para cuantizar o redir

1los tesblores. La escala do rarmitud esth relacinnada con 13 ener Tu iine-
' o "

rada como ondas sismicas; la de intensidad con los Jafos praducidos per el

sismo. Ambas escaluas son necesarias pueste que miden aspectos diferentes
de 1a ocurrencia de un temblor. Asi la escala de mypnitwd estd relucicnals

el 0

con el proceso fisico misto mientras que la de intensidad lo estd con o
. pacto del evento cn la poblacidn, las construceiones y 1a naturaleza.

Como es matural, ima clasificacién de los temblores por medio de sus efece

tos, que son observables, fue el primer intento de catalofarlos. Escnlas
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de intFnsidad fueron prupuestas desde los (ltiros ufos del sigla pasico,

En 1907 Mercalli propuse ama tabla, que fue posterviomente meliNicadn en
1931 y desde entonces se Ie ha Ilamado escala Madificadu de Merealll (),
Esta no es la (mica;pere si 1a mis frecuentemente nsads en nuestro continen
te. - Consta de 12 grados corn puede apreciarse en la Tabls 1 donde sc mues-

tran tanbién las caracteristicas de cada prado.

Podemos ver que 1u escala de intensidad os en pran medidio suhjocivi, Ne
nos da inlormacion sobre la cnergia liberada en ¢l tenbior puesto gue jor
ejérmlo W siseo pequeno puede causar mis danes a wna pablacitn, 31 &sta

estd Cercana al epicentre, que wno grande pero 4 mhvor distancia. -

Asi pues es mecesario catalogar terblores de acuerdo on tos procesos fisi-
cos de la fuente; pero también de manerz tal que puedan ser cedidos,  Tesdo
el punto de vista fisico seria conveniente clasificar los teshlores Je acuer

do con l1a energia que disipan y awnque podriamos hacerlo, no tenemos inzirnl
mentos que puedan medirla directamente.

Resulta entonces necesario encontrar una metodolopia pure poder precisar au
s6lo ¢l epicentro del sismo sino 12 mignitud v fecha del mismo.

Poseemss sin emhargo sismgramas y @stos pucden ser ut (1izados pars catalo-
gar terblores de wna manera racional como se verd o coptinurcién.

De dos temblores-ocurridos cn el mismo epicentro y repistracos en el mistu
lugar, el mis débil producird un trazo pequefio en e! papel v el mis fuerte

un traze graide. Pard am mismo Sism y estaciunes que se aiesian gradwilren-

te del epicentra li traza sp hace ipualmente menor (Fig, 193, -
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ESCALA MODIFICADA D MERCALLI
3 : . .
' I. Microsisro.-
’ Detectads por Insiraentos,
' o II. Sentido por alpunas personis

' (generalmente en repusol.

ITI. Sentido por algunas personas dentro de edificios.

| IV. Sentido por algumas personas fucra de edificios.
o~ V. Sentido casi nor todos. i
3 VI. Sentidv por tuidos.
. VII. las construcciones sufen dafio ra<dernlo.
-,'n VIIl. Dafes considerables on csbrugtimas.
_ IX. Dafins graves y pénico general.
2 X. Destruccién en edificios bien construidos.
I . B
. XI. Casi nada queda en pic
- XII. Destruccidn toral, -
0 : .
g * Una escala mas detallada aparece en ¢l Apamdice D



e - ] o ol o, 15_-,-?‘_"‘"_"'*" ‘:7?"‘:'1‘-‘-1 T e’ . mw-—u_-m.r-

a0

Towpn at Hug'dd
- - - -
- T - 1

LAWOERAWAT TIMCDY suFLAT
" Pl 3140 BumAL La% FLAvad
pL BIaTawCId-TIH Wt

"*""“'—_"7
. / T
g
B
T TN Iy

o
< e
- -i' ‘\.\.
. n.
¥ eu 4
;- -1- - ,\-.. &.*.r,aﬁa-,h,-a. ranmy rw- ema i :
o
. - .
* ahr F
5 L
. : b L
=7 -
4 .
-t - ety e _.-.—-.”.'.“._..-,_,_..._,._
k -
f s \\\\
- .
M [ | 1 ' 1 a

HO LT L LR G TR Tl wibirr Lasn i o asibrcdittaimi, ‘:"“i“‘

_I Fig. 19

5t se pralican Jos valares el doparitim de T osaplitnd de 1a i renlra
T distoneia, ne ol ienen gidfives com Tas pestrolis ep 1o Figs 200 0=

eanomiema figura, 1ocurvi sis b aepausenta nin femalor s pusjoein. R

snfla eotonces Lopice Laear vinibgiiiera de enlas ~inras rose el 1o pasnn

i-)j:"‘n[.“ . iie_’t.ﬁ,
2 - - .- - 1=2
' \l 3
.___._,_,..-r -

. \""-\__\
a ‘-\-___ . -"".‘---._,_L _‘_-_J i -4

\k HH"'\- I

: .?-\‘_?\; < ~_
* I ‘-.._____“H
vl ——
" - ]
- .1'& P IGG' ) 200 200 Lhp g ALl -m

Fla 20



Z1
y asignarle lo magnitud core, los decds pucden ser medides a partir de esie
nidiende la scparacidn entre cllos pard cualguicr Jistancia del cpicenio,

S¢ tiene entonces quo:
M= ].CIE a - lﬂg A‘D

El temblor patrdn, de mapnitmd coro se define comr aquel que  teniendo su
cepicentro @ 100 km de distancia dejo una traza de una micra on o sismigrn-

fo Wood-Anderson elegido tambiin como sismdgraio patrén.

Se ticne ahora upa fdrmela que nos proporciona un valor relncjondlis oo
(1} _F'I‘d l R 3 I. Llh 'y a . e .I_..' s
“tamanc” del sismo ¢ independicnte de los dafos e pucli ccasionar,  Dsie
mismo valor ha sido relacicrude por los sismGlogos con 1a snergia tiber:in
per ¢l fismo.  Existen diferentes férmolas que relacianan la energla conoia
magnitud de un sismo, @&stas_varlan porque la asplitud medida en €1 =ivmo-

crama pucde ser la de curlquiera de las distancias fases (P, %, superii:

les) que son registradas.

Un temblor de magnitud 5.5 libera wuma enerpia del onlen de magnitnl de bade
- - - . 20 . . -
una explosion atémica®, eox decir unes 1077 ergs. Sip embarze, la encrgis oo
un sismo de sagnitw] B85 no es ires vedes osa encrghic <ino Lo eguivaleinte d
1a de unus 27,000 de estas bombas atfmicvas, o$to s, 1o oiwreid mEmenid G-
proximadwnente 30 veces por cada grade,  Disto puede verse mis claramonicen

las f6rmulas que relacionnn mapnitud v cnerpias dstas won de 1o fom:
log E = a + bM

donde 4 y b dependen de 1a fonm en gue es culenlida M,

Notcmos que la escala de magnitud no tiene lisires: fin asharpo, No se han

* como 1a de Hireshima (20 Ktn de TNT).
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encontrado terblores muvares Jdo 8.6. Este estd relucionadn con el hechn e
que la corteza tiene un limite de mptura mis alld Jel ol ya oo pueden -
cumilarse mis esfuerzos. Un ejemplo de i temblor e esta magnitud s el

de Alaska del 28 de marzo de 1964

‘Notemos tarhién que pueden existir temblores de mapnitud negativa, puesto

1

que el sismo patron (de magnitud Cero}, es elegida, hasia cierto punte arbi

trarianente.

"

la determinacion de mugnitikdes ha sido mejorada en las Nltimas ddcudas uti-

lizando la disponibilidod de mis informacidn y modelos tedricos. Sin elar-
go el principio bisico ws el mismo.

[

En el Apéndice € sc detallan algimos de los sismos mesicanns mis destrucri-

Vs,

TA CONSTITUCION DE LA TIERRA.

En el primer apartado de esie articule se constderd la estrwtura de 1a tig
rra. (Como fue posible cenocerla si las perforuciones mis profunmdus no wledd
zan sino wnos pecos kildmetros?,  la respuesta ostd nuevameate en la Sismlo

afa.

CDeipeal manera que un médico pucde saber si existe {ractura on los huesos
de un accidenrado per medio de rayos X, ol sismilogo ha deducidn la estruc-
tura de 1a tierra por medio de 1oy ondus sismicas que viajan a través deella

com los rayos X a trovis del cuerpo humano.

-

Stmongams gue ocurre un Sissp oen uwr punte dado si la vierra fuera complery

mente homppdénea los tayoes viajarian en lineas recias Jel foce al obsenvadnr

— e —— At ——— o A T T
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(Fig. 21a),

hd r

Los sismgramns observados serian relativamente siwples.  Los cientifices
-1ha.n hallado que los rayos no viajan en linea rectn sino gue van curvinidese
hacia la swerficie debido a que la velocidad de las ondas auwmenta con la
}:mfmdidad. (Ver Fig. 21b). Ademids de &ste sc encucntra que @stas surran

refracciones y reflecciones que sdlo pueden explicarse si la tierrs ess

e

compuesta por las diferentes regioues de que se habld en el pricer apariz-
‘de. Los temblores resullyn eptonces, LehCl AN aspecio Mt v e85 #:1c

el de damos a conecer ¢l interior ue nuestro planctu,

MULLE D
EXTERNMG

{(a}
: Fig. 21

t
SISMICITAD ,
En los filtiros 80 afos se han podido repistrar todos los temblores mis im-
portantes {en cuanto a encrgia) de mancra que se han podido hacer estudios

cunalitativos de la sismicidad de la tierra, asi sc ha obtentdo wn esguem
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global de la sismi

bucidn geografica ofr sismos.

dad mmdial,

24

£l mapa de la Figura 22 muestra la

T

4
.

Se puede obscrvar gue la mayor parte di ener-

gia sismica se libd-i en las costas del Ocduno Tacifice aepifin que ~¢ cann-

ce com cinturdn k| fuepo debido a que en esta zona ogurre timbiln gran e

tividad wlcanica,
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ron- Eurdsico pero cor tna actividad sismica menor. Ndtese que estas fran-
jas coinciden con los limites de placis de 1a Figura 3. Falsten tamhién
regiones donde la actividad sfsmica es casi nula o descomocida. A estas
reégiones se les swele Tlamir escwlos. Desde Tuege yire los patfses que se

sithan cn zonas sismicas serdn mis afectados por los sismns,
SISMICIRAD GLOBAL.

Observande la actividad sismica mundial se puede estimar el afteero Jo o
I?lﬂ'res de cierta mapnitud que ocurren on wn afw. Se hu visto gue par 1o

menos acurren dos grandes terremotes actualmente {ver Tabla 11)., Por otra
parte estin ocurriendn varius cientos de miles de temblores de magnitud in

ferior 2 3 que pasan desapercibides,

TABLA 11
PROMEDIO ANUAL [E TEMBLOMES

AT .

T8 2
7 20
6 100
5 3000
4 15000
3 150000

SISMICIDAD DE MEXIQD

A fines del siglo pasado se conocla la historia acercy Je la actividad s5s
mica de México desde 1400, Posteriormente con el desarrollo téenico sismo
16gico hacia 1910 se inaugurd la red sismpldgica mexicana f(ver apéndice A).

De esa fecha a lo actualidad se han generado sismngramas Ue se conservan

———— . — i e w - im— o r w ddere e - T e o - -t w A e v
i
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en ol Servicie Sismolépico, con la estacion Sismoldpica de Tacubava,
Durante los Gitimes 70 afos se han registrado y localizado, wtitizands low
datos de 1a red sismoligica mexicana, Sistos ocurridos en la Renlblica

Mexicana hecho por el cual actualmente sc conoce bastante bien la sismicidad

de México (Fig. 23).

PREMONITORES Y REFLICAS

los sismblogos han observado que inmediatamente despuis de que ocurre ol
gran tezblor, &ste es scpuido por temblores de menor magnitud ltarados ri-

plicas y que ccurren en las vecindades del foco del terblor principal.  Se

piensa que la ocurrencia de 8stos se debe probublemente al reajuste mevini
co de la regién afectadz. Inicialmente la frccuencia de ocurrencia er gran
de pero decae gradudlmente con el tlempo dependiends de fa magnitud JelTewm
blor principal. Por ejemplo para el temblor de Oaxaca del 29 de novienbro
de 1978 de magnitud 6.8 inicialmente se observaron hasta 200 réplicas de
ragnitud mayvor que 2.0 diariamente y fue decayende estn actividad durante

5 meses aproximadamente. El estudio de las réplicas de un gran tesbior se

ha aprovechado para vstimir las dimensiones de 1a regidn {ocal,

Frecuentemente almunos temblores grandes son precedidos por tesblores de
renor mgnitud llasados temblores preronitores que comienian a fracturar la
regidn focal del gran tembler. WMo es facil detemminar cuando terblor
quefio es w premoniter de un gran tembler ya (ue se suele cenfindir con Cutl
quier otro no relacionado. En la peneralidad de los casos se sabe que w

tesblor ¢5 premonitor sblo en el contexto de 1a actividad posterior.
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PRENICCICN

iSe pueden predecir los temblores?  La respurstin a ostd preginta depende de

lo que se entienda por prediccifn, Afo tras afio poderws leer en los perid-
dilcus las declaraciones hechas por adivinadores, mediums y otras gentes par
el estilo, sobre la futura ocurrencia de temblores en algfm lugar del plan-‘g
ta. Estas declaraciones distan mucho de sor predicciones. Se ha visto

(Tabla 1l)que en promedio ucﬁr’ren cerca de 120 temblores de magnitud mavor .
a 6 anualrente, Se conocen tambien las zonas sismicas del planeta, de mang
T3 Que por ej:er:plu el afirmar que durante el afio de 1951 ovurrird wn terblor

en 13 costa occidental de Mixico no conticne informiCidn novedosa ni (il.

En 1a (ltima década el desarrolle de la sismologia ha llevado a los sismile
gos a la conviceidn de que €stos pueden ser predichos. La investipacidn en
este aspecto es relativamente nueva 2 pesar de 1a cual se han Jogrado resul

tados prometedores, . .

Existen esencialmente dos maneras de atacar el problemn, Enowma de ellas
se estidia la variacidn de ciertos parimettos fisicos dehido a la acumula- |
cdn de los esfuerzos cuya relajacidn ocasiona el terblor. Asi por ejemplo,
sc ha observado que la regidn focal sufre wma dilatacidn que altera la velo
cidad d;e las ondas qu¢ Se propagan en ella. Otres de los parioetros que se
alteran son por ejemplo resistencia del terreno al puso de corriente eléc-
trica y el nivel {redtico. Todos estos factares pucden ser medi.daf-'. ¥y corre

b

laci:;nadus con 1la ocvrrencia final del temblor.

En otra de 1as formas de enfrentar el problema se ha estudiado la sisterull

cidad en la ocurrencia de los temblores. Se ha observudo que los epicen-

tros 2 lo largo de una zona de subduccién no se distribuyen ol azar sino =i

guiendd wn patrdn geeprifico y temporal. Puede cntonces estwliarse 1a his-
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toria sismica de wna regifn, estimar los periodos de recurrencia de tezhlo-
Tes-de cierta wmagnitud v evaluar de esta manera 1a posibilidad de ocurren-

¢ia de un temblor.

Este breve bosquejo trata solamente de poner de manifiesto gue los sismdlo-
gos  actuales se encuentran trabajandn sobre bases cientificus para la futu-
13 prediccidn de temblotes. Cuanto tiempo tomiard el desarrollar am sistema
eficiente para predecir temblores es dificil de precisar pevo seguramente
serd de algunas dicadas. Indudablencnte sto rcquc%irﬁ del desarrolio de

nuevas metodologias tanto tedricas camp instrumentales,
{QUE HACER CUANTO QUURRE [N TEMBLOR?

Existen varias medidas que duﬁcn tomarse cn ciso de ocurtir un teablor, pe-
ro ante la cmi-ncncia de 1 suceso de esta naturaleza, eon regiones sisnica-
mente activas es mejor prepararse mentaleente para wa evennualidad.  Por
otra parte conviene buscar las condiciones adecuadas de seyuridad de los si
tios donde se perminece mis tiempo como son: la casa, el trabajo, la escue

la, etcBtera.

La seguridad de las casas en caso de temblores se garantiza construyendo a
&stas sepim los cbdigos de construccidn antisismica de la repidn, si en los
‘centros de trabajo se observa poca seguridad en las instalaciones pedit que
sean reforzadas, In México las escuclas, v en general, obras civiles son

construidas tomindo en cucnta el ¢ddigo de construccidn pero si se observa
alpuma anomalia conviene reportarlo a las auteridades competentes. Debe e-

vitarse el colocar objetos pesados o peliprosos como limparas, ctcéters

- en repisas y lugares elevadons a no ser quc estén hien sujetos.

]
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" Cuando ocurrs el temblor, es conveniimte tomar en cuenta lo siguiente:
]

1, Conservar la calm y tratar de serenar a las personas que nos rodean,

Evitar dar gritos ya que &stos infunden pinico, y &ste es el origen, en

michos casos, de mis fatalidades que el temblor mismo.

Mo desplazarse precipitadamente en interiores, es mejor buscar sitios
que ofrezcan seguridad (debajo del dintel de pucrtas, debajo de mesas ro

bustas, lugares con techumbres livianas, etcéteral.

Tener cuidado de no permanecer debajo de objetos colgantes u objeins mil
colocados, Alejarse de lus ventanas ya que los vidrios sc remen con
las sacudidas, tampoco permanecer cerca de objetos que se rucdan despla-

zar © derribar {come armarios altos, vitrinas, mxbles con rucdas, etch-
iq 1

tera).

+

En las escuelas, los maestros deben conservar Ja serenidad v tratar de
dar confianza a los alumos, pedir a €stos que =e alejen de los ventands
y, de ser posible, protegerse debajo de las mesas o los dinteles de ias

puertas, Si estin ¢n los patios de recreo pedir que permanezcan lejos

. de los edificios. Estas explicaciones y wn simmlacrn deberian consti-

tulr prictica ordinarin al inicioc de clases en todas las escuglns.

En otros centros de mucha concentracidn se aconseja no salir precipirada
mente ya que 8sta es 1a respuesta de la mayor parte de personas v se ha
viste que causa muchos accidentes personales. Lo mcjor s buscar sitios

seguros debajo de estructuras reforzadas.

Se debe tomir en cuenta que los tesblores no duran mucho tiempo, pero a

veces ocurren otros. v manera que debe obrarse con cautela al final de

1I'ya,
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' QUE HACER DESPUES DE OCURRIR UN TEMBIOR

Después de ocurrir el temblor se debe revisar si hubo dafios 'y accidentados
y proveer ayuda si es necesarfo. Mosteriormente revisar si las diferentes
instalaciones e#l&ctricas, gas, agua, ctcétera no sufrieron dafos. Si ¢s de
noche no prender fésforos paraz alunrbrarse hasta no estar seguro que no exis
ten fugas de gas. Mo usé el teléfono si no s para iransmitir un mensaje

de mucha prioridad.

En las escuelas antes de mevilizar a los alumes conviene inspecuinnar el
estadp de los lugares de acceso: puertas, escaleras, harandales, etcétera.
Posteriormente evacuar la escucla para una revisibn Jetallads de sus insta-

laciones. Este mismo se debe hacer en caso de edificios altes.
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AFENDICE A.
HISTORIA DE LA SISMOIDCIA EN MEX1QD,
1a Repiblica Mexicana estd situada en wna de las reglones sismicamente Nis
activas del mmdo como se puede apreciar en la Figura 24. El estudic &2 ia
actividad sismica cn México es relavivamente reciente, sin embargo su abscr
vacidn tiene antecedentes temotos.  Subemos que los priveras pabladores  do
México se percataron de la actividad sfsmica y volcinica cn estas regianes
¥ posiblemente hasta existieron personas dedicadas a estudiar estos fendru-

nos.

En’la €poca de la colonia la descripcifn de los temblores la hiciervn prin-
cipalrente los monjes cn almmos conventes y se encuentran arotadas en algu
nas obras de Clavijero y Szhagim. Con el uso peneralizado de la juprenta
se rcportaban datos sismlégicos en lus periddicos de 1u &poca con descrip-
clones a veces pintorescas v exageradas. Posteriomente los temblores eran
obscrvados por naturalistas, publicCistas .}' por ¢l plblico ¢n general, pues
en todos los folletos antiguns se encucntran notas sobre tembleres, cuvas
areas se empezaban a delimitar a medida que las comumnlguaciones se estable-

cian entre pucblos.

Cuando se instald la red telegridfica en la Repitblica Mewicana los telegra-
fistas suministraban datos referentes a temdlores y se publicaban mepswual-

mente en boletines.

La medicidn de los lemblores por medio de instichentos se iniclf s {ines
del siglo pasadn, en la &poca de Mariano Bircena, se instald en el Chserva-
torio ¥Metcoroldgico Central wn sismdgrafo del Padre Sechi. Por ese ticmo

Juan Orozco y Berra se dedicd a obscrvar estos fenémenos y formmar estadisii
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cas,_a'remiendn importattes daros de termblures desde tiempos precolombianes,
coleccionados con cuidada y publicades en 1a sociedad cientifica Antonio
Alzate. Sin cmbarge ox hasta el § de septicmbre de 3910 que por (lecrete
Pregs'if;!encial s¢ crea ¢ inaupura ¢} Servicio Sismolépico Navicnal. hste e
veﬂtg s¢ entarcd dentro de los festejos conmemorativos del primer centenas
rio de 1a iniciacidn de la Independencia Racional. Dicho servicio Jependia

del institnto Geolbgico Nacional.

La }ed inicial consistif del Observaterio Central de Tacubaya y vsiaciones
ubicadas en Oaxaca, Mérida, Zacstecas, Mzaatidn, Guadalajary v Mpnterreyv.
Se_eligieron como sensores los sismdgrafos Wiechert de periodo corto. Bisi
camente, estos sisebgrafos con almas modificaciones s mejoras continfan

cperando.

! R 4 ¥ .
Hacia 1229) 8} ihstituto GeolGgice Naciopal pasd a ser ol Instizute de
Grologia de fa NAM v el Servicio Sismiégice formd parte de este nunwe
Institmo. En 1949 con la creacibn del Institute de Grefisica, el Servidio

Sismoldgico pasé n formar pattc de este Instituto.

E[I- Servicie Sismolbgico vuelve g cobrar vida hacia 1965-1967 chizgndo So ins-
talaron estaciopes de mayor sensibilidad en Tchuantepec PBIY, Vista Henwsa
{_WD}, Comitin (AW, Toluca {ONM), Ledn (LCGH, Presa Infiemillo (PIM],

" Presa Mal Pase (PM), Ciudad indversitaria (M), Tepustlian (TR v
Popocatépetl (PPM}. También sc instald por 1970 una red de estacliores en
el Noroeste, con el fin de ebservar 1a actividad sismica del Golfo de
Californmia. Este conjunte de estaciones thora es contralades por el Centro
Idr: Investigaciones y de Educacifin Superior de Ensenadn, Baja California
(CICESE).

Actualmente el Servicio Sismolbgpito cuenta con wna red de 14 estaciones

e e )
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{Apfndice B) siendo el Cbrervatorio Central de Tacubaya 1a estacidon mis com

pleta y donde se recibe Ja informacién sismoidgicu de toda 1z red.

Desde 1910 el Servicio Sismolégico ha generado ininterrupidamente datos
que hoy forman el archivo sispolégico del pais. [Lllos constituven por si

mismos w valioso acervo formando wa fuente de informacidn rmuy importante,

El Servicio Sismolgico ha jugado un papel importante en el Jesarroilo de
la Sismologia en México, pero ademis tiene wna funcifn social y econdmica

palpable,

DESARROLLO STSLHOGICO.

,
En la Gltima década hun progresado los estudies de Sissplogia en Mixico v
se han venido formande distintes grupos de trabajo que afrontan les diferes
tes problemas de Sismnlogia, Existen en la Universidud Nacional Autdnoma
de México tres de estos grupos de trabaie. El glrupo del Instituto de
Geofisica, que ademis de realizar labores de investigacidn tiene a su ciargo
el Servicio Sismlépico que es el wocerp oficial de 1o UNAM en la divulga-
cién de los pariretros de los temhlores. El Instituto de Ingenieria enfoca
su trabajo principalaente a2 problemas de riesgo sismico y mancja wna red de
estaciones telemétricas (SISMEX) y el Institute de ln»'estiﬁacinncs Matemirl
cas Aplicadas y Sistemas, que tienc a su carge ¢l desarrollo del proyecto
de 1a Red Sismica de Apertura Continental (RESMAC). Existe otru gnoo de
trabaﬁo en el Centro de Investipaciones y de Educacién Superior de Ensenada,
B.C. _[CIEESE] que enfoca su estudic a la actividad sismica azociada tantoal
Golfo de Califormia como a la 1':111.:1 de San Andrés, igualmente opcran 1o Hed
Sisrolfgica del Woroeste (RESNOR), los diferentes fripos tienen commica-

cibn y frocucntepente se realizan sipposia donde se dan a ¢onocer los avan-

o a— -
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ces en el estudio de 1a Sismolopia.

Existe inter@s en alpmas instituciones de cnsefanza superier cn el inte-
rior de la Replblica por el estudio de la Sismologila y, recientonente, cs-
tin enfocando sus esfueTzos por consolidar grupos de trabajo propies para

el'dﬁﬁamlla de esta disciplina en sus localidndes,

4 i e, o
v e
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ESCALA DE INTENSIDADES STSMICAS

"Bscala de Mercalli modificada en 1931 por Harry Q. Wood y Frank Neumn.

I Sacudida sentida por muy pocas personas en condicicnes especialicon-
.., te favorables. '

II. Sacwdida sentida s0lo por pocas personas on reposo, cipecialmente
en los pisos altus de los edificios. Los objetos suspendidons deli-
cadamente pucden oscilar.

CI1I.  Sacudida sentida Clararmente en los interiores, especialmente en los
pisos altos Je los edificios, muchas personds no la ostiman com un
temblor. los carros de motor estacionados pueden roverse liperiac:
te. Vibracidn comy originada por el paso de un carmo pesado. .)ur.
cidn estimable,

IV. Sacudida sentida durante el dia por muchas personas en Ios iaterie-

' res, por pecas en ¢l exterier. Por la noche alyunas despierian.
Estremrm.leﬁtu de vajillas, vidrieras v ruertas: crujimiento de o
ros, Sensacidn coro de W carre pesado chocanda cortra un cdificico;
los carros de motor no en movimiento sé& bhalanccan claramente.

'S Sacudida sentida casi por tode mundo; muchos tesplerian. Algpmas
piezas de vajillas, vidrieras, ctc. s¢ rompen; pocos ¢asos de agrie
tamiento de aplzmmlns, objetos inestables caen nlmnds veces. e
observan perturbaciones en los Arboles, mostes v otros objetss altos,
Detencifin de relajes de péndulo. .

VI. Sacudida sentida por tode mmdo; muchas personas aterorizadas huven
hacia afurcra. Algunos muebles pesados cambion dv sitio; pocos cjen
plos de caida de aplanados o dafio en chircneas, Danos ligeros.

VIi. Todo rande huye afuvera. Dafios 5in Lmperiancia en edificles bien '*1;«.
" neados de burna construccidn. Bafios ligeros on estructuras orais
rias bien construidas; difios considerables en las débiles o ral :':'1;..'
neadas; nuntura de almmas chimeneas., Estimado por las personas
conduc iendo carros de rotor.

VIII. Dafios ligeros en estructuras de discio especialmente bueno: conside
rable en edificios ordinurins con derrumbe parcinl; grande cn estrug
turas débilmente Construidas. los muros salen de sus amaduras.
Caida de chimencas, pilas de productos en los almacenes de las {abri
cas, columas, romumentos v murns,  Los ruebles pesados scowvuclcun,
Arena y lodo proyrctados en pequefas Cantidades.  Cambio en el nivel
' del agua de Ios pozos. Pérdida de control un 14-:. PErsonas quo puian
carros de motor.

- i 2 e g % mmeem
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APENDICE €
SISOS IMPORTANTES,

Quizd ww de los fenfmenps naturales gue mis ha impresionade al hombre ha
si'dé-,.rlc:'s terremotos.  Su inquietud ha hecho que desde la antiguedad trata-
1a do explicarse las causas que los oripinan, pers no fue sino hasta los

Gltimes 10D atos que ha ide entendiendd 13 maturaleza de las fuerzas que's

casignan estos mavildentos, Comn ya s¢ ha oxplicadn.

Lo efectos de los tembicres a 1o commidad y sus edificacicnes ha sidn la
causa del remr a éstes. Esta es la racbn por 1a vwal la miyor © menor i1
beracién de encrpia de los temblores no ha tenido bipacto social. Ast &l
temblor de Alaska del 28 de marzo de 1364 de mgaiiwd 8.5%, siendo wunp de
los pocos terblores que han liberade mis cnergln ¢n los Gltirms 100 nhcs
apopas es considerado socialmente, sin embargo el temblor de Tanshan del
27 de julie de 1876, de menor magnitud 6.3 m, ¥y 7.9 M sc ha considerado
como el terrerolo wis mortifeyo de los filtimos Cimtro siglos v ha tenldo

w gran jmpacto sociat.

Se nueden hacer Jistas de los temblores mis fucrtes, pero no nos daria wia
idea del riespo a que estin sometidos los pucbles asuvntados en zonas sisnd
camente aclivas. 4 continuacibn se mencionan alpnos de  los temblores

que han ocurride en ¢l munds (Tabla 1) ¥ cn Ia Repiblica Mexicana (Tabla 11}

y qué mis irpacto social han tenido.



L.

Banip considerable on las estrocturas Jdue <o bueeas tos g e
de 1as estructuras bien planecadas se desplomn; eroules Jdafos oy tos
edificios s6lidos, con derrnmbe parcial. los cdificios salen doe 2us
cimientos. [l terreno se agrieta notahlemente,  Las tuberias subte-
Trineas sc¢ rompen.

Destriccibn o algumas estructuras de madera bien construidas; ia ma
yor parte de las estructuras de mamposteria v armaduras se desiriven
con todo y cimientos; aprictasiente considerable del tervenoc. los
Tieles se tuercen. Ceonsiderables deslizamicatos de tierra en las
fuertes pendientes. EyuvcClones de lodo v arena. Imwmsidn del agua
de los rios =obre las mirgenes.

Casi ningnd estructura de ramesteria queda en nig. Puenres destrul
dos, Anchas prietas en el terreno. lLas tiberfa as v osthierriness que
dan fuera de servicio. thmdimicntos v dernmbes ¢n terreno suove.

Bran torsidm de vias férreas.

lestruccién total. Ondns visibles sobre ¢l teryenw.  Tertirbacioncs
de 1las cotax de nivel. (Objetos lancados en et aire hacia arriba.
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TABLA T
Regidn Ho. de Muertos

Chile: Valparalss Santiage 20 00D

Tralia? Regnio 19 9s0
thina: Xangu v Stransi 109 040
Japhn: Tokie, Yokohawa i RN
hina: Kan A.pn 200 000
Nicarags® “anagua 4 00D - & 400
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Chile I8 000
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Cuaremaly: cuaterala 2% (00

ina: Moresce £55 117

Datos generales .

Conocido corg el terrerotd ¢e Swanzo. Tu
vo desplazaaientos de 1.5 my grande; in
ceolics le precedieron.

Orandes Fallaw, se sintif hasta Fekln

Males e heridos.  Ta ¢lwedad de Managua -
fis zazi rotalpenie destruida.

tetts fue tgtalrentd destrulila
. ; =
T
Se fstectaron ecvimientis Dacilatarios
Tom de Gespladnafliento CON fuyindon-

o
S : 5
tOE TUVEPLILOTIuE MO,

-
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Regibn

Perlic Yhuras
irbate, Tungay

Irin

%o, oe muertos

50 M0 - 0 00D

I Ge0 - 1% BOD

Datos generates

?

I
Derrumbes, limndaciones. La peor catls I|'
trofe registrada en Perl por un terre-

rolo en este siglo.

Muchos herldes v dafios conslderables en

Bozunabad y Licas ciTounvecinas,
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Caxaca-Pyebla
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Iotos generales

Pestruceor on 04, Commlin Jal,, ha sido
und Jde los te-hl res =24 fucrtes gue han
orurrida los ltires 00 afos. B repp
taron 45 masTiis en o) PLOEL

Orimedes difiog ey Esperanta, Poebla

Hiles de hevbdos v 1af5s mpterisles en
varias csraba. Ta robllealn mSs dafa-
du Tue San Yatooe, Cy3.

S esbima que bk vatigs mucrtos y niles
de heridns.  Oramdes Jahos materiales en

T epa.

WO heridas y ¥ zablaciones afeqladus
sChe rAnente,

Miles de heridos v Zamificados. Gl
Serdin destruida: 2o+ consideralles en
195 Clulidea 2o Toarlz Orizaba, Oaxacay
Miaica, 7T paehlod Jatios serlarente,

latos on Tesicha, “asimu Faogqulzd el
teahiur Que At E0 mhy o estttada e TThca,

Purres Jboes o la veitdn Frongeriza de
o5 estadng Je Yubla, S3wada ¥ Qlermers,
Mrincipalmenee 2= Baluaran de [edn, Sart.
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Deriva Continantal. EIsparcimiento del Fondo Harino.

Tectdnica de Placas

A principios de sigio el geofisico alemin Alfredo
p P g £ .

Wegener propuso la teoria conocida como Deriva Continental,
en la que se suponNe que las masas continentales ran sufrido
largos desplazamientos horizontales que determinaron la posi

cibn y distritucidn actual de tierras y mares.

Wepener se basd fundamentalmente en la concordancia da
algunas lineas de costa, como las da América del Sur y ArFri-
ca (figura 1); en datos paleoclimiticos y paisonioldgicos vy

en la distribucidn de las cadenas montarnosas. Propuso la

u

existencia de un gran continente primario al cual lilamd Pange
gue en el transcurso de 1as edades geoldgicas se fractdrd vy
Sus partes navegaron sotre la capa lasdltica del pisc marina,

hasta ocupar diferentes posicinnes.

Dtros investigadores antrrioraes ya nablan avanzado en
la idea de movimientos continentales; sin emharpgo Vegener en 1812
presentd una caﬁsiéeratle cantidad de evidricias y una des-
cripeibn de las posiciones de los continentes en las diferen

‘tes epocas.

La teoria pronto encontrd un gran niimere de otieciones,
principalmEnte por ¢l mecanismc propuesto para explicar el
desplazamiento de los continentes asl como por la similitua
de edades de los oclanos, v la existenclia de los cratones

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

Con el advenimiento de la Segunda Guerra Mundial las
técnicas e instrumentos para la exploracidn marina experd-
mentaron un fuerte avance, principalmente en los sistemas
‘de navegacibén asl como de registro dei fondo, lo que Iomen

t& la investigacién de los océanos.

En la decada de los cincuenta, las investigaciones
oceanograficas se incrementaron enormemente. 5e hicieron me-
f1éiciunes de éravimetria, de magnetometria, Jd2 flujo de caler
de sismologla de refraccidn y reflexidn ¥ s¢ tCharon mues-
tras de sedimentos del fondo éceénico. Todos estes estudios
aportaron informacibn novedosa cuya interpretacién hize nece

.saria la revisidn cuidadosa de la hipdStesis de Wegener.

Dietz en 1961 y Hess en 1962 propusiereon 1a teoria 1lla
mada de Isparcimiento del Fondo Ocefinice, para explicar sus
observaciones sobre al lecho marino. En esta teorla se con-
siders a las dorsales ocednicas comé centires galeradorns de
material nueve proveniente del manto y trasladado a la super

.

ficie por corrientes de conveccilbn.

La idea general asume que el valle medio de una dorsal
oceinica representa una fisura, la cual se rellepa por matoe-
‘rial del manto, probablemente peridotita, que al enfriarse

‘bajo los 500 °C zufre un procese de scrpentinizacidn. Esto
hace que disminuya la densidad de 3.3 a f-E grfcma y aumente
su volumen, 1o gue provoca la elevaciéin de las montafias que

rodean al vallie. ZIste proceso tamhién justifica el espesor
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casl uniforme de la corteza ocednica reportado por 1os estu-

.dios gsismicos (Figura 2}.

La teoria explica ademds, la falta de sedimentos anti-
Euos anteravres al Cretdcico, 1DE-EEPQ$Gqu inferiores a
1.3 ¥m, la distribucibn de edades {maypres al aproximarse a
las cantinentes) la forma y localizacién de los guyots
{mesetas submarinas, algunas de ellas situadas a gran prafun
didad), la gusencila de la discentipuidad de Moborevicic bkadic
las Jdorseéles y el elevadeo flujo térmice solre ellas, y erpli
£a la presencia de las fosas profundas en algunas mirgenes
continentales como ronas &t donde el plso aee3rnlcen retorng al

.

manio.

La interpratacién go las anenalfas magnéticas de Tauns
Tmtél tomadas sobre las cordilleras submarinas empleando ian
inversicnss de polaridad del Campo Geomagnétieo hacha por
Vine y Mattews <n 1963, proporciond’un fuerte apoys & 1la ted
ria.

Los ahos siguientes fueron da intensa actividad y dexcy
trimientos. En 1868 Isacks Oliver y Sykes pullicaron un articu
lo ahora cldsico, "Seismology and the New Clohal Tectonics™,
en el gque se¢ sintetizan la mayoria de las ideas que integran
10 que es conocide como Tectdnica de Placas o Nueva Tecténica

Glohal.

Brevemente, la teoria considera que la tierra posee un
casquete externt rigide de unos 100 Km de espesor. Este cag
guete nG €5 continut Sino que e5td dividideo en wvarios segmen
tos {(Figura 3) con movinieptos relativeos entre si.

Ay = " aw o e
o LI T,



E e — A T — R W - — -

19

Los movimientos a que estdn somedidas las placas produ
cen en algunos de sus margenes la subduecidn de una de ellas
tajo la otra,mientras gue en otros margenes se produca la

creacidn de nueva corteza. (Figura 2}.
Aunque el origen de los esfucrzos que prodicen estcs
movimientos no es bien comprendide es muy posille gue sean

debido a la transferencia convectiva de calor hacia

4
fw
tn

|

[~}

!

-

1]
[w

1 des-

ficie. Cualquiera que sea el mecanismo gue produce
plazamiento, =l contacte entre las placas e zona de asunu-
lacién de esfusrzos y el lugar donde Se likera la mayoria de
la energia de la superficie terrestre. [Ln la figura U pueds
verse que las zonas sismica y volcanicamenta activas delinen
los midrgenec de las placas. Notete tambi®n que log limites
de las placas no necesariamente coinciden zon las fronteras

- .
goeane~coentinanto.

La distrikbucién de hipocentros en un corte Transversal
a-traves de una zona de subduccidn puede verse en la figurs &
.La regibén definida por los fecos es llamada zona de Wadat:
Bennioff en honor a los investigadores que describieron esta

relacién geométrica.en los afnes b40.
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YB39
1853
1058

13459

1506

1910

1911
ER1d
1915
2h-
1%
1918

1919

L
1940
1944
19486

1944%
L95G

1952

1955

1956

Algunot ce loy avontcemienios m.is
inportantes en ¢l desarralle Jde la
Tecrfnica Jde Mlacas,

b1 nu:ﬁ la cnnegrdancia cptre lus lincus Jde caxta
da Africa y Amféraca del Sur. (Wacon)

Ideas de conveccidn tépmica en ol manto [liopkinsd,
R
Teoria izpstitica (Airy).

Mapa mostrando &1 mwovimiento de les conlinentes -
[(Snider]. ’

Teoria ligstirica (Pratt}. .
Concepto Je la astendafera [Fisher).

Frimeras evidengids Je inversignes Jdel Campo Max-
nética terrestre [Prunimgs).

Teoria d¢ movimientos centinentales (Tavlor). -
Teoria de Oeriva Continental {Negener].

Concepto de la asienfsfera (Rarrel).

Nuevo méEfulo Je andilisls de tembiores. lLlamade e
mecanismos focales o plane de palla |Nakana ¥
Byerlyl.

Concepta de 1a astendsfera {Gugenbergl.

EstableCiniente de yna fpocad Je polaridad auversa
megrEzica en el Plerstoceno [Maruyama).

Celdas de Conveccibn en cl manco 16Gragg~i.

feteroinaciones o= pdades tadigmétrivas ¥-Ar iEvansy,

Mecanismas de Jetiva contineasal (Holmes).

Descubrimients Je lop guyols en el Océans Facifico.
(Hess).

hescubrimaentn de tas tanas Jde Benoan ¥ (Repwo I,
Exrudios Je las wordilleras syhmarimes [InsZefuta

SCripptl.

Comicazo de lasr modicinnes de Clupe termicn op ol
a3t (Bullacd].

tmolee de oy magpnetdmerros de Campe total op 25
tudios marines (lnsiytule SCT.pps).

Descubzisionte de las zonas d¢ fractura en el ==
Gcéano Pac{fice [Menard y Direz).

-
Inyeetigac iones tofiricas del origen del Tampe Mag-
néEtica [Bullard ¥ Elsatser]). .

Ideas de fuentes térmicas "Hot spoats™ [Wilimnl.
Descubrimiento Jel valie medig dr 135 dorsales v

roecon® imicnla Jc loga cemhlores gue ro o ello: ofu
rren [Ewing y Haiemy,

Pomestracitn doe ba Heriva Conctinental con Jatos
Falemagnéiices LITwing v Runcornd.

Levanlamionta maring con graviactre to Superfivee.

Mo Cenffaaea Rt ernac ranal

Fevenetimirnto dr Dipramirnles magnft iros snubre las

darsales (Maannl, Lopfremaudt por Yaegmer o KT ¥
Miawem yp 3l %A1,
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Primergs perfaracioncs dcl proyecto Mohele.

1
Hipétcsiy do saparcimicnto dr los fondas marines
{Hess).

Interpretacién de los lineamientios magniriip~ rm-
pleando Jas adeas de inversarnes del Campo Lpeomag
abtice vy dv csparcimivnio de los fomlos marinos
[(Vine ¥ Halfthews: Murlev},

Frimpra ecscala de tiempo cnanbitativa 2o LRversIn-
pes del Campo Geomagndl 1go veandd (Jdades e kAT
(Cox).

Proyecta [Rterngcional <cl Manlo Superior bajo ia
direccidn del profesor V.V, Acloussay,

Concepto de Tallys wranaformsdas (®ilsan].

Models de wha Litdsfera capaz e woporcar renzianes
cono aecJnlsng Jd€ hundiaiento en 12« trinckeras
{Elsasser]-

Concentos € implicaciencs greomdftricas de lay plocas
(Mc kenzse ¥ Parkuer],

Extudios wobre las placax ¥ sus limites (Morpani.
Kuewa Tegténiva global {1sacks). '

Foncepte de juntas triples (Me Kemzie v Morang.

Relaciones entre 1a edad, 1a elevacrdn repogrifi-
ca y el [luje témica cn los londos eeednicas
{Sclater y Franihetagd,

Programas del JOIDES (Mavstree de ba teeTra profun
Ja) .

Informac 160 Juel preyecto Jdo perfarncidn on mar pro
funle [Qeep sea Jritling Project) lentro Je los
programas del JOIDES (from Oceinographic TnsEitik s
Deep Earth Sampling}.

Proyecta Tntermagienal Geod indmica. Con la parbicipl-
cidn del Grape dr Trahapa a, I, Grapa de {-tuduo LTI
7. Placa Je Cocos, Ceaaté Mesivane Jo Ceadinfaica.

Proyectn GICAR [Cooperal ive lnvestngt@nnq nfl Che
Caribbean and Adjacent Regiomy]l. Participici@in Jde
MExjen.

Froyccta [DOE {International Mecade Noeanosraphic

Jbxploration). Participacidn J¢ Méxice.
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Prediccidn de Temblores i

Como hemos visto, la mayoeria de los temllores ocurron

1
en los midrgenes de las placas como respunsta a la acumula-

cién de esfuerzos en esas 8reas. Los esfuerzos san dalidos

N L]

al movimiente relativo entre placas. Egle movimiento, fAu#n
A5 , h
s del orden de algunos centimetros pour AL ne ciaabia on
. plazos cortos de tiempo (geolbgicamente haltlande) por con-

siguiente es posible estudiar los midrgencr sishicamente ac

tives en terminos estadisticos.

Los periocdos de recurrencia de 1os temllores grandes
(M7, 0) son altamente variables (30 - 100 ados) por lo tan
to es necesaric contar con un record histdrieo tan comple-

to come sea posible.

Si el periodo de recurrencia es conocide, la protati
lidad de ocurrencia de un temblor es proporcional ai tiemio
transcurrido desde e] Glrimo. Este {ltimo aspecto nos lle

'va 8 10 que se ha definido como tramo de quietud sismica a

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

El cencepto anterior fue originalmente dasarrollado
por Fedotov y MOEI ¥y posteriormente por Sykes v Kelleher v
colatoradores®. Estos {iltimos autores® pultlicarocn un mapa

de "gaps s{smicos" para el cinturdn del Pacifico.

¢

* Kelleher et al. {1972). Jourpal of Gecphysical research.



- —

55 ' ,

El mapa ha sido revisado recientemente por Mg Cann
y colatoradores®. Las siguientes fipuras son mapas de

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

Eate Tipo de mapas es muy util no s5lo pDara evaiuar
el riesgo sismico sine tambi®én como parts de un prograna
de prediccidn a largo plazo. na vez gue una ropoidn ec
reconocida como "gap"™, pueden utilizarse tacnicis para ce-
terminar cambios fisicos asociados con la‘acumulacidn de
esfuerzos,

Los cambios fisicos olservados se relacicnan al auman

to de volumen, previoc al temblor, llamade <ilztancia. Aso-

ciadn a la dilAtancia se= encuentran »1 camhio en la valoni

dad de las ondas P y 5, el aumento de 1a resistividad elag
trica, el cambioc en el campo magnético y =1 a.mento <de gas
radén en pozos cercanos asi como cambios en temperatura vy

nivel de los fluidos en los mismos.

Para explicar la dilatancia se desarrellaron dos ic-
delos que han usido llamados el ﬁodoln americano vy el modaels
ruso. Ambos coinciden en las fases ipiciales pere diverzern
en la deseripcidn del episodio final. Quizd la situacién

redl sea una comhinacibébn de amios.

* Mc Cann et al. (1979).0GR
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" Ondas Sismicas

Dentro de un cuerpn con eonslbantes o35t g Loy g
y densidad}f pueden viajar dos tipos de ondas llamadas "oe

. cuerpo" o internas:

"an
A '
.

-'1thgitudinaleE Vp =/i_:_2£ onda (de prirus)
p

Vi onda s {de secunlus puasg

Transversaloes v

[ |
1]

arrila después ge £)
. a2
En muchos casos » = u y Vpoz ﬁ Ve (Snl.g!o de Gisson)

En un =81ido elédstico ectyatificado con una superfi-

cie litre se generan ademds dos tipos de ondas superiizia-

les:

Ondas de Rayleigh con velocidad Cp v ondas de Love

con velocidad CL; puede demostrarse qun

CR < 0.92 Vs

donde vs ¥ US son las velocidades transversales de loy
I 2

dos egiratos.
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La velocidad de las ondas superficiales depende de
'la frecuencia y sufren por leo tante dispersidn. La disper .
sién i.e. la velocidad de grupo depende de la estructura
- interna del medio y por lo tanto su estudio puede utilicap

se para inferir esta estructura.

Las fases arriba descritas quedan registradas en los
sismopgranas (dependiende de la posicidn del instrumento con
respecto a la fuente) sin embarge su estruciura se compli-

. ca pues tambti®n aparecen fases de ondas reflejadas y refrag

tadas:
. Superficie libre
Lo SHPERET AR
' \;. -
A AN
£ oo\
7 } s
O 1 N
JAnterfase ) Interfase

N

_,2; : \\\i:khnfﬁ

N

| o

| - AN
]

i

]
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A escala global muchas de estas fases correspondic:-

tes a reflexiones y refracciones en el interior del plane-

ta pueden ser identificadasja contipuacifn pueden verse la:

trayectorias de algunas de estas ondas y su nomenclatura,

~asi como su distribucidn de velacidﬁdes con la profundicdad.
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Lag diferentes fases pueden identificarse en el registro con )
ayuda de las curvas de viaje de Jeffreys y Bullen gue nos dan ’ .
el tiempo de arribo en t&rmines de la distancia al foco. Es- -

L]

tas curvas fueron dadas por Jeffreys y Bullen en los afios 40
y a pesar de la introduccibn de los computadores modernos han

adgquirido poca modificacibn. ' .

— e . — —

360 340 320 300 28D 260 240 Izc oon
Q 20 AQ &0 &0 100 120 VAR - e
%0 : ! . ; —r—i: P 2,
2 R
“nh ~!
2y, T
- . / P
sl xer,, - ‘ ne
, .
j,,f ;
L ;
o f ; N X _
'l '4‘ ) ’
M) .

asr

Y

L

[
o

¢t {minutes}
[ ]
%]

L3 ) b
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© 20 40 &0 B0 100 120 in 4’ .ou
356 340 320 300 ZAG 260 24D o4
a{degrees)
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CONCEPTOS FUNDAMENTALES DE LA TEORTA DE PROBABILIDADES PARA
ANALISIS DE RIESGO S1sMICD

INTRODUCCTON

La teoria de Probabllidades es una herramienta muy fitil para eva

luar ¢l riesgo sismico.

Dade que la naturaleza de los temblores no es de tipo determinis
tico, el problemadebe tratarse mediante modelos probabilistico.

Por ejemplo, existen grandes incertidumbres respecto a las coor-
denadas del foco, magnitd del evento, tiempode ocurrencia, relaciones
magnitud-intensidad, etc.

No es pesible decir con certeza cuando ocurrird un temblor, pero

=f podemos decir qué tan probable es gue ocurra. El tiempo de
ocurrencia de los sismos de diferontes caracteristicas originados

en una determinada fuente puede expresarse mediante un proccle
estocdsfice, que es uéa descripocitn matemitica de la forma en gue
varia con el tiempo la ocurrencia de ciertos cventos,

Para formular un modelo de gismicidad y estimar sus paramecros

serid deseable contar con un nfimero suficiente de registrog de mov L
mientos sismicos fuertes,de las caracteristicas de su fuente y de

su ubicaciébn, sin embargo esta informacidn es muy escasa por 1o gue se
tiene que hacer uso de técnicas estadisticas mds refinadas (por ejem

plo 1 tecorema de Bayes).
Enseguida se presenta un repaso de los conceptos fundamentales do

ia teoria de Probabilidades paia la mejor compransibn del andlisis

de riesgo sismico,
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NOCIONES DE TEQRIA DE PROBABILIDADES

AXTOMAS FUNDAMENTALES

gxlnmﬁ 1.~ La probabilidad de un evento A se encucntra 0 y 1

Czp(AY =1

ﬁXIdMﬁ 2.- La probabilidad de la unién de. dos eventos mutuanen
: te exclusivos es igual a la suma de sus probabilida
des

PAUB) = PCA)Y + P(B)
81 estos no son mutuamente exclusivos, entonces

frum) = A - P(®) - f(ANB)

PROBABILIDAL CONDICIONAL

La probabilidad de gue ocurra un evento A, dado gue coenccenos el
resultade de un evento B es igual a

1
| MY = ?&’;g;ﬁ | AN &
De donde
P(ANBY = P(aiBY P 8)
Generalizando,
fANBNC ... ANY =Palenc L) felen, ) L. D

5i los eventos son independientes entre si, entonces

PLANBNG.. . . A = PCAYPCRYPLC) .. . .r{m)'
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TEOREMA DE PROBABILIDADES TOTALES
Dado un conjunto de eventos mutuamente exclusivos y colectivamen

te exhaustivos, By, By.vns B, es posible siempre expresar la pro
babilidad P{A) de otro eventCc A como sigue

P(ry = €(ANBY « P(ANBLY +.. .. = féPCﬁﬂB,;_‘)
Entonces . . .
PAY = Z: £(n1B) PR (2}

TEOREMA DE BAYES

La probabilidad condicional de Aj dado que ha ccurrido el evente B es

\;’(ajleﬁ IR (CTAN-) I 4 S IATLY ()
| P(B) *(e)

Por 1o visto en las definiciones anteriores es posible ilegar a lo
siguignte

ZCITXDILERY
Z o(eVh) PCA)

P(k]llg)z :'1=|*:2J e (4]

L1 . L
Generalmente a la probabilidad resultanto se le llama "a posferdoid”

y a la probabilidad P(Aj} se le llama "a pardoad"

DISTRIBUCION DE PROBABILIDAL DE LAS YARIABLES ALEATORIAS
El comportamiento de una variable aleatoria se describe a través
de leyes probabilisticas representadas mediante funciones de dis

tribucidn de probabilidad.

En el caso de variables aleatorias discretas estas levyes se repre
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sentan mediante FUNCIONES DE MASA DE PROBABIL1DAD. en el caso de
viriables continuas se utilizan las FUNCIONES DE DENSIDAD DE PRQ
BABILIDAD, Cuando se tratan varias variables 2 la vez el compor
tamiento lo determinan leyes de probabilidad CONJUNTAS,

DISTRIBUCION DE PROBABILIDAD MARGINAL

El comportamiento de una (o varias) varidble (s) aleatoriaf{s) se .
puedevobtener a4 partir de una distribucifn conjunta, integrando
scbré tados los valores de las variables cuyo ¢omportamiento no
interesa. La funcidn que representa a este comportamiento es la
dist;ibuciﬁn de probabilidad HﬁREINﬁL* Por ejemplo sean X ¥ Y va
riables aleatorias ¢ontinuas, con densidad de probabilidades

fgy {x, ¥); entonces la funcidn de probabjilidad marginal de x es
1‘;‘131 a ' —
-FK ('3-) = S -&d (‘K-J*s\ .i..k . .
. e .
Generalizando
= dx
—E-xuxt(‘!‘hr.':' - S ( g * 8 .c-x”xmx:} .. .,;ftulx'a:xa. ..K.:lal‘ﬁ- A*.IL &‘i.s . d -

DISTRIBUCION DE PROBABILIDAD CONDICIONAL

51 en una funcidn de distribucifn de probabjilidad conjunta algu
nas variables adguicren valores fijos la funcifn de distribucidn
de probabilidad normalizada resulitante representa a la distribu-
cién CONDICIONAL, Sean X y Y variables aleatorias continuas vy

(%, vy} su funci®n de distribucidén: si ¥ adguiere el valor Yo

X, ¥
entonces la funeidn de probabilidad condicional de X es igual-a
£ (s,
-Exl\f (y}_lﬁ.) - = ( J'-ju) (6“
- 'Ev{ﬁo)
En donde
o=

'&, 4) = 5 %‘ﬁ (.K,*i,b\/‘ .'&‘}ﬁ



FUNCION DE DISTRIBUCION ACUMULADA

Una forma alternativa de representar el comportamiento de una
variable aleatoria es mediante la funcibn de distribucidn aég
Lmulada. Ll valar de dicha funcibn, Fx{x], es5 igual a la pro-
babilidad de gue la variable aleatoria sea menor o igual gue

el argumento, es decir

L) = P(X2%) - j feode

La funcifn dz distribucifn fx[x} se puede encontrar & partir
de la fuincidn acumulada, a través de

Sus propledades son las siguientes

IR
f;(;-h = o
ﬁ(ﬂ]:L

P - e, ?[ul-r:.XEai;_l

MUMERTOS DT Uidda VARIABLE ALEATORIA

Hﬁdia & valor esperado de una wvariable coatinua X
-
me= £ 00 e )« L G
— gl
Variancia de una variable continua X
F
s T =
O =ver 03 = § Geom ¥ £ (Vx - €0 €]

—
Besviacibn estendard de una variaLle continua X;

Ca
n
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FUNCIONES DE MASA -DE PROBABILIDAD:
BINOMINAL Y DE POISSON

L L

Enseguida se tratan dos distribuciones de variables aleatorias
discretas ; discontinua de orden finito la BINOMIAL Y de orden
infinite la de poIsSSON

DISTRIBUCION BINOMINAL

Se aplica a experimentos de Bernoulli {acepta tnicamente dos po
sibles resultados: &xito y fracaso).

Sea
' P = probabilidad de obtener dxito

q = 1 -p = probabilidad de gbtener fracaso

La probabilidad de obtener x éxtito al realizar n veces el expe
rimento de Bernoulli es

propip g it v

Aguil se supuso gue los X &xitos occurren al principie., El nfimero

W

total de formas en gue puecden presentarse los % &xitos es igual
a las.éermutacinnes de n objetos formados por do0s grupos: uno de
¥ cbhjctes iguales y otro de n-x objetos iguales o sea igual a

. 'hl"

e e S =

x:"(h»v)!

o seé que la prcbébilidad buscada es la siguiente
i x h—m
Ply) = 2L o 5% 4 (o)
.'Yl.‘r{h—u.}j". f

La variable aleatoria ® es un nGmero entero entre gero y n

Su media es iguzl a
A

m oo 2. x P(x) = Je

X axr




Sy variancia es 8

6= 2. xP() = ”f?‘-l

* X Ao

gu desviasisn estidndard

RN EVE

La representacién grdfica de Pix) para n = 6 ¥y p = 0.5 es5 como

sigue Y

-
F{x

T
o4

o ! 2 ) " r e - ¥

DlSTRIEUCIdN DE POISSON

Si se considera gue en la distribucién binominal n tiende a infi
nito mientras gue la probabilidad p de é&xito tiencde a cero, en-

tonces la ec. {10} se convierte en
F'd -

P(xY = ;': l < ,  ¥=on23..m ' (1)

Esta distribucién de prcbébilidad se llama de pOjsSs50N e paréne-
tro v

Su media estd dada por

m o= Zox P(x) = W
) K=
Su variancia es igual a

1 -
¢ = T vEPGY =
®
K=o
S50 desviacidn estédndard

5 = I

(La distribucifn dc Poisson de pardmetros v = np Se aproxira a la

binomial siempre gque n > 50 y n p < 5]
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Bn las siguientes figuras se ilustra la variaciOn de la forma de

lag distribucicnes con el pardmetro v:

_?(n\h
V=87
Ill .
flx) 4 |
+ V=TS
L
=
e(x T
Ve S0
i]lllljn?

]

PROCESD BE POTSSON

Esto proceso ropresenta el ntmero de eventes que ocurre en un tiempo t Cmﬁqf

do dichos eventos tienet distribucién de Poisson: es decir,
mo L
?(h) _ (lt) e

T |
L ]

Ilustrando este grdficamente:

LL,LLJ oLl e

N

En un proceso de Poisson, la media de su distribucién {de Poisson)
es m, = it. Al parimctro A se le llama tasa media de ccurrencia

del proceso.

Un procesoe de Peoisson debe satisfacer las siguientes hipStesis:

— e ——mia e = —— e T -
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‘1. ESTACIONARIEDAD

4

La probabilidad de un evento en un intervalo cosfo de tiempo
(t, t + &t) es aproximadamente A{4t} para cualquier t. Es dae
cir que no importa qué tiempo t seé elige para hacer la estima

cidn.
2+ NO MULTIPLICIDAD

La probabilidad de 2 o mis eventos en un intervalo corto de
tiempo es despreclable comparado con A(4At)

2. "INDEPENCENCIA

El nimero de eventos en cualquier intervalo de tiempo es inde
pendiente de el nimero en cualguier otro intervalo de tiempe.
O sea gue la ocurrencia de unos es independiente de los gue

ocurren en otro intervalo de tiempo.

Varios investigadores han propucsto modelos probabilisticos pa
ra descrioir la ocurrencia de temblores. ﬁlgunﬂs de ellos se
basan en lﬁ construecidn de histogramas de tiempos de espera an
tre evantos sismicos. Por simplicidad matematica frecuenteman-
te se adopta la hipbtesis que la distribucidn probabilistica de
tales tlempos de espera eos de Peisson. Es decir, para una deter
minada regidn, la probabilidad de gue ocurran n temblores con

magnitud mayor gque M en el intervalo de tiempe (0, t) es

P = Oty &

e ,/ |
en gque lq cs el nGmcro medic de temblores con magairtud mayor
gue M gue ccurran en dicha regifn por unidad de tiempo. 5i sa
considera n nulo sc obtiene FC") _ --}‘-Ht
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gue representa la probanilidad de gue no ocurran tenblores con
magnitud mayor que M en el intervalo de tiempo t {afin cuandc
no empiece en cero) es decir la probabilidad de la intensidad

méxima en €l intervalo t

EJEMPLO

Mediante un estudio estadfstico sobre la ocurrencia de silismos
en cierta regidn se estimd gue un temblor con una magnitud
igual a & © maycr tiene un periodo de recurrencia de 100 anos.
Calcular las probabilidades de que en los prSximos 10, 50 y
100 afos no ocurra ninglin sismc en dicha fegiﬁn cuya magnitud
exceda a 6, suponiendo gque la ocurrencia de los sismos se pue

de modelar mediante un proceso estocfstico de Poisson.
1

: x
1. ) p N
A= — = 01
" 100 ol “255\
B (ny (.oin"™ e 01t 7 :
nt » & T}
Para t = 10 anhos
* —-,01 = 10
P( 0] = {.01 % 10} ¢ = .905
o !
Para t = 59 anos
* =,.01 x 50
pr o) » QL x50 e = 607
!
Lara t = }DD anos
~.01 % 100

P{ 0) (.01 = O0) e - .168

0!

- ——r

A e i e e o .
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Las probabilidades de gue ocurra por 1o menos un Sismo COn mag

nitud mayor que 6 son

B (n > 1) =1~ .905 = .095
"B,(n 2 1) =1~ .507 = .393

P (n>1) =1 - .368 = .632
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FURCIONES DE DERSIUAD DE PROBABILIAD:

EXPONENCIAL, NORMAL Y LOGNORMAL

DISTRIBUCION EXPONENCIAL

Eﬁ'la seccidn anterior se tratd el proceso de Poisson. En lo
que sigue se descrlblr& la distribucién de tlempo de espera en

tre eventos si ellos se describen mediante un procesc de Poisson.

-

i denotamcs la variable aleatoria T como.el tiempo de la pri-
mer ocurrencia de un evento, entonces la probabilidad de gue T

exceda algian valor de £t es igual a la gue no ocurran eventos

en el intervalo de tiempo t, o sea igual a 1-F. {t) = p (0}, o
| =kt

5ca A -
. ‘. —— FT (-t) = & ] 1: z0

Entonces Y % o

“knt '
L3582 e tzo

ple) = m

Que es la distrioucifn exponencial. Esta descrine el tiempo
de la primer ocurrencia de un evento de Poisson. Pero recor-
dando las propiedades de independencia ¥y estacionariedad del

. =X
proceso de Poisson e 1%

@s la probabilidad de gue no se presen
ten eventos en n4Hgun intervalo de tiempo t; auncgue este pno em
piece en t = 0, &1 utilizamos ¢l tiempo de arrivo del n-&simo
evento como el principio del intervalo de tiempo, entonces
e-lMt es la probabilidad de gue el tiempo de ogurrencia del
{ﬁ¥1]-ésimo evento sea mayor t. Es decir, los tiempos de arri

va intermedios de un Proceso de Poisson son indemendientes y
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est&n distribuidos exponencialmente. Su valor osperado, cono-

. ot X : -1 .
cido como peadiode do trecuraencsd, es igual a [lM] , Su varian

za es igual a [l;]-l

&r(m

by

A

0 v - >

o ] ?. 3 ¥ 5 ‘lt

[

Distribucién exponencial




.DISTRIBUCION NORMAL
Una de las mds importantes quC1cnes ‘dentro de la teorfa de- Proba
bilidades es la NORMAL © GQUSSIANA. Esta es aplicable a variables

aleatorias continuas dentroc del dominio de los nfimercs reales.

La funcién de densidad de prubabllldad esta dada por

(x—vn j . .
E:(?-} = ! E_ 2% ' “ W oo o (E")
" Jﬁa' ’ — i .
en dande »
' = media
z _ .
o, = variancia

Al examinar esta expresidn se deduce gue es una funcidn simétrica

con ;nspectc 4 un &£je vertical gue pasa por m . Que es asintética
al e¢je de las abscisas para valores guetiendan a * «, y, gque su
" valor miximo corrosponde a m - En la siguiente figura se presen-
ta 'su representacidn cuando su media permanece constante igual a

m, Yy 5u desviacidn ostidndar {ux] varia

£6) T

- A




DISTRIBUCION LOGNORMAL, - 16

La distribuci6n [OGARITMICO-NORMAL O LOGNORMAL Se presenta en el
caso. de gue el logaritmo natural de una variazble aleatoria tenga
distribucién normal. Es decir, si la variable X tiene una funcién
de densidad dada por la ec 13, y si X =1n ¥, entonces la funcidn
de densidad delY resulta lognormal v estd dada por

16 =5 CARICEED I IRTCENE

La qiguiente figura mugstra 1a grifica <e una distribucién logarIlt

mico-normal con m =0 y o, = 1. Esta es de forma asimétrica posi

tiva "

: -ﬂ(g)

Su media estd dada por
Lo
i
W'\T = S'-&'C('j)cl‘l = ﬁx{’ CW ‘*'q'-xf;z)
-]

Su varianza es igual a

F:: ﬂx{?(f-m: *‘“‘:) - (‘E"-’f’ ﬂ-:: "1)
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ANALISIS DE REGRESION

Una incOgnita importante que debe despejarse en el anilisis de
.reégresiSn es la FQRMA GENERAL DE LA EXPRESION MATEMATICA que se
piensa puede explicar el comportamiento de cierto fenSmeno. Un
pfcdédimientu grifico puede resolver este problema. Dibujando
los valores observados de la varilable independiente X con los
correspondientes valores observados. de la variable dependiente

¥ en un sistema de coordenadas rectangulares, se obtiene un con

junto de puntos conocidos como DJAGRAMA DE DISPERSION

ey 14 T I .
:X. — _=1 ™
a) Relacidn lineal ~ b) Relacién no lineal c) No éxiste
Relacidén

La CURVA DE REGRESIONW es agquella a la cual tienden a aproximar=
s&¢ los puntos del diagrama de dispersidn. La ecuazcién de la cur

va-de rcgresidn cs la ECUACION DE REGRESTON,

En ¢l caso de regresidén lineal se tiene una ecuacién de regresidn

de 1a forma :
‘3 = O, 4+ A x

con dos pardmetros por determinam a_ ¥y &,

Existen diferentes métodos para determinar estos pardmetros aguf

sc estudiard el método de. MINIMOS CUADRADOS
METODO DE MIN1MOS CUADRADOS

Se llama DESVIACION., ERROR 0 RESIDUD a+la diferencia de ordenadas
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de un punto muestral y de la curva de regresién correspondiente
a una misma abscisa '

>y

El método de los minimos cuadrados establece gue de todas las
curvas de regresifin que se pueden ajustar al conjunto de puntos
muestrales dados la MEJOR ©s aguella gque tenga la propiedad do

gue la suma de los cuadrados de sus residuos sea minima
"
2
L v, Z é._
L=i

aplicando este criterio para ¢l caso de una recta

m\'.wtf:tf,; = it ‘Z.K_‘jt - {a, +Q.i1¢{\;‘]1‘

Para encontrar el minime se aplica la condicidn necesaria conoci
da para que una funcidn tenga un punto extremo, €s decir, se igua
lar» a cero las primeras derivadas parciales de la funcidn con res-

pocto a cada una de sus variables.

El resultado de osto conduce a un sistema de ecuaciones simulti-

neas cuya solucién ecs el valor de los parimetros a, ¥ ay-
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REGRESION NO LINEAL . N <

Para resolver el casoc de regresién no lineal, generalmente convie
ne MAPEAR los puntos muestrales a un sistema de referencia en den
de s1 se aproximen a una recta, mediante ecuaciones de TRANSFORMA
CION | '
g x o= X (L)

Y =’ .} (u.,u-"l
4

. >
[T X
Los sistemas de transformacidn gque se usan con mayor frecuencia

con los SEMILOGARITMICOS ¥ LOS LOGARITMICOS

Por ejanplo una transfarmacisdn SEAILOGARITMICA &5 oomo siéw::
) o= an
'i- lOa i
En el sistoma x-y el diagrama de dispersién de los puntos mapeados l:xi, yi}
corresponde a una recta cuya ecuacifn es ¢y = aﬂ + ay ¥, en el sistoema uwv la
ecuacifn correspondiontn es ’&03 T =i +0,an
LI POt ke
L
= (o) (o)
= Q. l'l.‘:nm
En donde
' o
Q= D

Dy
b= ot
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Ejemplo, Sea
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1. INTRODUCCION - ’

Los criterios de diseno modernos tienen comeo objetivo optimi

zar las estructuras, es decir, conducir a sistomas cstructu=-

“rales en los cuales la utilidad obtenida de su ejecucitn sea

" méxima, La determinacifn de la estructura &ptima se puede

lograr a través de estudics costo-keneficio gue incluyan
explicitamente los siguiéntes parimetros: los beneficios es-

perados de su construccifn, los costos esperados de las posi

. bles fallas, los costos iniciales de disedo y construccidn,

asi como las probabilidades de ocurrencia y las intensidades

miximas de las sclicitagicnes de disefic. En este trabajo se

tratari lo relativo a la determinacidn de las solicitaciones
sismicas en un sitioc dado con base en modelos de riesqo sis-
mico. Los otros pardmetros serin discutidos en otras contri
bucienes de esta reunibn. -

Las cargas sismicas producidas en construcciones durante la
ocurrencia de un temblor son generadas por el movimiento
errdtico del suelo gque rodea la cimentacién de una construc-
cifn. Dicho movimiento es trasmitido a la estructura como
fuerzas de inercia que actfian en los diferentes elementos de
la misma. La amplitud de &sas fuerzas depende principalmen-
te de las propiedades dindmicas del sistema estructural y de
las caracteristicas del temblar,

Sin embarge, es ampliamente reconocido gue se tienen grandes
incertidumbres respecto a la intensidad, lecalizacién y el
nfitero de temblores futures, por le cual el disefio de estrug
turas en una regidén de actividad sfsmica potencial debe
incorporar dichas incertidumbres. Una forma racional de
hacer esto Gltimo es evaluando los niveles de las intensicda-
des miximas esperadas del terrenoc &n un sitico dado para dife
rentes lapsos de tiempo. Lo anterio; puede lograrse hacien-
do uso de los llamados modelos de riesgo sismico, los cuales
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. los temblores-y la respuesta de las construcciones 2 los misg
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son modelos matemiticos gue cn.una situacidn ideal deben sin
tetizar toda la informacidn sismica existente sobre la regifn
de interés, as{ como ¢l estado del arte scohre el proceso de
ganeracifn de temblores. Los resultades do dichos medelos

sen generalmente presentados por medio de grificas o tablas

" que relacionan los valores de los parimetros del movimiento

del suelo (aceleracidn, velocidad ¥ desplazamiente miximos)
en un sitio di: interfs con lapsos de tiempo llamados periodos

de rocurrencia.

Una vez que el riesgo sfismico para un sitio ha sido determina
do, el calculista estard en posibilidad de analizar el compor
tamiento de las iﬁplicaciones econdnicas de diferentes dise-
nos bajo varios niveles de la intensidad del movimieﬁ}o del

terreno.

La informacidn sfsmica que se menciong en el pédrrafo anterior
puede dividirse en los siguientes tipbs: tecténica, estadisti
ca {sismicidad), gecfisica y geclégica. Como se veri mas ade
lante, con los modelos de riesgo sismice actuales es muy fre-
cuente utilizar las dos primeras fuentes de informacidén {en
particular la relacionada con la sismicidad}, mientras que
las deos filtimas son utilizadas en una forma complementaria e
indirecta. Debido a lo anterior en este trabadjo se le dard
£nfasis a la infeormacifn tectdnica ¥ sobre la sismicidad de
la reqin de interés, gue es ¢l cccidente de México. En el

capftule 2 se prasentan brevemente aspectos relacionadeos con

mos. Una sintesis de los aspebtns mis importantes schre la
tectfnica la sismicidad de esta regifin se presenta en el ca
pitule 3.




En el Cap 4 se presenta un modelo de riesgo sismico cuyos pa
rimetros son estimados aplicando estadistica bayesiana. Di-
cho modelo se ha utilizado recientemente en el Institute de
Ingenieria, UNAM, para determinar las intensidades méximas
del terreno (paré diferentes lapscs de tiempo) en algunos si
tios de Mé&xico. En el mismo capftule 5 se presentan los re-
sultados obtenidos do éplicar el modelo mencionade para de-
terminar el riesgo sismico en un sitio en el estado de Jalis
¢o. Finalmente en ei Cap 6 se presentan algunas conclusio-
nes ¥ recomendaciones sobre el riesgo sismico del occcidente
de M&xico. '
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2. TEMBLORES Y LA RESPUESTA DE COHNSTRUCCIONLS A LOs MISHMOS

2.1 Origen de los temblores

Los temblores de intexés en ingenierfa se consideran de origen
tecténico. Esta clase de temblores se generan cuande la corte
za terrestre libera energfa elistica al desplazarse las super-
ficies laterales de fallas goolégicas. Dicha encrgfa se pro-
_piga en la forma de ondas sismicas a través de la corteza te-
.rrestre, las cuales se manifiestan por el movimiento castico
de la sﬁperficie dix la tierra. Este movimiento erritico es

¢l que dana las estructuras localizadas en sitios alcanzados
por temblores, cuando &sas estructuras no han siddpﬁiseﬁadas

'Para soportarlos.

Se llama foco de un temblor al punto bajo la superficie de
la tierra donde se supone que se inicia la ruptura de una fa
- 1la geoldgica. La profundidad de ese punto se conoce como
profundidad focal vy la distancia del foco a un sitic de inte
r&s se denonina distancia focal o hipodentro. La proyeccidn
vertical del foco sobre-la.superfircie de la tierra se llama
epicentro y la distancia de £ste a un sitio se¢ le conoce co-
mo distancia epicentral. Lallongitud de ruptura de una £falla
se denomina longitud de la falla.

2.2 Intensidad de Mercalli y magnitud de un temblor

La intensidad de Mercalli modificada, I (MM}, es una medida
subjetiva del nivel de dafio que sufren las estructuras hechas
.por el hombre, as{ como de modificaciones a la geologia super
ficial producidas per un temblor onh un sitio ¢ una regidn da-
da {ref 1).. Dependiende del nivel de dafo causado por un tem
blor.en un sitiao, se asigna un nlmero romane gue varfa del [
-al XIT (de la escala de Mercalli modificada) a un temblor en

¢ése sitio. Se llaman isosistas de un temblor las lineas cque

e e a o —— ¥ - ———




unen puntos (sitios) en los cuales ese teomblor se manifiesta

con una misma intensicdad, en la escala de Mercalli nodifica-

da, Las isosistas forman parte de los llamados mapas 'de ise
sistas de una regién para un temblor determinado, '

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

+energia liberada durante un temblor: con su forma arigiﬁal s5e
" definid como, .

M= log“-.% | C1.1)

dopde M es la magnitud del temblor, A es la amplitud maxima

"(en milimetros) registrﬁdcs por un sismbgrafo Wood-Anderson

a una distancia de 100 Km del epicentro y A, es una amplitud
1qual a. 107} mllimetros {ref 1). En la actualidad la magni-
tud de un templor se obtiene como el promedio de las magnitu
des ﬂhteuidas por diferentes estaciones sismolégicas. Exis-
ten algunus variantes de la escala original de nagnitudns de
les temblores.

La energfa sismica (en ergs) liberada durante un temblor pue
de calcularse en forma aproximada mediante la expresifn semi

empirica {ref 1}:
logyeE = 11.8 + 1.5M - {1.2)

Dado que la escala de Mercalll medificada no requiere de ins
trumentos para asignar la intensidad de un temblor en un si-
tio, los catilogos de I(MM) constituyen la finica fuente de
Jinfermacién sismica disponible para algqunos sitics o regic-
nes, esgpecialmente para temblores ccurridos antes de princi
pios de siglo. Los catdloges de magnitudes de temblores se
inciaron en la tercera ﬂgcada de este sigleo, principalmente

en el Arca de California, Estados Unidos. Parvra otras reqlo-

nes del mundo dichos catilogos se inicliaron hace unos pocos
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afios, Come se verd en el capftule 3, la informaciln conteni
da en esos catilogos constituye una parte escencial de los
procedimientos utilizados para predecir las intensidades fu-

turas en algln sitio de interés; por lo cual se han propues-

‘to expresiones semicmpiricas gue relacionan la magnitud M de

un temblor y su correspondiente I{MM}, asf{ como alyunas carag

terfsticas geométricas del temblor (como su profundidad focal

etc.). Dichas expresiones se utilizan para generar o comple

mentar catiloges de M en algqunos sitios o regiones de interés,

2.3 Acelerogramas e intensidades miximas del terrenc

-Desde el punto de vista de la ingenierfa, la informacién fun

damental para estimar las. fuerzas sismicas que actfian sobre
yna estructura la properciconan los acelerogramas, los cuales
son grificas que representan la variacidén en el tiempo de
las aceleraciones del terreno. Un acelerograma, el cual se
puede ideqliz#r como una secuencia aleatoria de pulsos de
aceleraciones gencrados por el movimiento del terreno duran
te un temblor, se obtiene por medio de un aceclerbgrafo. Los
acelercgramas tambi&n se pﬁedgn simular por medioc de computa
doras anal&gicas o digitales. Las variaciones en el tiempo
de las velocidades y los desplazamientos del terreno obtie-
nen al integrar ¢l acelerograma ccrrespcndiente unc y dos ve
ces respectivamente (ref 2},

De chservaciones de campo y de laboratorieo, se ha concluido

que las respuestas miximas de las construcciones a temblores

-taceleraéicnés, velocidades, desplazamientos) dependen Ze la

intensidad?¥*, el contenido de frecuencias, la distribucién en
el tiempo de dicha intensidad y la duracifn del temblor
(ref 1). La intensidad y el contenido de frecuencias de un

* En lo gue sigue se cntiende por intensidad de un temblor a
cualquier parfimetre del movimiento del terreno relacionado
¢on la respuesta de una estructura a diche temblor.

T ——
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“tomblor pueden estimarse {en forma aproximada) a partir de
su aceleracitn, velocidad y desplazamiento miximos.

2.4 Espect}ns de respucsta - .

‘Las respuestas miximas de un sistema de un grado de libertad®
sujeto a un temblor se pueden obtener resolviendo la ecuacidn

“de equilibrio dinfimico (exprosidn matemdtica que relaciona
las fuerzas de inercia, amortiguamiento y eldsticas del siste

"rwa con la fuerza sismica cérrespcndiente, ref 1}. Otra éurma
de obtener dichas respuestas es a partir del registro de las
aceleraciones de la masa del sistema, en caso gque el sistema

estructural asté instrumentado.

' Se conoce como espectro de respuesta a la curva que resulta
de unir los puntos correspondientes a l;s ragpuagrag miximag
_a un acelerograma éado de sistemas de un grado de libertad
,con el mismo amertiguamiento y diferentes periodos naturales

¢

de vibracidn.

De estudios estadisticos efectuados en diferentes lugares
“(ref 1 ¥y 2} se ha llegado a la conclusidn de gue las intensi
dades mdximas del terrenc estdn correlacionadas con los espec
tros de respuesta. En particular, la aceleracifn mdxima del
" terreno so relaciona satisfactoriamente con las respuestas
miximas de sistemas de periodo corto (estructuras rigidas),
mientrags que la velocidad méixima y el desplazamienﬁn miximos
correlacionan adecuadamente con sistemas de periodo interme-
dio y larga {estructuras flexibles) respectivamente. De aqul
se sigue que los espectros de respuesta pueden calcularse a
partir de las intensidades mdiximas del terreno y factores

espectrales de amplificacién como los propuestos en la ref 1.

* Un sistema en el cual una sola coordenada defipe la locali
zacifn geomftrica de su masa, como por ejemplo un pértico
de una cruijfa, cuya trabe tiene una rigidez infinita.

e T



Con el procedimiento menciopado en ¢l pdrrafo anterior es po
sible obtener los espectros de diseho. Los cuales son grifi
cas gue relacicnan'las envolventes de las respuestas miximas
egperadas de sistemas de un grade de libertad sujetos a dife
rentes temblores con los pericdes naturales (o frecuencias

‘naturales) de vibracidn de dichos sistemas. A partir de los
espectros de diseno se pucden calcu.lar las cargas sismicas

que en un instante dado actuarfan sobre un sistema estructu-

ral.




3. TECTONICA Y SISMICIDAD EN EL OCCIDENTE DFE MENICO

3.1 Tectbnica

La estructura tectSnica de la regién comprendida por los es-
tados de Michoacdn, Colima, Jalisce, Nayarit y Sinaloa esta

relacionada con el movimiento de subduccién de las placas de
Cocos y de Rivera baje la placa Americana, asi como con los

movimientos de las fallas transformadas y centros de disper-
8itn del Golfo de Califernia refs (3, 4, 35, ﬁh.

" Los, estudios efectuados eon dichas refs permiten concluir que

la estructura tecténica de la regifn es nuy compleja, en par
ticular en lo que se refiere al comportamiento tectfnico de
la triple junta de las mencicnadas placas. Lo anterior se
debe a-que tanto las velocidades de subduccidn, como 1os rum
bos de las plhcas de Cocos y de Rivera son muy diferentes,
ya que la primera se desplaza con una velocidad de 5 cm/afo
en la direccién nereste ref [(4) mientras la segunda lo hace.
con una velocidad de 2.1 emfaho en la direccitn noroeste ref
i3). De lo anterior sa Eiqhe gque los mecanismos de los tem-
bleres en la zona sean muy diferentes, dependiends de cual .

sez la placa a que se asocien ret (3).

Asf, de los tembleres localizades fuera da la costa, algunos
se asgcian-a la zona de la Fractura de Tamayo frente a las
costas de Sinaloa y Wayarit, otros a 1la zona de la fractura
de Rivera y la mayorfia a la trinchera mescamericana refs

Ii, 4, 5, 6). En cuanto a los temblores localizados tierra
adentro en la ref (7} se sugiere gue se les pucde asociar a
los movimientos en las fallas Zacamboxo, del Pac{fico y
Clarién Fig 1; debe mencionarse que no se tiene cvidencia
coacluyente schre la existencia y por tanto de las caracte-
risticas especificas de estas fallas.
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3.2 Sismicidad

La sismicidad de la regidn ha side motivo de estudios recien
tes como los de las refs (3, 6, 7, BY, De dichos estudios

- se puede conclulr que se tiene evidencia estadfstica de la
ocurrencia de temblores degtructivos en la rnqidn de interés,
mag no se cuenta con loa correspondientes reqgistros del movi
miente del tarreno. ' R

Entre los temblores con magnitudes mayores o iguales a 7
ocurridos en la regifn se puede mencionar tres en el sigle
pasado (1845, 1858 y 1875) y cuatro en ¢l presente {1911,
1932, 1941 y 1973) refs {7 y 8) Figs 2 a 7.

En la ref (3) se estudia el praoblema de la localizacidn del
tenblor de junio de 1932 con magnitud igual a 8.2 y se con-
cluye qua dependiendo de si este temblor fue causadeo por el
. movimlento de la placa de Cocos o por la placa de Rivera se
espera que un temblor con caracteristicas similares ocurri-
rfa (o sea tendria un periodo de recurrencia) en 56 o 140
anos a partir de 1532. En 14 ref {8) se menciona que la re
gidn de Jalisco tiene un potencial sismico muy alto ¥y que .
el lapso para que ocurran temblores fuertes (magnitud mayor
o igual a 7} varia entre 32 y 56 anos. '

3.3 Conclusiones sobre la tectfnica v sismicidad del ceci-

dente de México

De lo discutide en los incisos 3.1 ¥ 3.2 se puede concluir
lo siguiente:

a) La infoyrmacisn actual scobre la geptectfinica y la sismici
dad del occidente de México soclo permite afirmar que la

regifin es sismicamente activa.

b) Que en la regibn pueden ocurrir temblores destructivos cu
yo periodo de recurrencia varfa en un rango de decenas a
cientos de afios. '

—— o i




- '

c¢)] Be tiene informacifn de tipo estadistico sobre las magni
~tudes y la lacalizacitin de temblores ocurridos en la re-
gién en el presente siglo y algunos del pasado.

d) No se cuenta con registros del movimiento del terreno en

r

~la regifn; quc sean de interés ingenieril.
4.. MODELOS DE RIESGO SISHICO .

4.1 Modelos de riesgo sismico

. Los modelos de riesgo sismico son modelos matemiticos gue en
una situaciéin ideal sintetizan el conocimiento actual sobre
el proceso de generacién cde temblores y que se combinan con
'la informacién sismotecténica disponible en una regifn, para-
estimar los valores esperados de las intensidades miximas
del movimiente del terreno en un sitio dado durante ciertos
iapsos {(periodos de recurrencia).

Los modelos de riesgo sismice que se han utilizado en los
4ltimos anos en el Instituto de Ingenierfa, UNAM, tienen co-
mo hipStesis fundamental gue las intensidados mi&ximas del
terrens en un sitio determinado resultan de las contribucio-
nes de la actividad sismica de volumenes de la corteza terres
tre vecinos al sitio. Sin embargo, los modélos mencionadas
“‘difieren en la forma en qgue consideran las incertidumbres
‘inhereptes a los diferentes tipos de informacién sismica dis
ponible y sobre los modelos conceptuales del proceso de gene
racién de temblores. ‘ ’

Se tiene un tipc de modelos que agui se denomina bayesianos
en los cuales las incertidumbres sobre la informacidn vy los
modelos mencionados son explicitamente considerados por me-
dia del teorema de Bayes (Apéndice A). - Los otres modelos,

gque llamaremos no bayesianos, manejan las incertidumbres men

—_— i —
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cionadas apoyandose exclusivamente en la informacidn estadis
‘tica con gue se cuente [generalmente escasa) o en la opinién
{generalmente conservadora) de los especialistas para modifi
car alguna hipfitesis sobre el proceso de generacidn de tem-
blores.

En la Parte IT se preschitd un modelo de riesgo s1801c0 no-haye
" sianc utilizado recientemente. En 4.2  se propone un
modelo de riesgo sismico bayesiano y en el cap 5 un ejemplo
de su aplicac¢ifn a la determinaclén de las intensidades md-
ximas esperadas del terrenc para un sitio en el estado de
-Jalisco. '

4.2 Modelo de riesgo sfsmico con parSmetros bavesianos

4.2.1 gismicidad regional y local

La sismicidad regional, v, en un sitio determinado, o sea el
efecto que producen los temblores gue ocurren en la regidn
vecina al sitieo, depende principalmente de la contribucifn
que a la misma hacen los volumenes d¢ la corteza terrestre
alrededor de diche sitis. Dada la atenuacidn de la intensi
dad con la distancia, solamente los temblores localizados a
alqunos cientos de kildmetros del sitic contribuyen en forma
importante a esta sismicidad. -

Los volgmenes citados se designan como fuentes sfsmicas y se
caracterizan por las incertidumbres asociadas a la frecuen-

cia de ocurrencia y las magnitudes de los temblores gue gene
ran. Se depomina sismicidad local, X, al proceso de ocurren
cia de temblores de diversas magnitudes en una fuente sismi-
ca. De lo anterior se puede concluir que la sismicidad re-

gional para un sitic puede estimarse a partir de las sismicl

dades locales de las fuentes sismicas correspondientes.

—_ — i - -
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Por ejemplo si A{M) representa el nlmero ¢e temblores de mag
nitud igual o mayor que M generades on promedic peor unidad
de volumen y por anc en fuentes sismicas vecinas a un sitio
_especifico, el efecto de estos temblores en dicho sitio se
puede avaluar con la expresifn (xef 10}

v, (y) = £, h (uly, R} av ()

dénde Ve {y) es ¢l nmero medie anual de temblores con inten
sidad mayores que "y" registrados en el sitio de interés y
‘generados por las fuentes sismicas, M{{y, R}] es la magnitud.
. M que produce una intensidad "y" a la distancia R y dv es un
volumen elemental de la ¢ortezZa terrestre distante R del si-
 tio de interé&s. El subindice c de v significa que las inten
sidades "y" son calculadas a partir de las magnitudes, pro-
fundidades y distancias epicentrales provenientes de catdlo-
gos de temblores y de leyes de atenuacidn que relacionan mag
nitud-distancia-intensidad como Se comenta mis adelante,.

4.2.2 Meodelo de sismicidad logal

La sismicidad local, A{M), asoclada a una fuente sisﬁica de-
terminada puede estimarse utilizando un modelo del proceso
estocéstico {aleatoric) de la ocurrencia de temblores da ‘di-
versas magnitudes en dicha fuepte. Si se adopta una forma
para el proceso, la sismicidad local podrfia calcularse una

vez gque 52 estimen los parfmetros gue definen a dicho procese.

En este trabajo se supone gue la ocurrencia de eventos se
puede idealizar mediente un procesc homogeneo de Poisson.
Lo anterior implica gque la distribucidn de los tiempos de
" ocurrencia de temblores es independiente de la historia pre-
via, Esta independencia se supone también por lo que respec
ta a la distribucién espacial 'de los focos de los eventos
sismicos. De acuerde con la referencia {11), A(M) se expre
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aa como

A = a e B (q - oYUMl oy o

(4.2}
=0 _ M > M,

donde a, B, Y Yy M, son parimetros del proceso, los cuales

‘deben estimarse a partir de los datos éstadisticos, y de las
caracteristicas sismotectfinicas de las fuentes vecinas al si
tio ¢ de zonas similares de la tierra. I, es la magnitud md

xima que dichas fuentes pueden generar.
¥

4.2.3 Ecuaciones de atenuacibn

Las ecuaciones dc atcnuacifn son expresiones semiempiricas
cque relacionan magnitud-distancia-intepsidad {aceleraciones,
valocidades vy desplazamientaé miximos) de temblores en terre
no firme, UOichas expresjiones pueden obtencrsc.a partir de
los datos que existen sobre los pardmetros mencionados. En
general, los procedimientos utilizados para obtener las le-
yes de atenuacidn consisten aén ajhstar curvas a los dateos de
aventos ocurrides en diferentes regiocnes, por lo cual las
expresiones asf obtenidas reflejan las caracterfisticas geotec

ténicas de la regin para la cual fueran obtenidas (ref 12).

En este estudio se utilizardn leyes de atenuacién de la for
ma siguiente

baM

y =b, e (R + Ru}'b‘ (4.3

donde by, bz, by ¥ Ry Son los pardmetros estimados del ajus-
te y R fue definido previamente. )

-

En este trabajo se usardn las leyes de atenuacidn propuestas

‘en la ref 12 las cuales fuercn obtenidas a partir de 1la in-




formacidn correspondiente a tembleores ocurridos en torreno

firme de la costa ceste de los Estados Unidos y de la Repd-
biica Mexicana. Las expresiones propuestas con dicha ref para
estimar la aceleracidn, a, y la velocidad, v, mixima del te-

rreno ascciadas a un temblor sont

a = 5600 o0-2M

(R + 40} 7% en. (cm/seg?)  (4.4a)

v=32e" R+ 250727 en (emfseq)  (4.4b)

k

dende M y R, ia magnitud y la distancia del sitic de interés
"ai foco del temblor se cbtienen de la informacién del catilo

go de eventos para la regién de interés,

En la ref 12 se efectud un anidlisis.estadistico de los erro
res de prediccién asociados a las expresiones 4.4a y 4.4b,
Te este estulio se determind que 1los logaritmos naturales d&

los cocientes de las intensidades (a o v) predichas a las

registradas instrumentalmente tienen distribucifén lognormal.

Los par&metros de las mencionadas distribuciones fueron: pa-
ra la aceleracién mixima del terreno, media igual a 0.04 y
desv;ac;én estindar igual a 0.64; para la velocidad m&xlma
del terrenu, medla igual a §.124 y desv1ac1ﬁn est&ndar iqual
a 0.74,

. 4.2.,4 Modelo de sismicidad réﬁional.

La contribucifin de una fuente sismica de volumen elemental
Av a la sismicidad regional v, en un sitio, distante R de la
fuente, se puede obtener combinando las ecs (4.2} y (4.3},
de lo cual resulta la siguiente expresidn, {(ref 11).

-r

8 v {y) = o bl (RtRe) T y {l-ty!yll ©y av, ¥ £ v

(4.5)
=90, ' Y > ¥a
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En [475], r = Bfb,, € = v/by, d =-b3 r, y; ¢s la intensidad
obtenida con la ec 3 para M = My: o, 8 y v son pardmetros de.
la 'ec {4.2). '

Para obtener la contribucifSn de varias fuentes sismicas a Ve

en un sitin bhasta con integrar la ec 4.5 con respacto al di-

ferencial de volumen. El resultado de dichn integracién no

" variar§ en "y” como la ec 4.5; sin embargo, para fines préc-

ticos dicho rasultade se puede reproscntar por una expresisdn

similar a su segundo miembro, es decir (ref 11}:

x y ©

P

vy} A-(y/v2)%), ¥y S y1
' T (4.6} '

=ﬁ ,|. I Y>:lr1

donde k, r, € ¥ y, son parimetros gue se pueden estimar a

partir de informacifn estad{stica de los temblores y de las

caracteristicas sismotecténicas de las fuentes vecinas-al

sitio de interfs o de zonas similares de la tierra, EL paréd
metro ¥y, es el valor miximo esperado, que resulta de aplicar
la ec 4.3, a la combinacitn mas ﬁesfavorable de M, ¥ R, para

las diferentes fuentes sfsmicas vecinas al sitio.

Los valeores de v obtenidos en terminos de los datos estadis-

- ticos scbre intensidades calculadas (a partir de magnitudes

y distanclas} con las ecuaciones de atenuacién de 4.2.3 de-

ben corregirse para tomar en cuenta las incertidumbres deri-

" yvadas de la utiljizaciéin de dichas leyes. La correcciSit men-

clopnada se trata en 4.2.6.

Generalmente los catfilogos de temblores que contienen la
informacién mencionada en el pdrrafo anterior estdn incomple
tos; es decir, no incluyen tedos los eventos gue pudieran ge
nerar intensidades miximas del terreno capaces de producir

danos en las estructurds gque se construyan en el sitic de




-

“lor corregido de v se le designard por v

cinterés. Tste proviene de que s&lo contiencn informacidn com

pleta para magnitudes por cncima de un cierte limite inferiox
Yy Por lo tanto emplear estos catilogos sin correccién equiva-

le a ignerar la contribucifm al riesgo de los temblores muy

- peguefios, pero frecuentes, gque pueden ocurrir a distarcias

miy cortas, Debido a lo anterior resulta nccesario introdu=-

“eir una funcién corractiva (v}, por la cual deberd multipli-

carse la sismicidad v, obtunida a partir del catdilogo; al va-
. . co’ ?[y} depende de
los pardmetros de las leyed de atenuacidn y de las intensida

des maximas calculadas ¢on esas leyes. En forma aproximada

 fly) puede representarse asf (ref 11)

£ly) = 1/ {1-b{l-v/¥1) %) : v £ ¥i (4.7}

donde b, s, ¥ yi{ son definidos como sigue 8 » 0, 0 £ b £ 1 y
¥l es el valer miximo de y: que pucde esperarse de las fuen-
tes sismicas vecinas al sitioc de interés, Los valores agpe-
cIficﬁs gue adoptan 5, b y yi dependen de los parémetros de
liM], de las leyes de atenuacidn utilizadas y de la dlistribu
cifn espacial de la sismicidad en la zona vecina al sitie,
;

De 1a ec 4.7 se pueﬂe ver que fly) es igual a 1/{(1-b), para
v =0 e igual a 1 para ¥ = y!. Los valores limites manifies
tan el hecho de que en general los catilogos de temblores es
tin completos para magnitudes grandes y siendo lo contrario

para magnitudes pequenas.

De 1o anterior se sique gue la ui{y} corregida por incompletez

.del catdlogo se expresa como

Vool = £Uy) v {y) {4.8)

donde fiy) ¥ ucly] estan dados por las ecs - {4.7) ¥ . (4.6) res-

pectivamente.
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4,2.5 Estimacién bayesiana de la sismicidad regicnal viy)

En este trabajo la estimacidn de v(y} consistiri en obtenar
la esperanza de esta varible a partir de la distribucitn con
junta de probabilidades de los par&metrns1k, £y £ ¥ Y1, que
son los que definen a v ly) de acuerdo a la ec 4.6. Para de
terminar esta distribucién se efectuard el anilisis bayesia-
no de dichos pardmetros, que cscencialmonte consiste en apll
car el teorema de Bayes thppndice A) a toda la informacidn

geotectdSnica y sismoldgica significativa de gue se disponga

- en la regidn donde se localiza el sitio de interés. Si se

representa por Z el vector formado por los pardmetros k, r,

£, Y1; por YN 2l vector constituide por los N valores de las
intensidades ' observadas durante un lapso t, por £f' y £" a
las distribuciones bayesianas inicial y posterior de 2 respeg
tivamente; por L la funcidn de verosimilitud del vector Yo
para un Z dado. B5e tiene la siguiente expresi&n {Apé&ndice A):

£2 tZIYH; t) a £5 {2) L (¥, t]z) (4.9}

La distribucidn fé{z] depende de las distribuciones margina-
les iniciales de los pardmetros de A (M), es decir de a, B,

YY Mu fver ecs 4.2 vy 4.5%}. En relaciﬁn a ¢ se puede partir
de estimaciones de los valores esperados de (M} para magni-

tudes peguefas en zonas sismicas gue inveolucren volfimenes

. considerables de la corteza torrestre. Tambifn se pusde ubi-

lizar la irformacifn geofisica sobre la liberacifn de ener-

gfa sismica en regiones de dimensiones intermedias (ref 11) .
En cuanto a B sc puéde utilizar valores que provienen de re-
gqiones sismicas semejantes a la de interés, ademfs de gue su
rango de valores posibles tiene una cota superior (ref 11).

Como no se& tiene informacién sobre los posibles valores de v,
para este pardmetro se regquiere utilizar distribuciones difu-

" sas. Finalmente la distribucidn inicial de Mu se puede formu
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'lar con base en la informoacién geotecténica de la reqgidn ve-
‘gina al sitio, o si dicha informacién e ascasa o inexistente
para las miximas magnitudos observadas en la mencionada re-

i )

.gisn.

cuando se carece de informacidn significativa en la regidn
s{smica de interés, la distribucién £}(z) se pucde determinar
asignando a los par&mctron.k, r, &, ¥1 distribuciones margina
les unifeormes en intervalos que sc consideren apropiados: ade
mids se supone gue dichos parfimetros son estadisticamente inde
.pendientes. De lo anterior se puede obtener que

£'{z) = £(k} fir} E(e} £ly,} {(4.10)

:dqnde £(i), i = k, r, €, y, representan las distribuciones
-maqginales de los parimetros k, r, €, ¥1.

. s o
Para obtener la funcifn L{.) se supcone lo siguiente: gque las
intensidades nbservadés {es decir las intenvidades calouladas

para valores observados de magnitud y distancia) ‘¥, son varia

bles aleatorias independientes con identica distrigucidn, que
dichas intensidades tienen un limite inferior Yo asi como la
" hip&tesis mencionada anterieormente de gque la ocurrencia de
los temblores constituye un proceso de Poisson({seccién 4.2.2).
'"D; acuerde con las hipdtesis anteriores se pueden escribir
que la funci6n L{.) satisface la siguiente relacidn de propor
cionalidad
N

L{YH: t]Z)= ucc{ya} +i£ Lnucolyi} H.ll:]

1
En esta relacién, ﬁco lyol es la tasa de excedencia corres-
pondiente a Yo calculada con la ec 4.8, t cs ¢l lapso de
G?S&rvac15ﬂ de Y, ¥ Ucﬂl?i} es la derivada de ucoly] con reg
pecto a y valuada para y = y;- En el apéndice B se mucstra

ia obtencidén da la ec (4.11}) asi como la forma explicita de
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sus términos,

Sustituyendullas ecs 4.10 ¥y 4.11 en la ec (4.%) es posible
obtener la distribucién de probabilidades a posteriori deo los

pardmetros k, r, €, y;, de lo cual se sigue gue la esperanza

_a posteriori, E"{.), y la variancia a posteriori, ¢?*{.) de

Voo PATa Y = ¥, se pueden estimar con las siguientes expre-

siones:

E" (v _,fyy)) = é Voo lYy!) £5 IE|YH= t) dz (4.12)

o (v oty h) = élv@{yil-E"{vmtyiH’fE[zlYN ; EYdz

(4.13)

en estas ecs dz = dk 4ar de dy; y £ e5 el dominio de Z. La
integracidn de las ecs (4.12, 4.13) se efectuarid discretizan
do £ por medio de la concentracifn de las prnbabilidadeé baye
sianas de Z en los puntas del dominio definidos por valores

preseleccionados de los parfmetros k, r, €, y1; €5 decir:

N3 l'I.; n: 3 1Y

E"(ucclyi}}* I - L X L v {yi]fg ( 1YN:t1

o0

=
mel n=1 g=1 p=l ; bhnsu

(4.14)

-} . My nz O3 N . 2
¢g“"{v_ (y. )= ¢ I I T {v__{y,}-E"{v__(y. .}V £]
cati m=l n=1 s=l p=1 co'ti coTi Z

(z ¥, ., t)
mn sy N (4.15)

En las ecs (4.14, 4.15) n,, nz, n; ¥ m, represéntan el nidmero
de valores selec¢cionados de k, r, € ¥ y: respectivamente,
£"(.) es la distribucién de probabilidades a posteriori de Z

vgluada en km; Eov Ege FIH' ;n las ecs 4.14.y 4.15 esta
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impl{cito que ucﬂ[yll_también debe ser valuada en los migmos
puntos que £"*{.). El coeficiente de variacién a posteriori
de vcn{yi}, v’[ucotyi]} se puede obtener directamente con la
ec 4.16

VU Ay = oty ly  DEM Ly )) (4.186)

donde c"{.) es la desviacidn estandar a posteriori.

4,2.68 Correccidén por incertidumbre en las leyes de atenvacidén

‘En 4.2.3 se menciond que los cocientes de las intensidades

reales entre las predichas con las leyes de atenuacidn dque se
utilizan en este trabajo (ecs 4.4a y 4.4b) tienen una distri-
bucidn de probabilidades lognormal con medias y desviaciones -
estindar indicadas en esa seccifn. Para tomar en cuenta el
efecto de las incertidumbres implicitas en las leyes da ate-
nuac1én Eﬁ la sismicidad calculada a partir de dichas Lhyes,
en la ref 13 se propuso la gsiguiente expresién )

vyl =7 v y/a) £ {u} du (4.17)
a : .
u .

‘donde vwi{y) es5 la sismicidad en el sitio asociada a la inten-

sidad y corregida por incertidumbre en las leyes de atenua-
cién,ucqufu] es la siSﬁicidad en el sitio sin incluir dicha
correccidn, @, = y/vi, ¥ fa ¢s la funcién de densidad de pro
babilidades del cociente de las intensidades reales entre
las predichas con las leyes de atenuacifn,

En el caso gue nos ocupa ucﬂ{y!u] esta dads por la ec 4.8,
f,(u) es la funcibn de densidad de probabilidades de la dis
tribucidn lognormal y ¥, se definié anteriormente. Combinan

- 'do las ecs 4.8 ¥ 4.17 se obtiene (ref 13):’
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- TR Ay
viy) Cﬂ'_i Y (1 : t}h}, ) {4.18)
0y Ln (yf¥i) - m - u’ri
c; ‘=- e (1 - &f p 1)
i=1, 2
QJ. = H UE rz + mxr, N

ry = = E

"R, r, £ ¥y y1 son los parimetros de E” [ucnlyii], my g 540
respectivamente la media y la desviacifn estédndar del error
de prediccibin de las leyes de atenuacidn {ecs d.4a y 4.4b)
y ¢ es la funcibn normal de distribucidn de probabilidades

con media nula y variancia unitaria.




5. RIESGO SISMICO EN UN SITIO EN EL ESTADO DE JALISCO

En este cap se presenta yna aplicacidn del modelo descrito

en el cap 4 para la determinacién de las intcnsidades maximas
del terrenc para.difcrentes pericdos de recurrencia, de un si
tio que tiene como coordenadas 21.3°N, 104.4°W, localizade
;.ep el estado de Jalisco.

5.1 1Informacifn para el sitio

‘Con basé en la infermacién tecténica y sobre la sismicidad
de la regifin {la cual fue discutida en &)l cap 3) se decidis

- adoptar como fuente sismica un prisma de 14 x 14 grados de
latitud y longitud con centro en el sitio y 300 kilOmetros
de profundidad. La informacitn de tipo estadistico sobre
los temblores ocurrides en dicha fuente provino de las refs '
{3..141.

De las refs (8, 14} se generd un catdlogo de temblores con
magnitudes mayores © iguales a 4.5 para el lapso 1500 a 1981.
Como las magnitudes reportadas an dichas refs {10, 18} inclu
ven magnitudes asociadas a la trasmisidn de ondas de cuerpo
{mb} y de superficie {msl para los eventos ocurridos en di-
versas £pocas, fue necesario uniformizar el catflogo a una

‘s6éla magnitud.

Para lograr lo anterisor se utilizaron eventes registrados de
1900 a 1981 y de les cuales se tenfan ambas magnitudes: se
.efectu un ajuste de minimos cuadrados a dichos datos, lo

‘cual condujo a las sigquientes ecuaciones:

: (5.1)
m < 5.6 '
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=
1l

1.512mb - 1.565
(5.2}
5.6

£
"

E5tas expresiones fucron utilizadas para uniformizar los tem
blores del catélngq inicial a la magnitud m inicamente.

Por otro lado la prdfundid;d de un nfimero importante de even
tos del catilogo no fue reportado y ﬁadu que se¢ requliere di-
cha informacién para poder convertir el catélcgo de magnitu-
des a uno de intensidades {a través de las ecuaciones de ate

nuaCLdnl se utilizaron las 51gu1entes acuacionas ref {15}

B n 2 -
(€ + 40)=% = = I (0, + 40) (5.3}
i=1 :
—_ n ’ -2 . L.
(H + 25)°2 = % iz (B, + 25) (5.4)
o] .

para calcular una profundidad promedio H de los temblores

ocurridos aen la fuente sismica seleccionada.

En las ecs 5.3 y°5.4 Hi es la profundidad reportada para el
i-85imo temblor ¥ n es el nfmeroc de eventos cuya profundidadg
sf fue reportada. Las ecs 5.3 v 5.4 son utilizadas para cal
seular la profundidad de un temblor al cual se le determinard
su aceleracifn o velocidad del terreno en ei sitioc de interés

bl
respectivamente.

Dc la aplicacibn de las ecs 5.1 - 5.4 se obtuvieraon dos Eaté'
lﬂgos con magnitudes m. y con sus profundidades correspondien
"tes para determinar la aceleracién y la velocidad del terreno
en diferentes sitios de interés.

————- —_ e Ay — -
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5.2 Riesgo sismico en el sitic de interés

-El modelo de riesgo sismice descrito en 4.2 fue aplicade uti

lizando la informacidn mencionada en 5.1,

A partir de las magnitudes, las coordenadas epicentrales'y

'lag profundidades focales de los temblores de los catdlogos

méncionados al final de 5.1 y haciendo uso de las leyes de

.atenuacién para aceleracienes y velocidades midximas ecs 4.4a,

4.4b, se calcularen las intensidades del terreno correspon-

_dientes a leos 81 afios dé ohservaciones.

2 continuacibn se procedid a calcular la tasa media de exce-

dencla de las intensidades cbservadas, uc[y} {donde y repré—

ﬂsenta las aceleraciones o las velocidades n&xlmas del terre- -

na]. Para ello sz ordenaron en forma ascendente las y's vy
para calcular las v {y] correspondientes se divide el ntmero
de intens;dades mayores o iguales a la 1nten51dad de inter@s
entre el lapsc de observecifn, que en este caso es de 81
anos.

En la fig 8 se presentan leos valores obtenidos de Ve {c su
rec{proco el periodo de recurrencia Trl para la aceleracidn
mixima del terreno para el sitico de interés., En la fig 9 se

" muestran los correspondientes valores para las velocidades
" miximas del terreno.

De la localizacidn de los epicentreos de los temblores del ca
tilogo con relacién a los sitios de interfs se decidld propo
ner que f£{y) on la ec 4.7 tendria un valor igual a la unidad,
Con ecsto se supone que ¢l catilogoe esta completo en tode el
rango de magnitudes utilizadas. '

_ De acuerdo a lo mencionado en el cap 4, para el cilculo de

" 1a tasa media de excedencia ET {vcn} se requiecren leos valores-




iniciales {a ﬁrioril de los pardmetros k, r, £ ¥ ¥1- Los va
lores utilizados son los mostrados en la tabla 1. De la ins
peccifn de los datos de la muestra para el sitio se decidid
que k, r y € estarlan comprendidos en los rangos indicados
en dicha tabla. Los lfmites de y, se obtuvieron a travis de

las ecs 4.4 y se consideran con base en lo discutido en el

'fcap 2 una magnitud mixima esperada de 8.2 (refs 1), y dos va

lores de R, 24.5 ¥ dﬁlkm, los cuales conducen a un rango de

aceleraciones y de velocidades nmdximas del terreno de 617 a

950 cm/s? y de 96 a 150 cm/s respectivamenta., De estudios
'sgbre el efecto de ¥, en la estimacidn de E"{UCG} pﬂrallba

- datos del sitio se obhservé que no ¢ra necesario gque y; fluc-

tuard en los rangeos indicados, sino que bastaba con tomar sus
lfmites superiores, por lo cual se decidid utilizar los y;,
-indicados on la tabla 1, '

En este krabajo se supone que a priori leos pardmetros %k, r,
£ ¥y ¥, son estadisticamente independientes por lo cual la pro
babilidad a prieri de cada una de las combinaciocnes de les

- diferentes pardmetros es igual a 1/14024, donde el denominador

52 obtiene de multiplicar el nfimers de valores utilizados de

cada pardmctro es decir, Bx8x8x2, qﬂfrespcndicntes a k,‘r, ¢

¥ ¥1 respectivamente.

Finalmente los valores de m y‘o en la ec son los mencienados
en 4.2.3. es decir, m = 0.04{ vy ¢ = 0.64 para la aceleracifin
mExima del terreno ym = 0.124 y ¢ = 0.74 para la velocidad.

mixima del terreno.’

. Los resultados obtenidos se presentan en las figs B ¥ 9, la

primera corresponde a las aceleracicnes'y la segunda a
las velocidades miximas del terreno en el sitio de interés,
respectivamente. En esas figs se tienen las curvas de la

esperanza de posteriori y el coefigiente de variacifn de Veo!
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E'tv ) y Viiv ) correspondientes. Las curvas de E*(v,,)
tienen la forma de la ec 4.6 con los pardmetros k, r, € ¥
~¥1 de la tabla 2. También se muestran en dichas figs lag
curvas E" (v} que representan las esperanzas a pusperiori de;
v obtenidas después de aplicar las correcciones por incerti-
dumbre en las leyes de atenuacidn de acuerdo a lo menclonado
en 4.2.6. Estas curvas proporcionan les valores finalés de
las acelaracicnes y velocidades m?ximaﬁ del terreno a,y v,
para el sitin de interfs para diferentes v o T.. Eb la tabla

3 ae presentan los valores de a_ Y v, para varios periocdos de

r
recurrencia obtenideos de las mencionadas curvas.

Comparando los valores de las aceleracicnes y velocldades mi
ximas del terreno para periodos de recurrencia de 50, 1dﬂ ¥
500 afios obtenidos en este trabajo c¢on los proporcionados en
la ref i6 se- puede concluir lo sigulente;

" a) Las aceleraciones de la ref 16 son 2.42, 2.7 y 1.66 veces nme
nores que las obtenidas en este estudio para leos Tr men-
cionados; )

b} Las velocidades de la ref l6son 1.87, 1.9 y 2.64 veces
menores que las obtenidas en el presente trabajo.

Lo anterior quiza se deba a que la informacidén utilizada en

este trabajo es mas completa, asi como a gque las ecuaciones

de atenuatidn utilizadas en la ref 16 eran menos precisas que
las usadas en este trabajo.

. bt —— e & R —_——
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CONCLUSIONES

. Con base en lo descrito en los capitulos anteriores, se con-

cluye lo siguiente:

1

oo

e i v mAEm W o) e, S ——— L T L - T — -

Existe evidencia del altg potencial sfsmico del occldente
de M&xico en particular en los estados de Colima, Jalisco
¥ Michoacén.

Debido a lo anterior y a las posibles consecuancias de
las ‘efectos de los temblores en las construcciones, seria
muly conveniente que a la brevedad posible s¢ realicen
estudios de riesge sismico detallados para las cludades

‘mfs importantes de la regidn.

Seria muy conveniente que a la brevaedad posible se przopon
gan reglamentos de disene sismico para las ciudades méas

importantes de la regién.

Serfa muy recomendable que a la brevedad posible se insta
len acelerdgrafos para régistrar los movimientos sismicos
gue ocurran en las ciudades importantes y otros sitios

del occidente de Mé&xico.
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PAMBETRD  Xyny Ky, 8K “int Fein 8 Bint fgae 38 ¥l %
a . 20 27. .- 1 .1,50 2.06 0,08 0.10° B.45 1.15 949 951
v 0.5%  0.73 0.02 1,77 1.4 0.0t 0.10 8.15 1.15 149 151

-

TABLA 1 VALORES A PRICRY DE LOS PARAMETROS K, T, €, y, PRRA ACELERACIONES
{a) ¥ VELOCIDADES (v) PARA U¥ S5ITIO EN EL ESTADO DE JALISCQ

PARAHMETRO k" " . E" Y1
a 22.2053 t.7922 4.6756 950.0Q0
v X ‘0.6449 1.8013 4.6821 149.99 ,

TABLA 2 VALORES ESPERADOS A POSTERIOR DE LOS PARMMETROS k, P, E, Yy PATA
k]
ACELEFACIONES (a) Y VELOCIDADES (v) PARA UN SITIO EN EL ESTADO DE

JALISCO
PARAMETRO 3 PERIODO DE RECURRENCI Ty {afioc)
' 50 102 200 xils} 400 500 1060
alew/sh 82 135 202 250 . 292 330 495 .
v (cm/s) ‘40,3 15,2 22,2 28 33 7 5¢ -

TABLA 3 ACELERACIONES {a) ¥ VELOCIDADES (v} MAXIMAS DEL TERREND PARA VARICS
PERIODOS OE RECURREHCIA {Tr} PARA UM SITIO EN EL ESTADD CE JALISCO
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- APENDICE A Teorema de Bayés Lo ' .

Si H, {i = 1,n) representa un conjunto de hipbtesis mutuamente excluyentes
¥ calecttvanente exhaustivas sohre un fenfmeno parcialmente conccido y A

es gna observacién del fendmeng, el teorema de Bayes se puede expresar co-
mo (ref-Al) '

.7 'n _ .
P(H;/R) = P(H.) P (A&/R,)/ T P(H;) P (Af1) (AL}
- I=i
PEEN . , )
donde P(a/b) significa la probabilidad de a dade b; P{Hifﬂ} es la probabi-
lidad a pasteriuri de que H, es verdadero dado que se chbserva A P{Hi] 23
1a probabilidad inicia) de H asignada antes de ohsorvar Ay P{ﬁ}Hi} es 1a

probabilidad ‘de A si H, es verdadera E1 término ¢n el denominador del se-

|

) gundp mienbro de Ta ec {Al) proporciona la constanie normalizidora para que

el primer miembro sca una prodabilidad.

Para el caso que se tiene en el cap 3, se desea aplicar el teorcma de Bayes
para otener l1a densidad de probabilidades a posteriori dez Z [donde 2 es el
vector fonnado por los parimntros de la sismicidod renional ucﬁ(y}} dado
gue se han observado H temhlores con intensidados TN durante el lapso t,

£1. ha1ffh, H. and Schlatfer R . "App11cd Stetistical Dacizien Theary™ MIT
. Press {1968)

A2. bDenjamin, J R and Cornell, € A, "Frobability, Statinties ard Decisions for
Civil Congineersa™, McGraw Ryl (1570)
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es decir el primer miombro de la ec Al se asocia o f;[!!TH;t) de 1o cc 9.

EY. teming P[Hi} de Ta ec (A1) corresponde a 1a densidad de probabilidades
inicial (supuesta} de Ii représcntado por fi[l] en la ec (),

0 tErming P[ﬁfﬂi] de 1a ec {Al) es la probabilidad de que ocurran las in-
_.tensidade& T“, en caso de gue Tos pardmetros que definen T2 sismicidad
" -regional, [u oly) ) sean precisamonte los que se asignaron inicizlmante & I.
Se puede dtdostrar (ref A2} que esta probabilidad es prﬂpurCIQnaI a 1a fun-
”“c1nn L{TH,LII} de Ya ec (9).

E1 término cn el denominador del segundo miembro de ta co (Al) se omitid en
. la expresidn 9 , por lo cual en Iugar del simbolo de 1gua1dad de la ec
- Al se t1ene el de pruﬁanIOnaIidad
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" APEUDICE B Deduccidn de 1s ec 4,11

i A

" la funcidn de verosimilitud que se requiere es la probabilidad de que en -

ura regidén especifica durante un lapso t ocurran N temhlores cen intensi-

dades ¥; Faysres o iguales a una invcnsidad y . tates que nII temdlores co- _
rrespcndﬂn 2} intervale ﬁy de intensidades, n al intervalo ﬁy ) e “"k 2l
intervalo 5vk. Lo anterior puede escribirse cnmn P{YH,t|H}

BV tIN) v F[ﬁ‘.nl,...nk[ﬂ} P(N,t) = {B1}

' . ]
: T
k

Bz acuerdo a la hipbtesis de que a ocurrencia de temblores en Ia regidn
de interés constituye un procese de Poisson, se sigue que la intensidad y,
csociada a cada temblor os incependiente de la historia previa, por lo
cual la distribucitn conjuntz de noans.. dado n es multinomial (ref

- B1)

P{n,un . .ny i H)=H] El (7,1 1 o) - (2)
en 1a ec {B2) P. es a probabiliaad de gue cada vez que ocurre un tenblor
en le regién de interds su iniensided ¥y se encucntre en cl intervalo ay,.
51 los Ly; son muy peguetas, 1os niadﬁptaran valores ¢arg ¢ ung, por 10

cual ni! = 1, Sustituyends oste ﬁ1tiFn valor en la ec {£2} conduce &

PR (- . L T e Py ——
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. " .
P(n R i) = rin P, (B3}
Si=1
“en la cual”
Py » fa,-l:.fil dyy - (B4)

el térnino fy{y ) de 1a ec {B4) es 12 ﬂrdenaﬂa de 1a funcisn de densidad
de probabilidad de Yas intensidades para un temblor cualquiera valuada en
¥ Y dyi es el intervdlo infinintesimal en que se encuentra Yy Lz fun-

cién de densidad mencionada puede obtenerse a partir de la tasa de exceden

ciz de las intcnsidades observadas ucnlyi}. de acuerdo a la expresidn gi-

guiente.
v {y) _ :
1
fxtril = —£0 ) (B5)
vm{J_;!) ¥y ¥°Yy

= um{rt} J’. Veol¥, )

sustituyends la ec {BS} en Ia ec (B4} ¥ esta ﬁttima en 1a ec {B3)

P{n_,n 5:..nyth) = Hl1n1{vco{:f J!{vw{y i) | (e6)

duﬁde Y, es 12 intensidad minima de) catdloge de intensidades observadas,
“éu{3;].95 la v, {ec B} correspondiente a Y, o el térmiro v2 Ey ] es 13

ron respecto a y xa1uaua para la lntEﬂStd?d_H{.

§Er1vada de Yeo

Utilizanda de nueva cuertz Ya hipdtesis de Poisson sobre la ocurreacia de
torhlores en Ta regién de interés, la probabilidad, PiM,t), de que duranie
un. Tapso t ocurran N temblores con tasa'media de excedencia vcnfy;] 5
pucde valuar con 1a expresifn siguiente (ref B1) .

PN, 8) = e VoY, }t{um (y 1) m) _ (87)

Shslituyendu las ecs BE y 87 en la ec Bl sgoébticpe la ez EB
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P(Y, on) =t e~co BV )
Se puede demostrar (ref 6) que
L{‘rH;tl ‘IJ« P{YystIM)

y si se obtienc el Ln de anbos’ miembros de {89)

N
_ L{YH.t|I] « v fye} t+ zl Ln v, (¥}

——r mE TR TR i e - W - s — ———
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1. (LTRODUCCION

£ éhjetn de este trabaje es la determinacidn de espcclios de ddseno sismice
pafa diversos tipos de terrens en la Planta Geotirmica de Cervo Pricto, 8.C.
Este sitio se localiza en la vecindad de 1a ciudad de Hexicali, B.C., y sus
coordanadas gzogrificas son 32°24' de latitud norte y 115°14' de longitud
ceste, fig 1. '

Los espectras de disede sismico son 9raficas que relacicnan las cnvolventes
de 135 respuestas miximas esperadas de sistomas estructurales sencillos {i-
c¢edlizados como de un grade de 1ibertad) sujetes a diferentes temblores can
tos poriodos raturales de vibracidn de dichos sistemas. A partir de los
mencionados espectros es posible estimar las snliqitacinne: sismicas para

las cuales se debe disefar una estructura localizada en upa zom Sismica,,

tal como el sitio donde se localiza la Planta Gegtdmmica de Cerro Prieto
{PGCP}. :

Los criterfos de disefio que se propangan deben tener por gbjetivo cptimizar
las estructuras, es decir, conducir @ sistoras estructurdles cn los cuales

la utilidad obtenida de su ejecucién sea méxima, La determinacidn de la'es
tructura dptime se puede ]égrar a trayés de estudios costo-beneficio que in

scluyan explicitamente los siguientes pardmetros: los beneficios csperados

de su construccidn, 1os costos asperades de las pnsiblus'fal1as, les costos

4 AL
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ini¢iales de disnnar ¥y construir, asi como las prolubil idudes de ccurrencia
(e intensidades miximas) de las solicitaciones,

Aunque se cuenta con Tas horramientas necesarias para 2fectuar los estudios

“costn-beneficio citados arriba {ref 1) su aplicacidn prictica se ve a veees

Vimitada por las dificultades asociadas con 1a eslimaci{da dec las consceuen-

- ¢ias de falla o utilidades de 12 operacion de las estructuras proyectadas,
"Por 2llo la determinacifn de 1a estructura dptima ante solicitacidn sismica

s¢ Ylevard a cabo siguiendn el cyiterio propuesto en 1a ref 1, el cual se

‘basa en la comparacidn de tas intensidades esperadas de diseiio {acelcracio-

nes, velocidades, elc)., en dos sities diferontes, para un misma perisdo de
recurrencia.  Este pardmetro se define como el recioroco de Ta tasa media
de excedencia de una intensidad dada durante un lapso previamente definido.,

fomoe no se cuenta con un ndmero suficiente de registros del movimfento del
terreno en el sitio de interds, ni de informacidn suficiente sobre las carac

- teristicas sismotectdnicas de las fallas cercanas al sitio, la deternninacién

de Tos espectros de diseifo se efectuard a partir de ia informacidn estadis-

tica {catdlogo) sobre las magnitudes y las conordenadas focales do temblores

generados cerca del sitio de interéds durante este siglo.

Con la informacidn anterior ytutiﬁizandn Teyes de atenuacidn (relaciones
magnitud-distancia-intensidad) previamente propuestas en la ref 2 se obtje-
nen expresiones que relacionan aceleraciones y velocidades maximas del te-
rreno con tasas de excedencia {periodos de recurrencia}.

tas expresiones mencionadas se corrigen para tomar en coenta las incerti-

dumbres asociadas con ias intensidades reales en comparacifn con las calcu-
ladas a través de las leyes de atenuacidn, ast como Yas incertidumbres re-
lacionadas con el uso de un catilogo que no incluye todos los eventos que
pudieran preducir intensidades importantes en e} sitio de interds. lo des-
crito en los pdrrafos anteriores se tratard con detalle on el cap 3.

*Los espectros de disedo para diversos periodos de recurrencia se obtienen

.2 partir de las intensidades miximas del terremo. E) espectro de disefio pro

puesto se selecciona siguiendo las recomendaciones de Ja ref 1, tal como se

indica en el cap 5.



Z. GEOLOGIA, TECTOWICA Y SISHICICAD DE LA REGION
il Geolegda

Lé PGCP se jocaliza an el Yalle de Hexicali {fig 1} el cual ferme pacte de
1a provincia geotfgica tlamada dzl Golfo de California ¢ depresidn de Sal-
ton {ref 3)., Ustructuraimente estd formado per graberns (depresiones) 1le-
nxdgs por allyiones y-horsts {levantamientos) de rocas paleozoicas forma-
¢as antes da la actividad tectdnica {ref 3).

La litologia de la regién de intercs corresponde a2 la del delta del Rio
Colerado {refs 3 y 4) y estd formda por arenisca, arcillas y lutitas de-
cositadas ;icliuumente. Dichas: sedimontos se encucntran cubiertos por
é%ﬁuién de la Sierra Cucapa y dreas adyacentes (ref 3). La distribucidn
forizontal de los sedimentos deltaicos es desconocida debido a la trrequ-
laridid horizontal mn que se han depositado Jos sedirentos mencionados.

2.1 Tecidica

ta gstructura tectdnica de Ya regidn ha sido descrita por un arreglo simple




#e fallas transformidas y contros do distorsidn qua se caracterican por
qenardr enjachees ¢o toeblores, actividad velcdnica reciente, dreas geos
térimicas y demresiones Lopngrdficas solumerinas {ref 5, B6),

Eatre las fallas principnles que se localizan en el Valle Je bexicali se
pueden mencignar a las siguientes: Imparvial, Cerro Pricto, Cisinore {tam-
nitn llamada Laguna Salada). Otras (allas en la zona son fas de Agua Blan

. €a,-$za Higuel, de Sierra Juarez {cefs 5, 8). Recientomante se ha locaid-

o un sistoma de fallan secundarin denominado Yolcana en 12 zora dondp

EQIEHCuDﬁtPa la PGCP {ret 4). Fstas dltimas fallas se asocizn el movinien
to lateral derecho de Jas fallas Imperial y Cerre Prieto {ref 7).

Una. caracleristica de la mayoria de las fallas moncionadas en les parraios
dnteriores es que solo se conocen parcialmenta sus dimensiones [ref 8, 9).

7.5 Siuncedldad

En Y2 ref 5 se reporté que la actividad sismica de la regidn de interés se
concentrd en las’ fallas lmperial, Cerro Prieto, Sierra Judrez y San Higuel.

En particular se observaron temblores cuyos epicentros se a]ineafun can
las fallas Imperial y Cerro Prieto. Estudios posteriores realizados entre
1974 ¥y 1975 mencionados on la ref 10 mostraron actividad sismica asociada
2 la falla Cerro Prieto Unicamente.

Otros estudigs-de la sismicidad en la reqidn donde se logaliza 1a PGLP
(ref 10} mostraron que la mayoria de los eventos identificades se concen-
trarcn en el extremo noroeste de la falla Cerro Pricto ¥ el sureste de la
falla Imperiatl.

Desde el punto de vista ingenieri | recientemente ocurrieran temblores que
causaron dqﬁu§ a estructuras; estos temblores fuerom los de cctubre 15 de
1979 y junia 9 de 1980. €1 primerc tuvo una magnitud de 5.6 (magnitud de
nndas de cuerpo) y aceleraciones miximas de hasta 500 cmeEgz {ref 11} Su
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epiceniro sg localizd corca e la ciwdad do Hoxicaly (o 12).

El schundn tzmblor ocurrié el & de junio de 1900 cun ona magniie! lecal de
%:?ty celeraciunes maximas del torrean de lasly 663 {cmfxegz]. Su opicen-
wrp s lecalisd cerca de Ta falta de Cereos Prioto; las eoordonadas {uron
32.213° 0oy 1t5.029° {refs 13 y 14). Cn la rof 13 se doscriken los dafos
'Uhgﬁruudna on diversas estrecturas on la regiden afectada. Tasbidn 5o des- -
:Er{bcn cn ta ref (14) los efecios de los mencionados temblores en el terpe-
‘o, gntre los que destaca 13 temmacidn Jo pequerdss "wolcanas” da arony muy
Fina y agua con ellvaciones de hasta 40 cw sobre ol mivel opriginzl del e
rreng, 1o cual indica quer bas capas de suelo superficieles en 1a reqidn da
interis son sysceptibles de ticuarse. FEste efecta de Vicuagidn pugcn ser
peligroso para cstrecluras gue se despiantehen Lerrenns susceptibles a tal
JouGineno, dado que al fallar el suelg existe el peligro de culapso‘total ]
parcial de las estructuras. Por lo anterior se recomicado identificar las
farmaciones para las que haya sospechas sobre patencial de licuacién y efee-
tuar estudios detallados especificos para decidir sobre uso del suelo, es
decir, sebro sitios an dondopuaden dosplantarse estructuras y on donde dehe
impedirse la construccion.




3. 1ODELD DE RIESGO SISMICO

.. 5.1 Sosmdcddad wegdenat i docal

LI}

‘La sismividad regional, v, en unsitio determinado, o sca ol efccbo que pro

‘ducer 1as tonmblores que ocurren en la regién vecim al-sitio, ‘depende prin-

tipaimente de 1a contribucidn que a la mista hacen 1os volumcnes do la cor-
rezd terrestre alrededor de diche sitio. Dada la atenuacidn de la intcnsi-
<ad con la distancia, solamente los volumenes localizados & algunos ciantos

cleckildmetros del sitio contribuyen en forml inportante 2 esa sismicidad,

4

los volumenes ¢itados se designan comg fuentes siwmicas ¥y se caracterizan
ror las incertidumbres asociadas a la frecucncia de ocurrencia y 1as magni-
widies de 105 temblores que generan. - Se denomina sismicidad Tocal al pro-
ceso de ocurrencia de taablores de diversas magnitudes en tna fuentp sismi-
ca, '

De Tos pdrrafos anteriores se puede concluir que la sismicidad regional pa-
ra un sitio puede estimarse a partir de las sismicidades locales de las

_fuentes sismicas correspondientes.
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La ‘sismicidad local asesiada 2 una lucnte sionics deleemionda pagde exbimg

s utitizando un podelo del precose ostocdsticn {alealovio) de 1o ocurs

ciy de tomblores de diversas naguitudes oo dicly fpenle, 51 3e adopta una
forma para el proceso, 1a sisiicidad Tncal podria calqularse upa voz fque
<2 estimen 105 pardmetros gue ddefinen a dicko proceso. )

JLoinp so menciond ea el cap 2, 1a informacidn sobre 1as caracleristicas sis-
cotectdnicas de la zona vecind al sitio no es suficionln cumo para definir

vrrias Fucates sismicas, por 1o cual se calculard la sismicidad.wcn el sitio
¢z interds 38 partir de Yas intersidades calculadas de !os temblores con fo-
243 contenidos en un prisma de 12 x 12 grados de longitud y latitud, con

rentro en el sitio y profumiidad de varias deceras do kiléunetros. Para es-

_tos fines, la sigmicidad se definird en terminos de la tasa media de otce-

dencia de cada intensidad por unidad de tiompo. €n forma aproxivada la

sismicidad de un sitio puede expresarse mediante una expresién de la forma

-r.
UJ(U} = ag{y '} -4y mlx] Y5 VY max ‘
vy 0 T Y g '
J * @, ¥

. - .
Fnla ec 1 ujiy] es ¢l mimero medio anual de tarblores con intopsidiadas ma
sores que 4 registradas en el sitic de interés y generados por las fuentes
sismicas vecinas al sitio, LITILE ”3 mix 20N las parauetras del oroceso,
los cuales doben estimarse o gdrtlr de los datos estadisticos, y de las

caractoristicas sismotoctdnicas de las fuentes yvocinasy v son jas intensi-
adps miximas del terreno {aceleracidn, a, ¥ velocided, v) que punden cal-
cularse a4 partir de Jas leyes de atenuacién que s¢ mresentan en 3,2

Alos valores de v obtenidns en t3rminos de los catos estadisticos sobre in-

tensidades calculadas (@ partir de magnituedes. y distuncias) con las leyes

e grenuacidn de 2.2 deben cerregirse para tomai en cuenta las incertidum-

‘tires derivadas de Ja utilizacidn de dichas laeyes, asi.como las incertidumbres

r¢lacionadas can el catdlege de tembloves empleado. Fste no incleye todos -

- —  awm w—— —— . — —— B
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tos evenlos que padicran gearrar inlensidades del teerreno wiportanles {4l ;-
da ¢} punto de victa de diseda) en el sitin,  Las coringiongs meneicnadas
se Lraten en 3.4 y 3.3 respectivamente,

3.8 Leges de atemaeibn

Eés tepes de ateruacisn san expeasiones scmiunprric&s nue relacicoan pagns-
- wd-distancia-intensidad {aceleraciones, vaelecidades y dosplazemientos nd-
xiigs) de tenblores en terrenn Mirme.  Dichas expresiones pueden obtenersae
a partir de Tos datos que cxisten sobre 188 parjuctros moncionados, Tn L
gonoral, Jos procedimicentos utilizades para obtener las loyes de ienuacidn
‘consistin cn djustar curvas a los datos de evontos eourridos en diferentes
chiunas, For 10 cudl las expreosiones asi-obtenidas reflejan las caracte-
risticas geatectdnicas de 1a reqidn para la cual fueran obtenidas {ref 15).

En este trabajo se usardn las leyes de atenacign propuestis en ta ref 2,
" las ceales fucron obtenidas a partir de 1a informacivn corresporedionte a
temblores ocurrides en terreno Fivme de la costa opste de los Ustados Uni-
dos ¥ de la Repablica Mexicamy, La eleccidn de dichas leyes de atenuacidn
se justifica dado que 1a regidn de interés {ver cap 2) se lacaliza cerca
4e.1a 20na de 1os Estados Unidos mencionada arriba. Las axpresiones pro-
pucstas en.la ref 2 para estimar la aceleracidn a, y la velocidad, v, md-
ximas del’ terreno asociadas a un temblor son: ' '

(R +40)7 en (én/seq?) (2)

r

= 5600 ED.B H

s
1

1.7

an {ém;seq] (3}

v =32 (R + 25

donde M y R, la magnitud y la distancia del sitio de interéds al foca del
temblor se ohtiencn del catdlogo de eventos para la royidn de interés,

En la ref 2 se efectud un andlisis estadistico de Tos crrores d@ prediccidn
asociados a las expresiones 2 y 3. De ese estudio se determind que los
luéaritnus naturales de 1os cocientes de las intensidades {a o v) predichas

"
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Acles registradas instiwncntalmwsnta ticoen disbribucidn rovsal,

Las piramctros de 1as mencionadas distribuciones fueroa: nara 1a aceleracién

r

Aixiima del terreno, media igual a 0.0Y y desviacion csifndar igual a 0,84

ovrz 11 velocidad mdxima del terreno, wodia dgual a 0.124 y desviacinn es-

Crtdndar igual a 0. 74,

U303 Covnecedon por {womniztez del catalogo

Coiro se menciond en 3.2 1a sismicidad en un sitio punde estimarse o partir
Idé 13 inforaacidn estadistica solre las wagnitudes, coorderadas y-profundi-
Zades fucates de 10s tasblores oturridos en las fuentes sismicas vecinasg,
Zsta ntorpacidn se utiliza en combinacidn con las leyes de atenuacidn

fecs 2 ¥ 3) para evaluar las intensidades mdxinas del terreno en e} sitio
de interds. Sustituyends estas intensidades ep 12 e¢ 1 &5 posible evaluar -
la“sigaicidad en el sitio, V,» 3sociada a Ta informacion estadistica.utili-

zada.

Senerzlmente los catdlegos de temblores que cantiencn ia informacion mencio
nada <n el parrafo anterior estin incempletos: es decir, na incluyen todos
tas evantas gque pudierran generar intensidades mixwmas del terreno capaces
¢e producir danos en las estructuras que se construyan eﬁmeiisitfu da in-
teres. Esto proviene de que 5610 contienen informacidn' completa para mag-
nitudes por ensima de un cierto 1imite inferior y por lo ifanto caplear es-
t0s catilogos sin correccidn equivale a ignorar la contritucicn al riesgo
se los temblores muy pequchos pero frecuentes, que pucden ocurrir a distan-
cigs uy cortas. Debido a 15 anterior resultad nocesario introducir un factor
de correecidn, f., por el cual deberd multiplicarse la sismicidad v, obtent
da‘a partir del catdlogo; al valor corregido de v se le designard por u%.
Como <2 verd més adelante, fc depende de los pardmetros de la sismicidad
tocal, de los pardmetros de las leyes de atenuacidn y de las intensidades
wdximas calculacas con esas loyes, ‘ . :

F - . L

+

para fines de obtener el factor corrective fc, Ja sismicidad,lecal X aso-




ciad a uea Suonhr sTsica s estiraed e 13 exppesidn siquionta (ref 15}

Ay - ftﬂ"‘lm (1)

] i

dordy M) es 1a tasa de excedencia de 12 magnilud, ¥ por waidad de volumen

Yoy onor unidad do tiempo, y ooy B son pardmutfoa Aue dependon de las ca-

racteristicas sismotectdnicas de 1a fuente sismica cunsiderada,

 fade ¢ue intarc:d cvaluar la sisnicidad en termives de las intensidades

cdiadmis en el sitio, se deberd cxpresar 1a ec.d en Lermines J2 ¢5as inten-
cidades, para lo cual se utflizarin las ecs. 2 y 3. Estas ditipas pucden
reerasentarse por '

4o by P2t (R R ) (5}

dorde ¢ es la intensidad calculada {aceleracion o velocidad) asociada a

i Ry Y by (i = 1,2,3) son los pardoelros de las ecs mencionadas y R fue

sreviziente definide. Daospejando ! en la ec (5) y sustituyendo en la ec
4 s¢ abtiene '

MP(gRY = o yy " (R RIS (6}
F 4 r - - 4
donrde y bl.. r B!hz y S Bbjsz.
La sismicidad regional v puede evaluarse con la exprasisn sigiiente (ref 15%)
u{y) = 5 A(M{g.R) My (1)
! . .

donde la integral eon respecto alt volumen incluye todas ias fuentes sisnicas
cua contribuyen a la sismicidad en el sitio de interds.

Para. calcular el lactor fc partircmos’ de 1o siguiénte:'Eunnnqamns que para
una region se tiene un catdlogo (para un lapse dado) que se considera con- .
frable para tcmblores con magnitudes mayores a una magnitud seleccionada,
digamas M. la sismicidad tota) en el sitio de interés, Utiy}. o sea 1a




carressondieate o tados los cvenbos ncurridos en la region, puode abtconerse
cum la suma de Yas sismicidades producidas por 1ns toeblores con wagnitu-
¢35 menares o iguales quo ”o v los mayores que dicho valer; a estas dos

)
£

szonsntes 1as 1lawarcros Ul{gj F\E{U} rospect ivamonto; o5 decie,

vele) = vy evo(y) - (8)

EE'faﬂtnr f. es funcifn de Ta intensidad y, ¥ sc ohtienc coro al ‘cociente
de e siamicidad total: que resulta do integrer Ya ec 7 para am velunen i14-
nitado, con X dado por 1a ec 6, cntre 1a que se obtiens cuande al 1nteqrar
1a et 7 para un valwsen ilimitado s¢ toma & dado por la ec 6 para ﬂ > M

1gual 3 x{H,) para M < Mj5 es decir,

EURE= ' S (9)

‘en donde wly) estd dada por la ec 7 ¥ UZ{y] s¢ obtiene carn sique:

woly) = 5 Muav+ ;e PRE gy (10)
R <R R > R* :

En esta ecuacidn, R* es la distancia a la que un tembler con magnitud My
. produce una intensidad calculada igual a y. de acueidd con Ta ec 5.

Para calcular v (y) se supendri que la sismicidud es uniforme en un semi-

o
espacio 1imitade por la superficic del terreno*, por lo cual al combinar

las expresioncs (6) y (7} se obtione

L (35)
- gty T R (11)
. Vierdd S TSy TeSsY (3-s)

5> 3

* fungue esta hipdtesis no seria la ndccuada para eva1uar ”t‘ se C0n51dEFﬂ
hccpthble para 1a estimacign de f.
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La[ﬂxprusiﬁn para 1Y se puale Jdeducie de 1a oc 5,
. h o1 Ifh ’
X - - P
It {b i 2 0fy) R, ) ()
donde todos los pardmetros han sido previamente definidoes.

,Una vr= que so t1cnn el valar deo R* sg abkichon las integrales yue aparccen

cn Ia oc 10;

ule) = vy () ¢ vgy () (13)
on dandoe
3 0B M :
2w o f" 0
421{ ] = - — (14)
red g (1=8) ooy R, (2-5) 2 R, (3-5)

vpol) = -2 a vy g™ '*{'1:'5']—— ey ey STVZ s‘ﬂa sy 8

s > 3

En Ta d1tima ecuacida,

Af sustituir jas ecs 11, 13, 14 ¥y 15 en la ec 9 s¢ abtiene:
9 ¥ y.'r' ROIELE}
foly) = - —
{1-5) {2-3) (3-s)
R*3 -nﬂn R! {1 5] 7R* R (2 5} ER [3 S} -1
ey v "*tl e N ey R Vet v ce D S
5 >3

Finalmente, Ja sismicidad corregida por 1n:uwplntez W, {j}, asociada a la
..1ntens1dad if, se obtiene como

+
— A iy




wigde Fly) v ly) (18)
C 5 Conneocdin pon dneentddimbion enr Ly Lages de afon e ofu

En 3.2 sc wenciond que los cocientes de Tas intensidades realos cubrn las
predichas con Jas 1eyes de atencacién que se ytilizan en oste trabajo {ccs
2y 3) tienen una distribucion de probabilidades Togrormal con kidias y des-
'inacibn 5 cshindar fndicadns en esa soccide. PMarg Lamgr on cuents ol ofecta
de Tas incertidumbres implicitas on las leves ¢ atchuzcidn en 12 sismicidad
caleulada o partir drn dichas Teyes, en 1a ref 15 se propuse la siguicnte ex-
oresidn .
«
velod = 7 wiufu) £ (v} du (13}
%

dande uhfy] es la sismicidad en el sitio asociada a la intensidad g corre-
1ida por incartidumbro en las loyes de atenuacidn, up(gfu} es la sismicidad
en el s3itio sin incluir dicha corroccidn, q, = ”fﬁméx* ¥ FE os la fuhcidn
de densidad de probabilidades del cociente de las intensidades realss entrea

lag predichas con las leyes de atenuacidn,

tn el caso cue nos ocupa up[g}u} esta dada por 1o ec 18, FE[u} es la fun-
cifn de densidad de probabilidades de la distribucidn lognormal y #gy SC de-
finid en 1a seccidn 3.1. Combinando las ecs 18 y 19 sc obtieng {ref 15):

- -r
donde
Lnuﬂf{fmé'x} -m
€ =1-0 ” )
Ko = = & Ynsix

+.-.|. '
e

e o S s l ' L
e e e
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l.nirj!{ﬂ”h} A - at)

¢y = oxp Q) L g

1

Q=3 alr?f +mr

fta Iy Ypz, S0P los pardmetros de la ec 18

m,u son Jamedia y la desvincidn estandord de 1as Teyes de atepuacion

k

(ces 2 ¥ 3)

§ es la distribucidn ce probabilidades normal Ostandarizada

acumulada




C4. 0 RIESCO SISKMICO EN LA PLARTA GEOTERDICA DT CERRO PRIETO
4.1 Iufouracidn para ef sitio

La inforpacidn de tipo estadistico scbre 105 temblures ocurridos en la fyen-
te sismica adﬁptada, que €5 un prisma de 12 x 12 grados de latitud y Tongi-
tud con centro en el sitie de interés y alqunas decenas de kilfuctros de
profundidad, provino de las refs 16, 17, 18, 1§. De las refs 16 y 17 se
cenerd un catdlogo de temblores con magnitudes mayorgs ¢ iguales a 4.5
para el periodo 1932 a 1980. De Jas refs 18 y 1% se pbtuvieron dos cati-
jogos, ambos para o] lapso 1932 a 1974 y para magnitudes mayores o iguales
a'5 y 6 respectivamente. En la fig 1 se muestran Tos apicentros ¥ profun-

Iéidades de los eventos con magnitudes mayores o iguales a 4.5.

Las intensidades Ye i (3 = aceleracién, velocidad) os decir, 1ss cotas
superiores a l1as intensidades maximas esperadas del terreno en 12 regidn
de interds,se estinaron a partir de las ccs 2 y 3 adeptando una wagnitud
'de'andas de cuorpo mixime ceperada M = 7.4 y una disiancia R = 15 km. E1
walor de M fue seleccionado con base en las refs 20 y 21 ¥ el valor de R

52 tond coma un valor caracteristico de la regidn en cuzstion (fig 1). Con

B el — +
—_— e ——
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tos valores de M y R mencionados sa ontuvo;

040 Ltmfsegzl

1l
u

v . =100 (cmfseq)

El velor del pardmotro 8 en 1a ec. 4 fue calculado a partir de la siguiente
© erpresidn (rof 27) :

B=2.30b ' (21)

. . ’ L. - --.-.
donde b es un parametro que depende de las caracteristicas sitiotectdnicas
de la reqién de interds {ref 23). Ln este trabajo se tomd un valor de
. b = 0.37 con base en las refs. 18y 24, con 1o cual se obtuvo un g = 2,

Finalmente los valores dem v o utilizados on la ec. 20 son los mancionados
en 3.2, es decir, m = .04 y ¢ = Q.64 para la aceloracidn mixima cel terre
nd ym = 0,124 y o = 0.74 para 1a velocidad mdxina del terreno,

4.2 Ricsgo s.ianico en ol siido de intenfs

El modelo de riesgo sismico descrito en 2] can 3 fue aplicado utilizarde
1a infurmacién sobre el sitio mencionado en 4.1. Los resultades obtenidos
fueron 10s siguientes:

. En las figs 2 y 3 se presentan Tos valores calculados de 1a tasa media de
excedancia v (o su reciproco el pericde de recurrencia, Tr} pira las a-
cz2ieraciones y velocidades miximas del terreno respectivamente. En am-
bas figs. se tiencn los resultados para cada uno de los catdlogos, asi
cono las curvas de ajuste correspondientes, Dichas curvas tienen 1a for
ma de 1a e¢. 1 con parametros a = 3600, r = 2,23 para acelrraciones maxi-

. mas (fig'2) vy a = 150, r = 2.82 para velocidades miximas (fig 3}. Los

" vilores de o y r se calcularon apiicando un criterio de minimos cuadra-
dos dandole mayor peso a tas v ascciadas a las intensidades medias,

" mm ww— —— —ab —— — — e —— . — - - B e e —



En 1as figs 4 y 5 se presentan 1as curvas v versus aceleragion’'y veloci-
Cdad pixima del tevreno ohtenidas despucs de aplicar las corrccciones por
" lincampletez dal catiloge y por incertidumbre en las leyes de atenuacién
'r-':-spectimmunte. Las curvas resultantes de la correceidn por iccomplie-
tez {MNemadas 12 correccidn en las figuras) ticnon come pardwnutros

a= 75060, r = Z.MPpara aceleraciones {fig 4) y « = 200, r = 2.9 para
velocidades (fiq 5). Las curvas obtenidas de la correccidn por incerti-
'_-r.!'.'.mbre en 1as leyes de atenuacidn {denominadas curvas finales en ambas
'-'figuras], proporcionan los valares esperados de las aceleraciones y ve-
N mcidades mdximas del terreno a,. y ¥, para ¢l sitia de intml't':s para dife-
Ir‘cntes vy Tr' Por ejunplo, se tiene

Tr ar Ve
{afios) (cn/seq”) . {cm/seq)
30 270 29

50 331 38

100 410 23




5.  ESPECTROS DE GISERQ’

En ¢! capftulo 1 se mene iong que Jos espectros de disefis para un sitio, as
decie, las envolventes de las rtspuestas miximas esperadas do sisiiras os-
tructurales senciilos sujetos a2 di?eréntes tunblores pueden chteanese @
partir de ias intensidades miximas del torreno en el sitio. Dadd que cstas
yltimas dopenden, entre otros. factores, de las propicdades mecdnicas de los
materiales que Torman los estratos superficiales (ref 42}, en este irakdjo
se consideran tres Lipos de terrepo atendiendo a su rigidez. La clasifi-
cacidn propuesta es la siguiznte: terreng firme, tal como tepetate, are-
nisca rediaramente cementada, arciilla compacta; temrane intermedio, tal
corio arends no cemenfadas, limas de mediant o alta compacidad, arcillas

e mediana compacidad; terrenos compresibles, cono arcillas blandas muy
campresibles, '

:

Para definfr gue tipo de terrcno se tiene en un sitio especifico se puede
aplicar el siquiente criterio (ret EG}:\“‘-

&) Se locajizard el nivel dei terreno firme, bajo el cual todos los sue-
105 tergan médulos de rigidez mayores que 5 X 10" tnhfmd, o oreguteren
mas de 50 golpes por. cada 30 ¢m, en 1a prueba de pronetracidn gstindar,

4

-————



e w0

h Terd estratos comprendic ; : nivel ded torveno fiaae y el nive
n) Terd oestrav oaprendidas entre el wivel dol Lerveno 13 ¥ el nivel
an gue 1as aceterocicones haciveonbales cel ferreno se Hrasactan a la

ciastruccidn s¢ calculapd 12 swmd E Hif?:?ﬁ}' domde .-

Hi = pspesor del i-ésieo esirato, com

sy peso volumdtrico on bﬂnﬂn3

'
-
1]

ey ]
H

L : 2
mcdulo ae rigidez en tondm

51 1a suma EHiffifE] as mopor ue 0.20, o] terrero se considerary irme,

Si la suma EHIJTifEi es mayor nue (.20, ¥y menor que 0.45 g1 terrono se
considerara intermedio,

A falta de informacion precisa, para da aplicacidn del criterio anterior
cizde tomarse para Y; el valor de 1.5 tun,rm3 y los valoras ce Gi pucden
cstimarse como Gy = 0.3v E., e que E) es T2 penaiente Tnicial de {a cur
va esfuerzo-delormacidn de una prueka de comnprasidn simpie,

195 terrenos cuyas propieidades se desconazcan s¢ supondrin comoe terre-
. rJs coppresibles, .
Fara ta ¢lasiricacidn del tipo de terreno anterior se tomardn en cuen-
ta todos Yos suelos que se encuentren debajo del nivel en que las ace-
tzraciones harizontalas se grasmiton a 1a construccién; por ejemplo, en
2} caso de un cajén de cimentacion este nivel correspanda v#ia 2l des-
plante de la losa inferior, - .

5.1 tanectaos de ddseiio pra ferreny fiume

E} criterio gue so seguird en gsle trabajo para calcuiar especiros de di-
589 para terrene firme se apoya en-las ref 1 y 247 .0Dicho criterio consis-
te 2a multiplicar 1a aceleraciédn } la velocidad méxima del terrcno en un
sitio para un periodo de recurrencia dado, a, ¥ V. pOr los factores de
znp i Ficacién f,yf, ﬁque dependen del amortiguamichto) respectivamente
:{fef 1), tLos valoros resultantes, e se dencminaran a* ¥y ¥v*, $0n respec-
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Ctivamente las ouvdlvente de los ospuctros de disaio de aceleraciones ¥ ve-

locidades para sistemas de un grado de libericd sujetos a diferontes tea-

Blores. Eswos Oltimes son congrueates cap Ta siwiicidad del sitio de in-

tﬂrﬁs ¥

‘Dado que las leyss do atenuacién utilizadas en este trakajo (cap 3} corves

t

pondan a tazrreny firme, las espectras de diseino olitenidos seran aplicabies
paira estructuras que se aroyon en suelos do esas ¢oracteristicas,

Lus ordenadas A, del espectro de disefio de aceleraciones para un porioda
de-rocurrenc ia Tr s¢ obtiencn a partir de as a* y v* que ya se Jdetiniaron,

v.T, que son 1os periodes. naturales de 1os sistomas de un grado de’ libertad.

Do acuerdo con estos pardmetros, las ordenadas Af{T} se caleulan asf;

Fara T = 0, Rf =a,

Para 0 ¢ T < T* {en donde T* = 2r v*/a*), sc tienen dos casos:

a) 5§ a*fqrrar, Ag varia Jinealmente con T dasde T = 0 hasta 7 = 0.12 en
que adquiere el ¥alor miximo a*/Q, que se mantiene constante para
D.12 < T < T*,

b) ST a*/Q <« a.» Ag voria Jinealmente con T desde T = 0 hasta T = T*, en
que adquiere el valor a*/q, '

. Para T > T%, A = (ﬂ*ZQ}(T*!T}‘HZ‘

En las expresiones anteriores, ) es el factor de duciiiidad. definido para
una seccidn, un miembiro ¢ una porcidn de una estructura con comportamiento
elastopldstico, como el cocicnte de su deforkacin mixima entre su deforma
cidn de fluencia. Q caracteriza la capacidad de absorcidén de encrgia por
comportamiento ineldstico de uma cstructura. En disefio sismico los valores

.de Q usados comiirmente son los siguientes: ) para sistemas frigiles, 1.5
_Tpara mamposterias huccas reforzadss, 2 para mamposterias macizas confimadas
" y.4 para estructuras de marcos de concreto ¥ acero. In la ref (28) se

- — .

T



Cpcopanen valores de O para diversas condiciones Jo la estractoracion ¥ de

ftﬁs naterizles vtilizados,

Las figs 6 a @ contienen especbros eldsticas para anortiguanientos viscosos. .
con valores 0.02 y 0.05 dol critics, respectivananie, para distinlos Lipos

.de terrenc asi como 1os corraspondienies espectros ceducidos por duclilicad

Je -acuerdo con 1és crilorios propucstos arriba para ebbevner A (T}, Ea las

'a;tructuraﬁ reales, 1a parte d21 aorbiguamienta que se presanid para defor

EN

mac funes peguefias ¢ muy iniorior a 1os ndinerns qun sunlen citarse oo

reprascntativos del amyrtiguomiento "viscoso" para distinto tipe de ¢skrug

fturasy es decir, la mayor parte deol amortiguamienlo gque cznvencionalmente
se asigna a cada tipo de estructura proviene on roalidad de disigacidn de

cnergfa mediante comportamienta ng lineal histerédtice. £n las piqinas que

. siguen se adopta el criterio de detorminar los espectros de disciio sismico

cn ¢l sitio de interés rediante calibracidn con los que 1a experiencia ha
considerado adecuados en otros s1tios. En dichos nspectras se adopia Ja .
convenciGn de separar el amortiguamiento en una parte "viscosa™ que no de-
pende el tipo de estructura y en olra que se reprosenta mediante la re-
duccidn por ductilidad: 1a parte viscosa se hace corresponder a 0,05 del
chitico. Esta misma conveacibn se adopta aqui; por 1o tanto, en lo que
sigue 10s cspectros gue se proponen para diseiio deberdn corresporder al
amortiguamiento de 0.05 del eritico y al factor O reductivo por ductitidad
que S recomienda para cada tipo de estructura.

1

En lias figs & a 3 se preséntan {ﬂs ospectros de diseilo aceleraciones para
terreno Firmecn ia POCP, Dickns espectros resultaron de apiicar =i criterio
descrito en los parrafos anteriores a los datos del sitio de interés. Los
valores de a. yv, utilizados EDFPCﬁpDndEH a periodos de recurrencia T ds
30, 50 y 1ﬂﬂ anos y aparccen tahbulados al final del cap 4, Llos vaInres de
F, ¥ f empleados tomados de la ref 1 son, respectivamente 4.3 v 2.8 para
ahurt1guam11nto de 0,02, .y 2.6 ¥ l 9 para amgrtiguamiento igual a 0.05
{ver tabla 1),

Como se mancicend en el cap 1, Jos ¢riterios de disefio deben cornducir a sis

“tamas estructurales en las cuales la utilidad obtenida de su vjrcucidn sea
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d e e = s Wl W o E e e e e N - amas

rjﬁigm_ Tambidn s cementd qua 11 Wis aieacidn do o osiraciera gphing roguia
Fesde estudios custosbonalfeio,  Dichos osludios parsitan selaociosr de ealre
L coniunto o ounsibles zeluciomes, & ool proyocle aue tom'sce &l cquilibeio 4n
tiwe cutre 12 scquridad y el ¢osto de ia estruclova, Rado gue 155 pare.tetios |
nerosacios pard 12 aplicazidn diresta ao 105 esbudic: casvo-ooanticio y eatini-
zacidn son muy dificiles de evaluar, on 13 pricliica cusle cendirse 3 crilerios
¢e colibracion de discio y segurided. [n este bradnge se vtilizasd el eriterdo.

L4

da catibracidn propuesta on la ref 1, que canaisge on deiomaingr §a indeagidad

|

¢y discio en un sitio o parlbie de esproitones que relacionn Tos watores Spii-
ros Cedisolo pica eobructiras do navaciooristicas similares en dos sities con
ciferanlos niveles de ricsge sismico. €5 dacir, al criterio Supoile fque se to-
ran corn base de Comparacidn las intensidades de diseio cn un sitio en Jonde

cichas intensidades hayan sido estibiecidas a-partir de estudios {cdricos, ex

cepigniia y juicio ingenieril, i :

£1 criterio mancionado en ¢l pdérrafo anterior se traduce cn lo siguionte: pa-
ra definir la Totensidad de discfio ?Dl (o el perindo de rocurroncia respecti

- - ri{r +i) :
Yor/ T2 = Tor/Toz = (3,795} (22)

la cual re1acinna_TD1 con Ta intensidad de discho ?DE (o el periody de recu-

rrencia respectivo TDE] que sa- juzgue satisfactoria para censiruir upa ostrug
tura 2ndloga en e sitio 2. '

fa l1a ec.EEarl Y a_, son las acoleracionss miximas del terreno en los sitios

1y 2, 2sociedas a Ja misma tasa do oxceldencia (o poriodo de recurrencial y r

es una ce los pardmetros de la-ec 1,

Fl criterio d¢ optimizacién descrito ca ¢l pderafo anterior se 5P11Cﬁ con Gu-
jétu da definir la intensidad de diseiic utilizando lns datos d=1 sitio de in-
torés, denominado sitio 1, Como sitio 2 se oligid ol Distrito Federal para el
cval 52 tiene teda la informacidn que.suquiere la o 24, -

La t2sd de axcedencia seleccionada fue do 0.01 {o sea un periodo de recurren-




cia do 100 afos): el walor do r prry asbos witios fur de 2.7, rl fual ns con-
grucate en los reosullados de esia favestigacidn y la ref 1. Las valores

a;l = 10 {ewfseg’) v LI = 160 (cin/sog®) zo obtuyiceoa o2 Ta tabla incluida

al fina) del ecap 4, y de Ta ref 1 vespectivamente,

sLituyend ' s ng 2a s ubtinga = 2.7
Sustituynndo 1os valures de Bage A ¥ oun la g 22 5 ubtin YDI 2.7 TUZ

Si las intensidades de disefo ¥ zon las urdnnadas miximas Jdel espectro

bt ¥ Tpe
de aceleraciones para § = 1 y £ = 0,05, ol valor do ¥
F

N2 gboonida do ta ref 2u

65 210 cafsey? y por iarnto ?nl + 587 ep/fseg®, Dsta Gltima -inkonsiczd eoreuspon

du apénximndnﬂnntn a la erdesada mdixima del especiro de diseno pare un gericdo
do Fecorrencta de 17 afos.

Eicﬁh reriodo de recurrencia ps excesivatenta corto de acuerde con la prictica
ordinaria tenicndo en cuenta los factores de seguridad y métodos de andlisis y
disoio usuales (ref 23 ), por 1o quz sc propone adoptar 12s espectros de disefio
de -4 fig 6 gue corresponden a un periodo de recurcencia de 30 afios. Esfos .5-
poctros deberdn aplicarse en combinacién con los Taciures de scguridad y crite
rios de inéiisis y diseho de la ref 28, que se acabd de mencionar,

5.7 Lspretios Jde disele patun fevrenos Qeteamedie y blando

La deverminacidn de los espoctires de diselio para terinnos do baja rigidoz se
pucie cfectuar a pﬁrt15 de los aspectros puerd-terrens Firme, E ceriierio que
se seguird para cste propdsito se basa en Jas ref 26y 4¥ . Dicho criterio
consiste en mottiplicar las ordenadss del cspectro de diseio ﬁara terreno fir
re por factores de amplificacidn. tos valores de wslos factorss dependzn de
tos-periodos, T, de las sistemas estructurales cuﬁsideradns. ento se verd nds
adelante. '

E1 criteric mengionado se apoya en estudios analiticos sobre amapliticacidn di
nimica del movinirnto de]_terrenn dobida a 1a presencia de mautos-blandes, asi
co en 1os especiros de respuesta obtenidos @ partir de acelerogranas registra
dos en wixigo, D.F., durante siceas.ocurridos en los §ltimos. afios, También in
cluye dicho eriterio las incertidumbres ascciadas con 1a deterininacion de los
pcriadns raturu]ea gx vibracitn de las estructuras, 1as cuales provieacn de la

es_.m1c1dn de rigideces tangentes iniciales, asi como de 12 influencia del con

4
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“rtzaiento no lipeal y de la dntereccion suelo-estructura {vef 28 ).
E] criterio de constraccidn de copooives de discio pava terreras de badu rigi
doz en un sitin datorminado a partir do los espretros pary terreno firme se

trafuce en 1o siquianta:

Enterrenos de Lipo intormedio las ordenades del espectrs correspandionte, Ags

citienen partiendo de las ardenadas A dnl espoctro para terreno Tirae como

LR
[

siJue:

. Para T =0, Ei{T} = 1.6 nf{T}

£ . .
Lrara 0« T - 1.8, s tienen dos casas:

a) s a*i!Q g5 Mayor wue Ai{D], en dondy a? = 1,25 ﬂf{D.IEJ. ﬂi varfa 1ineal-
rente con T desde T = 0 hasta T = $,20, en gque adquicre el valor miiimo
a?fﬂ, que se mantiene consianto para 0.20 < T £1.8,

E} 5i e;!ﬂ qfﬂi{ﬂ], Ai varia lincalmente ¢on T desde T = Q0 hasta T = 1.6, en
quz adquiere el valor ai/Q. ' )

CPara T > 1.6, Ai = (a?fﬁl {1.EHT}2}3

£t terrenos compresibles, las ordenadas de su espeatro, Ac; ¢ ovaldan como
sigue:;

SPara T =0, A(T) = 2 4.{7}
d f
- CPara 0<T S 2.9, se tiencn dos casos:
a} si a;!q es miyor que AC(GJ, en dende a; =15 nf (0.12), Ac varia liccatl-
- mante con T desde T_ﬁ 0 hasta T = .30, en L adﬁuieﬁe ol walnr mdximo

" ag/Q, que se mantienc constante para 0.30 < T Z29,

Bl -5 aE!Q 2s menor ¢ jgual que-ﬂc{ﬂ}, hc varia lineelmente con T desde T =0
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I.ijgtq T = 2.9, an que andcre ol valow ANAR
. Para T > 2.9, ﬁe = (00 (2.947)

En la Tig 9 se prasentan les 2speciros do disend ce acaleracionss para terra-
rns ﬁntcrmndius » compresible en la PGLP. Oiches espectrns rasuliaroa de apii
caﬁfh] critoris dizerite en los pdrrafos anteciores ol espoctin o diszio pro-
Lugsto para toreene firme que o5 para un periodo de recurroncia de 30 aios,

{oun tanbicén 52 Incluye en la Fig h Y con un fagtor do ductilided 0 = 1 vy oun pur
ceataj de arortiguxmiento criticy £ = 0,05, Los espontros do Jissio para

otros valores de Q y £ se pueden calcular siguiendn los pases sefiriades en los

pirn ins anteriores,

Los esnfc,rns de la fig 9 deberdn aplicerse en combinacida con los factores de
sequiridad y criferios de analisis y disaio de ia ref Z8.,

4
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'RECURRENCIA
T, 2, v, £ £ f, 2t
(akos) {emiseg?)  {cm/seg} (em/seg*)

30 270 29 0.02 5.3 2.8 1151
50 33} 38 0.02 4.3 2.8 1423

100 _ 410 53 0,02 4.3 2.8 1753
3 270 29 0.05 2.6 1.9 702
03 B 0.05 2.6 1.9 - %60
180 410 . 53 0.05 2.8 1.5 fcss

TABLA 1

DE LOS ESPECTROS DE DISERD

MOYIMIENTO DEL TERRENO AMORTIGUAMIENTO _FAETDRES DE AMPLIFICACION  ENVOLVENTES DI LDS ESPECTROS

1||'*

(em/seg)
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[
L
[m]]

VALORES MAXINMOS OE ACELERACIONES ¥ VELGCICADES OEL TERRERD Y SU RELACICH CON LAS ENVOLVENTES
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Fig 7. Espectro de diseno para terreng firme, periodo de recurrencio -
de 50 afios, en Plonta Geolermica de Cerro Priciy, B. C.
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TI T ’
ZONA DE LA TIFO DE K -
REPUSLICA  SUELO o < T Ty r
A 1 0.03 08 030 0.8 /2
{ 0.045 o.12 0.55 2.0 /3
1 0.05 06 0,75 3.3 1
8 { 0.03 06 030 0.8 12
il 0,045 o0 0,5 2.0 2/3
il 0.0 p.24 0,20 3.3 1
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l 0.14 0.56 0.30 © 1.4 /3
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PROPAGACION DE ONDAS ELASTICAS EN UN MEDIO SEMINFINITO

por

francisco J Sanche:-Sesma

Instituto de Ingenienia, Universidad Macional Autfnoma de MErico

1. INTRODUCCIOH

Las ondas sismicas se propagan desde la fuente de acverde

con las propiedadées mecanicas del medio en gie vizjan

el

'
por supuesto, depencen también de las caracteristicas de
la fuente. La descripeiGn del fendmerno ha podido . hacerse
de forma satisfactoria al reocurrir &4 simplificaciones g
hipbtesis que llevar a la formulacifn de modeles gue repre
sentan los aspectos mds importantes de la propagacién de
ondas en la tierra. Es usual aceptar gue la tierra es5 un
medio eld&stico lineal, homogdneo e isctrépico. En un me-
dio de estaz naturaleza con extensidn ilimitada se pueden
propagyar dos tipos de ondas clasticas; las ondgs P o de
compresidn y las ondas 5 o de cortante. Las primeras so
propagan con mayor velocidad y por €50 se les suele 1lamar
primarias mientras gue las segundas reciben el nombre de

] 4 . -
secundarias, Existen diversas solucicones para las ecua-

—— . e e n —— — —




cicnes gque gobiernan el fenbdmeno de propagacién. Asl, para

una fuente puntual se podria hablar de ondas esféricas,
|

gque a grandes distancias de la fuente se pueden represen
tar como ondas planas. En algunos casos se modela el pro

blema de propagacifin como bidimensional y las soluciones

para una fuente se dan en términos de ondas cilindricas,

que tambi&n a grandcs distancias son aproximadamente planas.

Un buen nlmero de solucicones de las eguaciones fundamanta-
les puede encontrarse en el excelente toxto de Ewing,

Jardetzky y Press (1957).

La existencia de una superficie libre introduce refliexicones
de las ondas al llegar a asta. Para estudiar la naturzleza
de las reflexiones dicha superficie debe considerarse libre
de osfuerzos., Dade que a grandes distancias de la fuente
las condas pueden suponerse planas y gue para las longitudes
de onda de inter&s la curvatura de la tierra es, comparati-
vamente, pequeha se estudiard el problema de reflexifn de
ondas planas por la superficie de un medioc elastico semin-

finito. Dicha superficie se supondrf plana,

- A continuacidn se presentan algunos aspectos de la pro-

pagacitn de ondas on un medio eldstice de extensibn ilimi
tada y se expresan las cguaciones gue goblernan el fenfSme
no en términos de potenciales de desplazoamiento. Poste-

riormente se discute la reflexifn de ondas planas por la

rm i - w4 s maaon — - — ——rt e mim e — T —— = e d o -
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frontera libre de un semiespacio elistico, homogeneo e
isotrépico, La incidencia de ondas P.y SV arménicas se
estudig con detalle. Finalmente se presentan las ondas
superficiales de Rayleigh v de Love, las primeras como
caso limite en que la wvelocidad aparente es menor gque lasg
velocidades de preopagacifn de las ondas dg cusrpo ¥ las
segundas como ejemplo de propagacién en el caso mi3s sim-

ple de un medio estratificado.

2. PROPAGACION DE ONDAS EN UN MEDIO ELASTICG

Puede demostrarse gue en un s6lido eléstico, homogfnes e

isotrbpico las eruvaciones de movimients estin dadas por

3ty a u Aty ot aly
-[l+2u}3x9 Eyﬂ 322} El ]faxay axaz} =P 3t
a U 3w 3w

{l+1ul T +u [ } oyt v gmsgt =0 507 {1)

ool alw Bw ate 3y 32w
“‘+2ulaz2 +1]{Bx? 7+ () (g %z +Eyaz} B TE

donde u, v, w = dcsplazamientos en las direcciones x, Y, 2,
respectivamente; M, § = constantes de Lam&, p = densidad

r

del medio y t = tiempe. Estas ecuaciones pueden escribirse

de una manera compacta en notacién vectorial, esto es

w¥?iu o+ {2+ U) VY - G = p U {z)

= P A e - At T m o Erm—— A -

]
———— .. F



donde u = (u, v, w)] = vector desplazamiento, ¥? = opera-

dor Laplaciano y V = operador gradiente.

Antes de considerar soluciones generales de las ecuaciocnes
de movimiento dos ejemplos simples permitirdn jlustrarc
lag principales caracteristicas de las ondas planas en un

s5lido elistico de extensidn ilimitada.

Supongase gua u F 0, v = w =0 ¥ que u es solo funcifn de

x y del tiempo. Las ecs 1 se reducen a la expresiféin

, .
= D '—gt—';-' (3)

a2y
dx?

Phs2u}

una solucidn de esta ecuarcifin as
u=fl{t-x/a) +gft +x/a) {4}

donde a? = (A+2u)/p y £,g9 son funciones de uda Ao0fa var{a
ble¢ gue pueden describir una forma de ornda arbitraria. Un
simple andlisis de los arqumentos de f y g pormite estable-
cor gue f{t-x/0} representa uné onda qgue viaja on la direc-
cifn positiva dé » con velocidad a y g{t+x/c) describe vna
onda gue viaja en la direccifh negativa. Debe notarse gue
f{t-x/a) puede representar unpa onda armSrica estaciconaria,
exp[im{t—x/u}] donde I = /-1 y wu = frecuenﬁia circular
del muvimiﬂntg. Puede demostrarse que la coc 4 representa

ondas de compreasidn o P.

—_— e miaa - m s E——



Un segundo ejemplo simple s¢ obtiene si se supone gue

Lew=0 yaquev=vixt). De las ecs 1 se obtiene que
a?y 3ty
R T T3 (5)

¥y la solucidn tiene la misma forma gue la ec 4 pero repre
senta ondas gue viajan con una velocidad B, conde Bl=u/p.
Debe notarse gue el movimiento o5 perpendicular a la di-
reccidén de avance. Pueda demostrarse gue las soluciones
de la ec 5 representan ondas de cortante, sin cambic de

volumen.

Las ecuaciones de movimiento pueden resolverse de una ma

nera mis goneral por medio de polenciafes de desplazamdierio.

51 el vector desplazamiento se cxpresa como

¢ = ¥ + Yx¥, con V¢ = O (6)

donde ¢ es un potencial escalar y y es uh potencial véctg
rial, puede demdOstrarse gque la ec b representa una solu-
¢ibn de la ec 2 (o de la ec 1 en coo:denada; rectangula-
res) Si ¢ ¥ E zatisfacen, respectivamente, las ecuacignes

de onda:

2 1 3%¢
vig - — -3d (7)

—_ e ———— s — —
| o — — -




Tk 1 aly
R —— 5T ' (8)

!
Asi, por ejemplc, una solucidn de la ec 7 que representa una
onda plana de compresifn que viaja en una direceifn arbitra

ria cstd dada por

el + ym+ zZn
! ) {9)

& = f {¢ -

donde &, m, n = cosenos de los dngules formades por la direc
cidn de viaje y los tres ejes coordenados, roespectivamente.,
51 r = (x, vy, Z) ¥y n = {t, m, n} donde ¥ = vactor de pesi-

cibn vy n = vector unitario gue da la direccidn de propaga-

cibn, la ec 9 puede escribirse como
¢ = flt-~rn/a) (10)

Es evidente gue solucicnes similares pueden encontrarse pa

ra los tres componentes del potenrcial vectorial y represen

tarfan ondas de cortante viajando con una velocidad 3.

En coordenadas rectangulares la ec & se desarrolla come

A dy
. 3¢, Tz Y

v 3x+3~_.f iz

ay ap
-9 Tz, _x

v ¥ ax | ez (1)

oy at
wna +-.-:..l-__£

oz ox dy

dnndﬂ‘p:{u};wrﬂ’}-

e »

e — s



Los potenciales de desplazamiento ¢ vy ¥ permiten espgcifi-
car ondas planas de compresifn ¥ cortante, respectivamente,
que viajen en cualquier direccibn y con cualquier forma.
Memis, dade el caracter lineal de las ecuaciones involu-
cradas, cualguier combinaciSn de soluciones sigue satisfa
ciendo las ecuaciones de movimiento de.un s6lido eldsticgo,
homogéneo e isctrbpico de exteonsidn ilimitada. La utilidad
de este hecho se hace evidente cuando se hace necesario
seleccionar una combinacifn particular de ondas planas gue
satisfaga una cierta condicidn de frontera o gque describa
una fuente. Tal es el casoc en €&l problema que se aborda a

continuacidn.

i, REFLEXION DE ONDAS PLANAS FOHR LA FRONTERA LIERE DE LY
SEMIESPACIO ELASTICO

Considérese gue la frontera libre es el plano yz comg se
muestra en la fig 1. Ademis, sin perder generalided, G2
pbSngase que las direccicnes de avance de las ondas estan

alojadas en el planc xz,

Para describir el movimiento debido a ondas de corlante
st introduce el concepto de planos de polarizacibn. Ast,
se descompone ¢l movimiento en la dircccidn de la coorde

nada y (ondas polaricadas horizontalmente o SH) y en la

P——— o ———— — i ——— ¥ ————— —— e —



direccitdn perpendicular a la direccién de avance en el
plano vortical %2 {ondas polarizadas verticalmente o 5V).
En la propagacitn de ondas P el movimiento es en la direc

cidn de avance de la onda. Esto se ilustra cn la fig 2.

Fig 7. Sdstema de coondenadas en ed semivapanio ¢ldstice

La prepagacion de oncdas SH esti gobernada por la ecuacifn

ot
L)
=

{12)

=+
LY
HJ{

Ty X 1
zf © B?

*-
galos

e
x
o
[
]

Que es precisamente la ecuacidn de onda en dos dimensiocnhes,
en cske Cuso no es nccnsa?io recurrir a la formulacion del

problema an térmiﬁnﬁ de los potenciales de dosplacamiento.

Pucde denmostrarse que, on 1a reflexidn de una onda SO plana
por una frontera libre, el ingulo de incidencia es igual

al &ngulo de reflexidn y la ?nda reflejada mantiene la for

ma de la onda incidente. 8i la onda incidente ostd dada

el —



por

(1)

v

- fly 4 xccs‘r;zseny] (13)

Plano horizanlal

3

Fig 2. Nomenclaluna pana ondas pfanaa

Pl W, W i A A t

vii) ’v{r}

Fig 3. Ondas SH (nedidante y neflejada

—_—— e e i A — o m——m iy A e —— A A A . L F —m — ——f = — ———t & .ag U S —
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la orda reflejada estd dada simplemente por

(r) _ Fp - 2co% YE+ zseny ;) (14)

¥

agul y = &ngule de incidencia. Puede verificarse gue

- v{i? + ot

v satisface la ec 12 y la condicifin de que

el plano x = 0 estf libre de esfucrzo pues los Gnicos es-

fuerzos relevantes estin dados por

dv - dv

Tyz s vz

(15)

Txy s dx

y combinando las ecs 13, 14 y 15 resulta que Txy==ﬂ en

x = 0, Debe observarse cgue e¢n estas condiciones el movi-

miente en x = P, la superficie libre, se puade escribir
CoOmo
. _ 2 sen Yy
Y o-o z flt — ¥, {16)

por lo que el factor de amplificacién cs dos.

En la propogacitn de ondas P y SV el movimiento cstd en el
planc xz, es decir v = u{x,z,t), w = wix,2z,t) v v = 0. En
este cast las ecuacicnes de onda que deben satisfacer los

potenciales, si p = ¢ 50N

Y!

2 2 ’ 2 '
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s F)
3¢+3'¢l_ ] alp (18)

Los desplazamientos quedan como

- ¢ 3¢
! Ix az . (19)
a4 30 '
w = oz + ax (20}

-Los esfuerzos gue al valuarse en la superficie deben anular

se "son
Syt 3t a%¢ | 2% \
o, s MEE s B e2uf - Ty (21) ,
v 5% 'y 3%y
Txz w2 axdz | Bx? 31*} (22)
ya gque T =0

Considérense los casocs mogtradns en las figs 4 v 5, la in-

cidencia de ondas P y de ordas S5V, respectivamente.

—irie—
z -

PN FEAR Ty //&/-M:/A

Fig 4. Tneidencda de ondas P

- — —— 2 ———r———— o —
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AN FADF AN AN, ._I

Fig'S.'.Incidencia de ondas SV

Mediante la tfcnica de separacisn de variables se puede

demostrar que las soluciones de las ecs 17 v 1B scon de

la ferma o : _ i -
¢--- Ao EMI ELI Eﬂt {231
LA eKx etz M {24)
donde
2 2
e ra iy x=+L’-g-; (25)

"Rasta ahora K, L, M ¥y & con valores complejos son posibies

solucicnes, pero parg los actuales prop&sitos basta hacer

e iw v L =-18 . (26) -

pues al tener a § come nGmerc imaginario pure se garantiza




que los potencialea sean finitos, Al definir L como imagi-

nario negativo con & = w/c se observa que el producto

ler et de{e-z/c) (27)

representa una onda arménica gque viaja en la direccién po-
sitiva de z conh una velocidad de fase ¢, 51 c es negativa
la direccifn de viaje es en la dirececidn negativa de 2.

En términos de los #&ngules de las figs 4 y 5 se tiene gue

¢ = 6 . g (28)
sen Y, sen Y.

Con estas definiciones M y K deben ser o reales o imagina-

riocs pues, de las.ecs 25 y 26, se tiene que

M2 =gt - g¥a? mw?f1/c? - 1/0?) (29)

K22 p? - wi/B? ewt(1/c® -1/8%) (30)

asi, para R < a< |c|, My K son imaginarios: para
B < |cf < a, M es real y K imagirario; para l¢| < 8 < a,

M y K son reales.

Para #1 primer caso, B < o < |e]. se tienen los potenciales

fmx v A E-lmx}e-llz esmt {31)

o= {Ae 2




14

™
k - -
¥ -{Htel X v8ye lkx)e &z elmt (12)
2 2y A 2 Y
donde i = w/c, m = w{l/a® -1/c*} Y k = w(l/8* -1/c2)72,
si By =0 se tiene el caso mostrade en la fig 4 de inciden-
cia de ondas P, En cambio sl hl o ﬂ‘se tendrd incidencia
de ondas S5V. Sustituyendo las ec¢s 31 vy 32 en las ecs 21
y 22, haciendo gue 0, =1,,=0 en x=0 y resolviendo el sis
tema de acuaciones resultante se obtiene que
a) Para Bl.=ﬂ
1 - 7 _ ?
Ay ) hcoty, coty (cot Ys 1) (33)
2 - F
AI 4 coty, toty. + {cat Yg i}
B2 . iy cut‘rpfcul?"fs-‘l} (34)
— . S .
AL Iicot"fP cot vy + (cot?y, 1)
donde Yp = angulc de incidencia y de reflexifn de la onda
Py yYg= angule de reflexifn de la onda 5V. Dehe roecordar
se gue la velocidad aparente estd dada por
. o g .
€ sen Y, sen Yo (35)
b) Para Ftl =0 -
! - '
ﬁzm . 4 cot Y lcor® v -1) ] (36) »
Ii!II 4 cot Yp cot "'r5+ {cot? TS'ITE
B b coty,coty, - (cot? y. =1)?
2 . F 5 £
o (37)

B 7 cor Yy, cot vy, + {cotf ¥y, -1J2

—_ —_—— e — PEaep—— Y e T T O e e e m i S ———
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La incidencia de una onda P puede variar de vertical (¢
infinita) a herizontal (¢ =a) y las ecs 33 y 34 permiten
calcular las amplitudes de los potencizales de las ondas
reflejadas. Para la incidencia de una onda 5V se tiene

que 0 ¢ yg ¢ sen  (8/a} .

51 se toma la energia cinética por unidad de volumen como

-%—p[a? +;’], puede calcularse el fiujo 2e energia median
te el producto de la energia cinética por la velocidad de
propagacidén y el 4rea del fronte de onda considerado. Para
incidencia de una onda P puede demostrarse gue las frac-
ciones dé energfa reflejada como ondas P y SV estsin dadas,

respectivamente, por

2 2

Az , B2 tan YP
b ]

.ﬁ.t Al tan TS

¥, similarmente, para incidencia de una onda SV s¢ tiena

gua
2 ?
Az tan v , _Ei_
2 2
B] tan o Bl
En las figs & y 7 se presentan valores de JE?EinC para

incidencia de condas P y 5V, respnctivamente, en funcién

del &ngulo de incidencia y con diferentes relaciones n/B.




P e = Dy
2T T
v

s L i ]

a/8
—_—1.789
——1,732 .
——1.71]
——— - - LEED

EIEiI‘IC

,:_i_“, I
{ LA ,’__
- \f T/W

2 40 FLE un'

Fig 6. Raiz cuadrada de fa nefacidn de endngéa x2jlciadr a
energifa 4ncidente paxa una crde P <ned ‘destte 2i waa
supanficie Eibnre

Para el segundo caso, B < |c| < o, sc tienen los potenciasles

(A o X +hze-mx] e-iEz Eimt £38)

.

{Blcikx+52\!—[kﬁcl‘£? .L-“'” {39)

dgonde ¢ = w/c, m = |u](1/¢? -.1;":1:_]1'4 y oK < m{'l.f[izulfczjj"{z.
Para evitar gue ¢ crezea indefinidamente a4l aumentar x ac

hace guc Al = 0 por lo g¥e no nay orda P inéidentc on este
caso. Mediante un procef£o arndlege al del caso anterior se

~ohtiene que




S“qﬂ_-l
o 90+

EfEinc

Fin=0

&0

Fig 7. Raiz cuadrnada de La aclacidn de eresgda aediesade
a enexgia Lrvcidente para una onda SY {ncddenic or

una supenficie Libae

A, . 4 cot TS{CGlzTS*I}
B, - _(catiys-!]z -ﬁi[l-cf?ajf?zfotTS S0 w (40)
'
B, (cotzvs-llz+hi{l-c=fa=} ‘eot Yo sgnuw
- - - (41)
{
EI [caths—l]’-#i{ltc’Iu’] hcnl Yo sgna .

donde sgn w ={~1 31 w<0 o 1 51 w>l}. FEn este caso, lia in-
cidencia de ondas 5V con dngulous de incidencila Yo mayares
[

gue ﬂ&nhliﬂfu} qgqenera ondas P ono homogéneas gue s5¢ atenuan

con la profundidad,
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4. ONDAS DE RAYLEIGH

Para el tercer caso, |c| ¢ A < a, se tiene que

“mx e-!zz cimt (42}
v 'Bz e-kx ﬁ-liz éimt {ﬁj}

donde m = Ju] (1/e? = 1/ahy k = lof(1/e? - 18D AL se

han eliminado A, ¥ El pues no represcntan ondas incicdentes

1
con potenciales finitos. Las ecuaciones de esfuerzeos nu-

las en x = ¢ conducen a

A 2,1y A
2 . . 20(1-c?/B%) 7 sgnu (k)
ﬂz r I -z-c'jjr!-{z-“ -
\ :
2 2 - ct/p?
- ——— (45)
2 21{1-¢?/a?) ? sgnuw

como las ecs 44 y 45 deben ser igquales se obtiene gue la

velocidad de fase, c, debe satisfacer la siguiente ecua-

T

cidn:

C
(2- 'l

3 : 1 )
: c I/ (4 /£

e A (46)

La raiz real de esta ecuacibn, Cp» cncontrada'ﬁor vz pri-

mera vor Rayleigh, da la velocidad de las llamadas ondas

de Rayieigh. FEn la fig B se prescntzn valcres de Cp Para
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distintos valores del mdduleo de Poisson vw. Las ondas de
1 R

Rayleigh son ondas supenficiafes y debido a ello sufren

f |

0.8 — - 5 L
- G54

[~ J:; o

EH\\

-053—

- 0.4 —1
Loso /o]

'ﬂ'?l—’":' 1 ‘I ‘I| i -

» Al |
i 0.2 0.4 0 02 B4

Fig 8. Relaciones B/, cR!a if chB ecome funcdones del mbdu
Lo de Poddséon v

menor atenuacidn geométrica. Puede demostrarse que 21 mo-
vimiento gencrads por ondas de Ravleigh hace que las par-
tfculas describan travectorizs elipticas con ciclos retré-
gradas, a diferencia de leos ciclos progreosivos que s pro-
sentan en las opdas ﬂqpcrfitinles en 1Hhauidos., La fig 9

muestra un dibujo esguonitice de las ondas superficiales

de Raylecigh.
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Direccidn ce propagaticn

I
Lo

Troyecioria de
Velgcidad Insy, unﬂy parlicula

Wr/ 'Wﬁm

PR L T . .
- ——— -

e —— .
g ymm = e A Ll |"~} -------------

Fig 9. Ondas de Rayleigh

.

5. ONDAS DE LOVE

Puede demostrarse que la péopagncidn de ondas superticialous
{que se atunten cdn Ya profundicdad] del tipo 5H es impouible
en un semicspacio homﬁgéneo. No obstante, las ondas SH
superficlales se observan en.la superficie de 1la tierra

Love demostird que una teorfa suficiente para exwmlicar las

endaz SH superficlales puede desarrollarse si se tiene un es

i L]

trato homogéneo de espesor uniforme H con propiedadas 1, ¥y
-El sobre un samiespacio de propiedades By ¥ B, COmd Se& muos
tra en la fig 10. SupSngase que los desplazamientos sen in
dependicvntes do la coordepada y, ¥ adomis cue la vavriacidn

: 1a fwt 21 oyt . -
con el ticnpo estd dadapor o . El plano x = - I repro~

senta la superficie libre. Las ecuacioncs de movimtento

{ecs 1) se¢ raducen a
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x=-~H [
H Flrﬁﬁuﬂ
x=0 ! o
2z
K2 Bz vz

Fig 10. MNotacibn para un estrato sobre un semiedpaelo
eldstico -

para el estrato y

aly. 3y
2 . 1
+ — + Kk v, = 0 (48}
axt a2 Bz 2 '

donde kB = w/B,, 1= l.é para el semiespacio.
N i

Haciendo uso de scluciones del tipo de las ecs 23 y 24 se

pucde escribir gue )
159
(50)

. 1 i
donde v, = il~c2fﬂi} Z Y ¥, = tlﬂcsz;} 2. Se observa que

si c < B, vy 0 cuando X -+ =,
F
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. d - -
Las condicignes de frontera son gue v, vy ¥ {Txy}l {Txy}z
en x=0 y que Txy = 0 en X =-H. - Estas condiciones conducen
4 un sistema de ecuacicones homogénee en A, B y C. Para
gue se tenga solucidon diferente de cero el determinante
del sistema dcbe anularse. Asf, s& tiene gue

' 2 02y

HpYp, om0 -c®/83)

tan k y,Ha | ~—— = {51}
! MYy u](cza"ﬂ:-‘l}uz

es la ecuacifn para obtener la velocidad de las ondas de

Love,

E£i Bl < £, 12 ec 51 d¢ valores reales de o, en ol intervalo
By < €< Bz, que dependen de k y . Pucden obtrnerse ondas
de Love de forma genoral superponiende ondas de Love del

tipo de la ec 49 con diferentes k.

La dependencia de la velocidad de propagacién de la frecuen-
cia ocasicna el fenbmono de dispersiéan y, en general, este

es5 2l caso en medios estratificados.
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fditariionall propugates a0 the same velocity {rg = \'rl'.}_-ltpl in hoth die rod
am e infinile Ras)ium

1.3 Waves in an Elastic Holf-3pace

fn Scc. L7 il nas Tound thar iwo oapes of waves were poisible ia an
Hfinne elistic gl =—waves of Jiliavivn and wases of distontiva. In an
eline hatlspace, Iowgrer, i1 possible ta 0d anhird satution for the eoua-
iors of nonen whih cacrespimin to 2 wtee w e motion s conbined o 3
rune aeaf fhe bonndaey of the halfispace, Tha wave was fint swded by
Lord Faviegh §i533) ond later was dosended in detaid by Lamb [19H).
Tie clotw wane doseribed by those investigatons is kaown as the Aapleizh
waote (Rwave) and is contined W the neiphborbaod of ihe suifice wf o haifs
space, The influencs of the Rayleigh wave devreases rapidly wilh depth,

R feigk-1Mare Velocity

A ware with the charaeceristicg noicd abos e cunt be obiained by saaning
with the equztions of motion (Lgu 222 133, asd L33 and tmpaeng the
apr vpnate bourtdary condipons for a frez surfaee. We defipe the suclsce
of the hall-spaee as the 1o plaae with 2 goumed b b cobitive (owan! the
inwerior of the Wallspace, as shwwnoan Fig 3110 Tor a phrue nove traveliag
i the xedirection, particle displazerznts will be imdependenr of the o
direction. Displaccasenls in the oo and s-dizeciiscas, deadied by & and w
respectinely, can be wnllen iz werms of two peteniil linsians @ and '

na-'—h-l—@*— neyd nnﬂn_ﬂ'

ix z z Bz
The dilarafion € of the wase defined by ward » is

i = o3l
22 2z arvdz | oa:) Ta:\a: T Ed)

J-a—u-i-a—w-: d ﬂb-{-ﬂ) : € E—ﬂ]u

and tbe rotition 28, in the 17 plane ia

. du  Iw ET-T U & b gl .
r I e QRN L Y A B
* 3z dx dz\dx 3:) Et{d'.' éx

Maw it can be seen Lhat the potenial functions @ and ¥ bave been chosen

——— it e m . - o s

——————

p———_ L

WAVES IW A FLAETIC s LF-LrACE
ue 1)

Plore Wars Fronl

Fure #-13 Covrdimale fir-en-
Lon for alaree baFspalt,

such Wzt & is associaed wilth dilatation of the medium and ¥ anociated

wilh fotalion af the medicm. .
Substitviing v and w inie Lgs. (3-42) and (3-44; yirelds

T RRERY

v P a_l
and

’ - &'

& dx

Egquatians (3-49) and {3,507 mre sativhed if
F 2220, L
ar P

and

ik (E)r*-i‘- ALY
ar #

.

a2 3 2 gy T
a("_’:‘)+ 2 = (i +26) 2 (V9) + G () (48)

3[5_") _,E(ﬂ) - fi +2G]£t?'¢}—¢;;{"?"ﬂ (-5

(351}

(3-52)

wow, by mssuming a selulien for a sinwsoidal wave Traveling in thr .

pustlive x-directian, expressions for ¢ and Y can be wrilles

@ e Fiz) eap [i(ew — Nx)]

5%
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82 wank FROFAGATION 1IN LLAATIC MEDHA CHap, 1

and
¥ = Gz enp [ifwe - N . {353

The lunciions Fir} and Gz} deseribe Lhe varation in amplitude of the wang
as 3 function of depth, and Vis the ware number defined by

o

Howm =
L

" where L the wave kength,
Now, subsitutag e sxpressions for & and ¥' from Egs. {3.53) any
(3-34) inra Egy. {3-51) and (332} yltids ) ’

— :?’— Fiz) m ~NTF(5) + -2} (3-35)
r
and )
L‘I' -1 -
-3 Giz) m —N'Gl2} + G(5) {3-56)

By rearrengisg Eqe (3-55) and (3-36), we gt

L F

Fiz)— (.\" - Ei) Fiz) =0 {357
and te
[

Gz} — (-\" - II%)G{:} - {3-58)
Ly

where F(z) and ©70c) are derivatives with iesprct 1o 2, Naw, letting

T
g - [.\"u :”—,) (-5}
and

- (,-c' - 1} §3.80)
Eqs. {337 and {335} can be rewritien as
Fliz)—¢Fiz) =0 -1

and
Gl — s0ls) =0 (362

A — w1 ——t

src. 13 WAVLS IN AN LLASTH: HALFSraly A)
The solutions of Eqs. (3-61) and (1-61) can be e1firessed in the form
Fiz) m A, cap {—42) = B expig2) . {363}
G{z) w Ay eap {—s2) -+ By exp (s2) (3-ad)

A tzlution thae allew sy the aemplitude of the wave Lo breome infioite wilth
depth cannot be wolerated ; therefore,

B, =5, =0
and Eqt, {¥$3) and (3-54) become

Qo A enp [—ge T it — N1l {365}
and
- Y wm Ay eap |- 1 ilwr — Nx]] {366}

Maw, the boundary con&itium specilying Do stress at the surface of 2
hall-space imply that ¢, = O and v, = O at the surface 7 = Q. Therefoge, at
whe surface,

g_-;;;+:c.,-=1;+zaal’—u
EF
and
. . dw _ Bu el
e Ty ==+ — =0
T ¥ (Ex 3:) &2

Using the definitions of » and w and the solutions for @ and ¥ from Eqa.
(3-65) and (3-66), the abone ¢quations for boundary conditions can be
wWrilsh
0. vee = A (4 + 2619t — iNY] — HA,GN2 =D (3460
znd . '
Ty g™ AN+ A1+ A= {363}

Upen cearranging, Eqs. (3-67) and {3-58) become

. L] | '
A fh 20057 =N g . 069)
Ay HGNs .
and " .
N i .
A4 YL (3-70)

AT+ 8T
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B4 wavL PROTACATRIN IN ELASTIC WEDIA : Lrar 3
Mow we audd these (wo equAlicns by get

(i + 2 — AN? - ATTRY

:‘.ﬁh‘l‘ it 't' .\'I {J-?l]
acd crosi-multiply in Eq. (3-71) 19 obzin
TGN m= (2 = WY [(2 + 26N — i) (311}

Squaring beth ides of Eq. (1.72) and tntroducing ¢ !‘r—::;rn Eq. (-39 and
from Eq, {J-40}, we pet *

IEE'H'(N' - “.:_') (h.. - 1‘)

[ Fy
- [{1 + IE}(.\" - r;) — .1.\"]I[H‘ ¥ (.\" - g)]' (373

Naw, dividing 1through by &34 we obiain

L] L] )
o)) - - ) )
KRN Fah & EpeN S
' {374}
Thea, using she followiog rlationships derised in the foownone® gives

tw th .
e Fwsn e (3-75)
. ' "Tﬂ' X I -
! vy K (3-76)
1""25__1__:-2- (330

G a' 1=2¢

—l vl

* By definition,

—— & mEm e ceeee

uc, 1i Wavkh IN AN ELAATK HaiF-sracr B3

Eq. {3-7T4) can ba writien

..
S~ #TRY — KTy (z - %:'x*)u ~ K'Y (378
rF 4

After expaniion and reartangemen, Eg. (3-78) broascs
At — EX L (14— 162K = 162" —~ 1} = G 3-79)

tquation {3-19) can be considered a cubic equation in A and reat valued
valutisns can be found fof given values of ». The guaatity & represents a fatio
beiween the velocily of the curface wave and the welotity of e shear wave,

Alvo,
o terg
f ? =
whd, [rem albove,
Ir  Calw
b ™
iharelore,
w
N-.—. B
and .
w? '
h"-—E i
Let &£ and a b Sefitend pach 1hay
] 4] -
%-:* PP L e &
L] Fr
Tren
' ' Lw _ H
gtk e
afd
wt H '

Subslitution of v, aod rp from Egs. (480 and {143} pive

Ao+ My
1 » Eyin
n.'--;_}--_E -
- P
and wunp
F .
P oh e ——
FITIEN TR ’
wit et

A+lF 213 1

c I—dr ¥
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B wall PEOFAGATESY I ELAY[R MELMA Citar, J

¥ T T T T i '|

]
[

L
L

Pt

Voluet &f

FER L

Felurw J-13 Fripngm  belwmern
Fouatdnt raTed, v gnd rriaccet ol
presagater of comatrinan (M,

51 52 w3 o Ds  Ihese (0 and Eaple h (K] wares

R-Wove

iy a demimnlinda elaate madom
Fa-stans Ra'wy, w Ifram A.charg, [F82).

From this tolucion it is chear that K® s independent of the Trequency of the
»ave: conscquently, the selocily of the surface wane is independen of fre-
guency and is nondiparsine,

Ratios of i fre and rpfrg can be oXlained from Eg. (3-79) for values of
Poisson's tuliv v from 050 4.5 Cunves af these 13105 a5 a funchion of rare
shown in Vig, 3-13,

faleigh-Wair ﬂls;-b:t.;nmr

So far. a relationshp for the Tasie of the Raslogh-nase velogiy 101k
shear-wave sclocily has heen ohtained, but addsioral infermation baut the
Raylcigh wave can ke dererminad by abtsining ihe svpressons fof wand w
in terms of kbnown guarises. Upan substitanng the sprassions fur 4 and
Y Irom Eqe. (3633 and [3-56) in1a the eapresmons for o and w, we gt

Y - &p + a
dx H
- AN ekp =g+l — NR)] — A enp [—a2 = il = Ml
- . {3-50)
and
.o to_dt
:  dx
- _A.IH op [.—q; = deul = h"x}} + A,PIN P l—-.‘l: - gl = .\-L”
(3-41

——frraas me al— - rwatT Bl k-

LIT | WaAKIE IN ax ELSATIC MalLF-4raCE  B7

" From Lyq. (370} we £an pet

4 29i VA, . .
‘S + N.

and substittion of A, into Eqs. (3-50) and (}-81) gires

u - .-I,[-r'r'\r' exp (~—qi)+ ‘ELN;HP[—::}] cxp il = Nz} (3-32) <
R -
and
N
w o Al[s’ - 1"I_li'.-x;:n[-j:] —g c:p(uqzl] cxp ifel — M) (3%3)
- 1

Equationt (3-E2) and {333} can be rewritien

314
y i , NN .
- A‘.\tl—up l—i-;{:#l] + 3 N Ip [-— T;[:NJ]
_— ]
N . 1
‘ X capifeat — N1} [3-34)
and
13
JooN .
R Eoerted WSS L0 I
Nt '

* expi{nd — Nx) (3-B5)*

Now. lrom Egs. (3-84) and [1-85), the variation of v and w with deph can be
“apraeped as

242

Lis) m —ep [— Lew]+ e [-i:r.\':] (56 °

N r N
LA -
Hl
and =~
35. . " -
; N . .
R [—i [:.x;] - %t:p [_ _{:{:m] (3-87)
~T

ot T sipdicande of e poeence of § e uhe eqprossion for « (Eq. 104 and it abscncs
e s oreaen Jar = (EQL J-H) b that ibe a-composcol of dispiacemeeil u 9" 0wl of .

phidse =il 1t = camponent bf ﬂu;tml..l
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The funetions LT amd W) pepresent U spagiad saria oy of the displice.
merts W and w, Equations (1-549) and {3-L00 can be rewiitten

{1-3b)
and
¥
Ju-!‘ - - ;‘_-',i? {389
i L

1o

=K ' (357
N

and
Iy . -
i (3-91)

Now, Lz} and 7{z) eaar be evatuated m i of 1hie wave number X far -

eny piven salue of Polsson’s rotio. Tor example, if v = }, {2 and 190}
Ate piven by

ULz) e —cap F=08475 (V)] + 05373 eap {0353 124]) (394
and
DY O 8375 pap (=0 §475(=V)) = 14677 eap [—Q.393M:N)] (193

Frgure Yol choms curves fur L(z) and W20 v divianes from the surface in
ware leugibs of the Ranleigh wave (L) for Poosson’s tanos of 0.23, (33,
0.40. and 050 -

Hure Soarvar uf Surfiee of Halfl-Srace

In preceding paraprapha expressions kase desn detemaned for the wine
velocilies o the three pringipal wases whith aedur ia an clasiic halfsrace,
K nowing these selogities. we can casdly prodict the arder in wlich wat 2z wi|
arrnve al 3 piven point dud 10 3 disarbancs S8 anoger painl. Inaddiion
predicting the order of armval of the watds Mong the surflage, Lamb (1505)
dewenbed in detail the sufface motian fhatl ooturs ai large dislaaces fram a

" poinl paares al the surfade of an idea] medium,

——m e ms e e e - e e e e e e
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Figatw D14 Arplaude riye vi dameny galegy depih fyy Rabnih ware.

LnZer shr conditions canddzred by Lamh, 3 distertance tpreads out
Tom iRe priat seaie inoike fong of 3 ssmmetrical annularwa.e §IRFEEN,
Tht inwal fare of this wase yaacem witl denend on the inpet e bt
IF the inpel it of short diration, the chasz2zieria wave sastem shoan in g
115 will danctop. This wave ~isizes Ras Wares salicat featnres concaading
Wa i arraalt of 1he Pewnanp, Sanave, and B-wase, The hoticanial and
ST comrpensils of particle monon ste shoun sepacalehy in Vg, 3-15,
A prrticle a4 the serface fizs e pericnces a displacement in the Form of an
ciiiaten at the armal of the Posave. folowed by a relativels gueet porod
kading up Lo anaiker oseillation at the zrzival of the Siwace, These c:e=nis
a2 referzed W by Lamb as the sinor trensee 2048 2t foflgwed by a mely barger
mairniede oslation, thi mapur teemos, 31 1Ec Hme of arral of the Ewave.
The time irizneal boiwecn wire aerivaly becormes greater and the
amprtude of the osillalions Yeepmes srmalier with inreasing distance from
the woarce, Inadd-tion, the mizer isrmar £eeays Inore rapidly than the maior
frvzigr, It s avicear, iherefgre, 153 1he Rowane it she most kgaficant dis
trbacce along he surlace of a kaf-upace and, a4 large distances from be
Wuize, may be the only cleany distinguishable wave.
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T10. LOVE WANVES

In the Rayletgh waves cuamined in the previous section the material
particles move in the plane of prepasation. Thus, in Rayleigh waves over
the half-space y = © along the surface y = 0, proparating in the c-direction,
the rcompanent of displacement w vanishes. It may be shown that surface

y waves with displacements perpendic-

wlar to ihe direction of propagation
N LA

(the so-called SH waies) is impossible

% . T \ in a2 homogeocous hall-space, How-
M Ll,ﬂr

// 4

ever, S surface waves are obscrved
Fig. 7.10:1. A I.'IJ ered half-space,

as prominently on the Earth's suclice
as glher surface waves. Love showed
that a theory suffizient to include SXf
surface wases can be consirucied by
having 2 hamogmcm.s laver of a
medium A, of uniforn thickness M.
averlying a homogencous half-spuce
of anather medium M.

Using axes as in Fig. 1.10:], we lake v s v =0, and

{1} w = Atip |:—Ic i1 —;—;yjcxp{ik(x—c:}}

@) v [A, eap [—kN/IT(T,) ;} F Ajexp [i - ( frl,)t;,:”

w exp [ik{x — i)

in M. [uis easily verified that these cquations satisfy the Navier's equations.
e << cr. then w—= 025 y =« o0, 35 desired.

The boundary conditions are that w and o,, must be continuous acrass
the surface y = 0, and o, rero at y = - M, On applying these conditions
ta (1) and (1), we ablain

(3 A=A + 4,
(4) GA{l — (efer}' ' == GylA, = ADIT — (/5]
{5] Alcxp{kfh[l—[fffm 1"}2AI‘CKP{—A.H-1“ _{r‘fclll} !IH}

Eliminating A from (3} and (3), and then using {5) to ehminate A, and A},
we have
Gl — {cfepVI'Y Ay — A}
Gill = (cf'f) " A+ A

= ian {ikH [l — (efe'VE

See, .00 L WAk 152

Hente, we have
(6 Gl — [fff'r}'}”’ — GLHCJ’EE;-'II — P =

as the equation to give the SH surfuce wave velocily ¢ in the present condi
tions.

Il e -z cq, Eg. (6} yiclds a real value of ¢ which lies in the ranp:
e g e o ey and depends on & and M (as well as on G, Gl ooy, and )
because for oin this range the values of the lefi-hand-side werms in (8] an
real and opposite in sizn. Thus, S8 surfuce wanes can otcur under the
stated boundary comditions, provided the shear velociny £ inthe upper layes
is less than that in the medium M. These wuves are called Love wores,

Love waves of peneral shape may be derived by superposing harmonic
Love waves of the type (2) with diTercnt &, The dependenie of the wawn
speed £ an the wave number & introduces a dispersion phenemenen which
will be considered later.

— 1" an (K [fe)ey )t —

PROBLEMS

7.2. Drerive Navier's cquation in spherica! polar coordinatcs.

7.3. From dawia given in variout handbooks, derermine the longitudinal an
shear wave speeds in the fallowing materiuls:
(2] Ciases: air af seu level, and at 100,000 1 altilude.

(b} Merals: iron, a carban stecl, a stainless sizel, copper, bronze, brass) nickle
alemiciurs, an aluminium alloy, titanivm, tlanium carbide, berylium, beryhiun
avide.

{c) Roclks and soels: 3 granite, a sundy lpam.
{d} Weod: spruce, mahogany, balsa, Ly
(c) Plastics: lucite, a foam rebber, -1

T4 Siech 1he instatancous wave surface, parufie velocities, and partich
paths of a Love wave,

7.8, Investigate plane wave propagations in an anisoliopic clastic material
Apply the resulis 10 a cubic crysial, Mare:
Fu, i, .

P = Cun g by = A ¢ 174

where k&, &y, k) is the wave vector normal to the wave lront.

T.6. Derermine the siress feld in a rolading, pravitating sphere of unifore
deasity.
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LFFECy OF LOLA SOIL CammiTiens
YRR EARTICUARE GROLTD PRTLES

by Robert ¥. Whitodn

Y. INTERDLCN G

It has lon; teen recognized that loczl ol coaditions cin have
¥ oproafourd effell uren the daTege cauie:s by 48 fortsouake.  duch an
effect was clearly colidert in accounts of the great Lishon earthquake
of 1755, ard In the accourts of nlmost svery <uziescans mglor earin-
Guale thalb aifecied o lerge tity. The affect of t2il “enditlens wign
dirage Curing the 1525 S2n Francisco eartaguabs was well rezagnlzed
In ttudlesr of that earttquaie. The topic received considerghla LUty
followlng the ranty [Tziya) esrthguake of 1922, Tas effect o7 local
$all condlticrs ujon earthquibse dimage iy hardly & few pronles, Tae
selsmie esded of rot zaatrles specifically reacire 2{ffergns azrin-
Queke resletzrce for different 1017 conditians, ]
in the United States coateln ng wuch requiTennt ket not hegaLse
sofl conditions tee Lweught B3 be weicdortdal. T2 wrltaes 3Y ine 45,
Coles reopnlled the i-cartaace of soil conzitieas, BUt 2#%c the prok-
Teu was sq corptes and pocely ynderatnad +ha: ediquitz cose dravisiors
€514 net be written. Sithawl » doubt, soli ceadition. wili b ingor-
porated fnia LS. spismic codey in the very fe2r fulura.

Loges ng o in elfest

Furh £f t tirikgeibe daasge to buildings bwilt upan coor s2iis
Such FaiTures
Include slumaiey £ river banks, failure of walerfraaz retalnlag struga
Tures, Targe Terdeiges, foundaticn settlemant ana rourdssiin fa.1‘-urﬂ:
Seed (1970] kas proviced an excelieat suwmary Jescristics of swer T2fl-
WTEE. Mamy suth fafluces are Cavied by tatad
of Toose saturated cthesionlest soils,

redults froo eartlyl or complete faijure of the sail.

ér parzial Tle,afscsion

The Fasstialety 3F Z.un Tzilures,
eipecially Ticuefuctlon faflures, in anv gluen lazyie ar $ite recyires
Indlvidual stody by erperts. Appendin B coatadng a very brigf discus-
afon &f liguefacticn,

This chapier considery the effect of Jocal sofl eandliiong uzen
dirthquake grousd malians, and hence upan che SBarieg of buildings,

-
+

-y
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3.

{ailure af the spil,
oprecical studles of this ¢ffock have Seen susarized §0 recect pipery
by Chsaki (1969) and Sead (1969}, Huch g mow known abput the prob-

lem, althgugh by ng me3ns 15 there to=alete understanding.  Trerk dre
several wiys in mhich 1his new Enswledge can e put to praciicadl wie,
Ore way i1 the ceselczranl of site-congiticned &drihgale cotions Tor

when there i3 f3 field sbservations and the-

Irput %o the eandysiv of Irpartant Siructures: *RES sppreach 15 piw
he1hg used in the design gf tall builaings in San Frarcisco and Tokya.
The second way 1% o guide the ceveloopent af nes bellding caZe pro-
Thrlg chater deals promarily with the latler apolicallon.
That iz, tre chapier will discuss hoo the tase shear Coefficlent €
thauld vary with zofl camditionz, A plot of C ws. T, the fundazrental
pericd of tra Suilding, will be cailed @ geisnic coefficient Cisarsn.

yisions,

Frgure 1 117astirated spveral cifferen: fores of seismic coef-
ficiant diagrams inzoeporeting ieil comditiges. The simalest larms
ire thase o Figures Yu acd th: here 40} grdinsies are multiplied by
b factes that 1s independent of seriod, That 1%

£t = $ €,07) ()

where 5 15 a salb fadier and © (T} 1s the seisnic coefficfent func-
blan for @ reference 3011 cpondition. Ohsakd (15859) has zahulsted
vatues af § required by the codes of 13 cownstiod. Table 1 gives
exazples of sucn fatiaet, ranging from the ety s3iopls table uied in
Canaza ta the sacs-hat easmles zanle {n #%dect im Jepun.

Flgures Tc through 1¥ stow more complicated prapesals foer inlro-
ducing the effect of Toenl ol condl tiany irto selémic coe{ficient
diagrazs; now the effsct of so0il i varied cepending wpon the perlod T,

i, Figure i€ comes fren t5e new Chilean code. The curve of C
¥y. T wvaries im $hape dezending wpon 3 pardteter Tu- The
pIFLTeLer Tn iy related to the characteristic frequency of
the site of tie bullding being cesigned.

2. Flgure 1d shows 3 sedstic coefficiest dlagram proposed by
Muto in Jepan in 1563, EBoth the macicum sefsafc . coetfictiont
dh€ the peripd scale are acdfusted in accoriante with the
Ly of pround,

Py
| &)
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1, According to the proposed furves shawn in Figuee 1o, Tow
LI Bubldingy hawirg 2 szald fertod T owould be designed
far & larger selioic caefficient i? on Kar2 grownd tuin
1f on soft grownd, For LAl fleciule bulldings, the re
verse would e true,

4. Flgure 1r shows tha ¢aze provitizns daveloped for Heelen
City, 5o 45 to azpount for the effe > 0f ha yngtually soft
ind deep clay whleh unceriies puch of that clty,

Thet, & great variety of reihods hawve been Srosgsed far incar-
porating the effocts oF 5aiks ronditicng into the selismic prﬂviiinns
of building codes, A bullding afficial faced with the selection af
& syltable provision, ar an erginesr faved «itA izplenentleg sech
provicions, must yndersiens che Basic thiriing Iying Senind the wvari-
oui prepowdls. To ¢¢vtinp seen wasle understanding, it 44 wselui to
consfder Fouvr categarics of sot] canditiens: ’

F. Shallow safll doposdit with 2 distinct characteristic frequency.
I}. Deep dapgsit ol flrm sofil,
11, Shallew soft il geerlying deen depusit of firg 1341,
_I¥. beep depasit of sofz scit.

Bhile theer Four catey do not encempasy 211 passihle sodl condi-
tigng, they serve to bring qut the Pundarenta) consideraticns.

L
*

2. ROLE &) $787TU5 CF TRy

1In oréer to ondactland agogrately the gffact of Tgea!l seid cansi-
tions, w& must comhlne interpretaticns of aztval accelerogranh records
together wlth thraretical anaipsis. Witnin [na relent pasi. 1C nis
besn peceitary 13 rely sery haavily uzas traary, since the fleld data
Troz accalaragriphs Ras Deen wery scenly inceed. Fezjuse &f Tke cany
acceleragraghs which Bave Seen {Nstalled wiihin the past fiw years
and will be Inzzailed within tne cear futere, there spon Shauld be
-MInj rgre recends Invplving & yariety of soil conditiens. Hiwewer,
theary will contlrue to be of wital fsportence in Lelping O 5ot out

L.and underitand the potentially staggering Guaaiity af raiher confusiing

data.

The theary af ground Jmplificat1ﬂn. 45 Qib exitiL totay 13 &y
o oeeans pEroiact.  However, o raey cates predictlosa fron tre theary
T are 1n accord with phgervations [Seed, 1969}, There nda has been
cansiderabln gxnerience in the practical wie of the Lhegry, ano we
understand both ity Timitatlons o5 well a3 how 1t can be used. Ljed
with judgesert | this Lheary 15 2 very wseful tool for wnderstanding
“tha effects of Jocal soil conditions.

1. CASE [: SWALLCW $3T1L QEPOE!T WITH CUSTINCT CHiPALTERTSTIC

FRECLUENCY

For s unifoem soll deposit F1g. 2a}. the furdamental peciod 13

_Lgiv!n by:

5 - ay
:i .- LR - 'Tn - r 1 tzj
T .
wherg B ¢ thichness of decpsit
Co = thagr wive velocity
:.Cllt T 1s tysitied by lﬂ « 3.5 tpc, The falliming tebulation indi-
::;tts typical conbinations of Es and K satisfying this condlticn,
i - '
't

! € {mrsec} Him}
1 — P
Y

Py 1G3 fWery saft clay or 301k) ¢ 12.5
Y 297 llogse sama, torr Zlap) +« 25
E 0 [Sene sanz, siiff clay) < 375

400 [Cospact sard, hard £lay)s S0

ISal] deaoshis with & depih greater than absuk IO mebers probably oo
"not belong 1o Case [, The soi] desirigisns tn the takle are intended
ta §lue & vory genargl (dea of typical shear wive veloeliiey in zails;
for fortker Ciscussion @f tre exaluvation of s3i) properties for specd-

i cages, ser Apsangie A and wmivan [1869]. Since the foi) 15 nan-
Tirgdr, the shear wave vei0cisy and mence the furlanantad perlod depend
upen the infensicy Ef the rarthquake, dezreasing 45 the Intensity Tn-
Creases.

L]
. The aatucd of this pneory is ecilined In Fpaendia &,

e
o
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Theoretizal Considnrations

ihe theory of 5oil arplification may coavenieatly be used Lo
Indteats the sepected affects of g shallow safl gegosit.

A-olifiearran sooctenm:  An amalification szgesTum is the ratio

of the Fourier aralitude speciea FOr ®mobigns o ke soll o the
Fourder a=plitude spectirs for wgilont of che vnderiying roch. Thua
an Jatificatian 1ractrum shows fiw ERE ¥irlg.s frequancy Lomponents
In earihquaie rotlan are ampllfiod by the soii.

* Figure Ib shows ¢ typleal azplification spectric for 4 4ralipe
i1 dezasit,  IE 45 characterlfesd 3y 2 oreciminant el , wiiin oocurt
At the prrigd qiven by £9. 3, Snadler, unemdortan: peaks may occur
#b wary seall periods. The pesx amplification ritio is & fu=ciien of:

Yo The ratio of the selsmic fzoedance of the safl ts the peizzic
logedante of tte underlyIng rock:

{Tc5ignf1
s roh

{3}

wherp y dengtes enil welght. A5 ciscussed in Aszpendix &
this faclor accounts for the Toss &f emersy Baci Inlg the
undeclyping rock.  The smaller tiis ratla, the greater the
amplificatlon. Thei, for a given rock, tha geak amplilica-
tlon ratio intreases as Lhe ousrlying uoll Lecomey pofiar,

2. The Anternad darping within tne s3ll: This cispiag 15 de-
*erained prirarily by Ehe cagnitule af tha Syla=ic striiss
which ¢Cur within Lhe s9il. Thus, the atrosger Lhe earth-
quake, the greater the dorping and the szaller the axalifica-
tion.

Oae palnt frmn Lhe theory 1 warth esslasizies: the :=alificszion fraz
an outercpaing of rock to the surface of sofl »s less than the a=pli-

ication from the Inlerface betwesn 3cil ang rack to the Surface of the
i, Thus, coeparison of ma:lons E2asured it several depths ray over-
extlmite the amplification betwaen the surfeca outiropping: ef differ-
et 2217 or rock, ;

—6-

For casss of Iaterest, the peak aeplification ratlo bef=ren
soll and an evicropping of underlytng rock 1% bypically betwean 3 gne
6. with the Targer valuves applying to the softer $alls darlng smiller

. mprihyuakes.
I

Pezk zreelerzttan: For Case I, Ty liexs within the renge of the
pradaminant sertods In carthquake ground colieny,  Hence the a=ali-

*fyihg effact of a shellow 5ail layer caqsrs the peak aceeleration 4t

the ground surface [0 #aZesd Chatl at an owtcrop of the whderlying rock.
Figure 1 cooarey cosuzed ground sations for the case cOrresion cing

e Fig. 2. A5 Lhe peai af the g=piificition speCtrin indredies, ite

ritlo of peak accelerations increases; Rowevgr, the increase in peax

 acceleration 15 lews than the peai g=piification ratio. For tysical

cabes the corputed ratlo of peal pcceleraticmy iy froo 1.5 to 4, w=ith

S the larger satups goring 1=aller egrirguakes. In Figure 3, note alsg

the gbvigus chonge {0 predoaingng freguency.

kesoonse specird: Figure & compares respanse fpectra ecojutesd
from the motions on 594% ard o rogk, At oo perfpd corresponcing to

thie fundasental seriod of the 041, tre crdinates of % S7eftra from
13!1 cotfeny are consicershly greater tThin those for che 35¢cira fron
rock sotigns. Tmgs, 4 duilding whose fandanental pericd 15 apsroxi-
rate#ly the same g the fundimenial pericd of ghe sofl will respond such

rere strasgly +f on ihe szil ithan 17 on the reck,

A gizpren Torred oy tawiag the ratioc af Lhe resgonse spedira at
ekeh period 1n very dimllar to the azptificazlon spestry, dithoush the

. peds of the forrer 13 nor sg high ex the peik gf Lhe latter,

Field Fvigence

whilte there aed =3ny pleces af egsizeace which suzaart ihe ceneral
conctusfans ¢f the thecry {aee the naszers by Gasaki and Seed), 17 {3
net passible gt this time to praseat svicence which topially substasti-

" ates the theory. In partigular, there zre very few dpstances of recards

e

-

—d

froa fnsirutaniy alased over wiry SlfTerent apfly fn the Rtk lecediate
wiclnity. A secaling of cke avallahia evidence 15 presenied 1n the foi-
Tewing sudsections.
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A-pliticatiom specird: Flpuee 5 snoud 3 corzarison of actual
ard predicted a=plificabren spectra {Gobry, 1970, The heduy line i
an avecege of arplification ipectra for six eartSgoakes ab & yiven
ke, bured on reasoresenly Byde at Siflerent depihs tn Jaash.  Lane
ticering ttat there are uncertalnties in the astual aralification
dita inirpdiced by the procedsing of the data, the thegretical Curve
follgws the sctual behavior very well,

Prah accelerations: There are a no=her pf ewarslzs wathin the

vaparest Vlierdlure sheaing that peae accelEration ncredset a5 “Me
greond surface v piovoaghed, In gccordande with tme Lme3ry. A% ob-
serwed In ratker s211 earfhguales, durlng whicn the internal dung ing
Yiosrall, thic increase £y typically in the ratio of 3 or 4. Figure B
$hms pedb dccelerations gbierved, egstly 1R basemaacs of balldings,
A% virious droiht Reneath the turface ¢f the grovrd {n Tokwa., 11
should e e-prasized that tuch an Incredse ogours ia roch 4 ~2)11 2%
Inoasll, beCaste the stiffrmcs af sofl] decregses rdar the surface,
partls tecqute nf rpathering and martly bBegdots gf docpozse [0 guep-
barden ytress. )

Ratogrise Leseira: Figure } compzres reaponte s:u-ctr; fopuied
froc groumd cations ressered on saft sail aeg i scil during the war

Teirthguabe  Inoeach dlagram, the stectral érdinates Rava Been aorcal-

12ed tg Lhe peab acceleratlon, and hence Ehe g2fact ef sail conditings
shows only In the shape ard rot In the ordingdoe of the specsrd, The

$hifl in the pericd at which the $pacirs peab (x tre resgit of 4xnli-

fication by 'te spli.

Dacage 1o butldin=s: Fost of the evldencs concerning the effect
ef Toccal sell conditions 1+ indiroct: In 28 Foim of differances in
dargce to tuildings feurded gver different tof(s [Chsakl, 1567 Duke
and Lerds, 196)). 5zal) builaings, whose fupZizeatsl perigd i3 in
ke range from 0.2 to 0.% sezond. gereraily eaperienza greater dicage
when founded over saft soll than when founded vopn fiem oll.  Those
chservatlony for the most parl ere consistent with the theary. Mowewer,
serme of the differences In damase may have resubeed Fro~  partial
Tallure of seftar soils 10 addition To &1ffercntes in ground cabicas.

Perspastive Cron feeld evidence: Consldaring the avalleble com-
parisons between pregiciions and gbservallons, i1 may be concluded that
it theary may Se wied 19 guide {he chotce of seismic coefficisar dla-
grams For prafoicdl wark, Howev2r, iU 8152 15 Clear R4t edre ACtudl
expprignce 't necertiary befors gresler accuricy rcan be ecprcted froa

theory.

Microtretar Studias

Yaral and Tazuaica {1257) hare srcposed & cetyod of micrataning
based wpen erasoresent of erbient wilbtrationsi. The regsured vibritiong
fare plotted in she form @f an arbiituds specirai in Kanatl's original
wWark thils spectra was Somslrutied in an approsimaze way, but rare
rezently Faarier analysis »as besn cred for this purpose. Figure B
;;nau; serr typroah vpaulteg Tor tCariification £f zhe soil tpaes, tee
iTadTe 1. Both e serigd and tne mpgalivde af The ppak of the soectra

coarg ysed 10 determire the sef=aie zenei the Tonger the pericd and the

|
thigher the peabk, the mar gavers the sappobed dioogrn Loring on zerthe

dYe mm

fguaike. Kaimal kas correlited the coserwed perioc and a=lltuce ta the

faur types of ground censidared in she Jepdndss spismic coce.

This apomoach wag tpesificeally devalozed to predict the effect of
shillow 5411 depositsy wson dazece ta bufldings Raving enly & few stories.
Fr these cordizigny, the gredlecding made by Vanai's approach are
entirely consisceat with the pragictiont of wmplification theory, Thas,
Nerw % & s2omd reavon why Ednzi's agproach hat besn In accord with
Easgrience during astual elroinguiiees.

Medvadey's Ratnpd

The Russian selsmologist Medvedew {1952) hs pregesed a meshed far
estizaiing the effect &f grownd conditicns upon earthéwika latensity,
Sated upsh tmb S2230r%:

1. The ratio
ITED} safl (4
1 {Tfn} granike

——

[ - e
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where Cn I3 the dilatational. or compressiive, wave velocity.
The wive wefoctity far grantte serves 43 2 referance ageinst
which & o0l 1% rated, The teabler 1hic ratiz, tke mare
severe the eajecied danuge during dn vArihGLate.

2. The depih Lo the water Tadie. The Shallower the witer table,
the greater Lhe expected daage,

These two faciorn are cobirgd fn the ecuaticn

8= 1.6 m;ia[_{.fli}_m“,.

2

-d.GdA
L -3 5
{T:D} sl t5)

where 0 13 the facresent 1o thtersTsy uatts oM o scdle esulvalens to
the mod!fied Mercallt scale, &nd b 45 the €250 to the witer tasle 1n
meiers, Eq S typically giwey am 1ncregse in 1t 2 nterL 1ty uniy
Tegulnatest 1o 3 2 or & fold toprepse in arosleresized fzp gars RESLY
i tprpdred to Fire grousd, Mededev's Eelﬂﬂﬂ.ili arlginally Jewelzped
Tor use dn cenneziton with stallow 5211 degosity and tulldings maving
enly & few $tories.

The relatizei®i; betwien ¥edeces's rezhzd g2 =247 (zation
thegry rey be unfzreiosd by redns of toe evi=ale in Figure §, s-gn tha
wiler tabte {5 wery bow, ihem the ratis c.ﬁc5 1t the same for boLy he

, = o
$81Y dnd the roce, Thut ratlad 3 ard 4 arc dryiwalen®, asd Medepcas’s
method and aralificazian tneorg WiV Zrezicd the fama Tready,  Tne £311
tn Flz ; H e .

Fore 53 M the sat2 Sk In Figura 82, ana t=us amal1¥izatien
Theary woald prechot the saTe Sehavlar for 4gin cases. Raluing the
wilter 1 4 o i

iter table meany Lhat Ea 1acrddbds constdergbly in the safl, #ad thes

the Flrst Term in Meeecas's sGuation decreatss  Kogwever, thil €2cresse

TSa%, Medrilew's
D FACters fawen tosether give roughly The sece resuls a5 am3itfizecion
Lhadry,

15 Corcenzated by 4n Increase In the secoed teem,

Haregver, the 1Rcredses In Intensity aredicied Sy Medwodey
are consistent with incredses !n agceleralion pregicres by azplificaticn
thegry.

4 P —

O

10~

SwTTary

For the commor €ate of shaliow soil deposits, the predictions af
=21 f1cation theary are gerecdlly 1n eccard wilh actudl ex;erience
diring eirthquakas and Fored.ar are io accard mizh tne sexi-empirical

pethads af mcroloning proposed by Fanat and Padyedey.

Figare 10 surcarifes the effect of locat seil and mock coneltlons
wocn respaote szectra [uay for 55 damping) 43 a gisen dlsiance fron ihe
enicaater 6F a0 E4rifGRIRe. Rith bacedasing safinesy of the earth
catertal, ke eak of Lve faecira Ingreaies and shafzs to a farger
periad. Thus, tae respGrse of low &T1FF Suilcuings 1% strargly affected
vy 5511 zeacizicns. On the ather Land, @ shallps 5311 Zezcsil b
1ezde ar e effazr waon the resypanse of The foady—enzal zerigd af tell
bullaingy havians long natural serlnogs [althougn the shallow LEIRIVIRD|

affect the response of the higher emdes of such 1 bwildingl.

Riiec usca CurrEAL croWlESCE, @ AR13SIC confiigient Giagrss Such
as type {B) in Figare 1 fholld Be L3ed to zecount fir differences in
That 15 tb %4y,
There are several

rEar surfarm sarih materials within 4 s=all regica.

the $o1) factor 5 shouwld b indesendenl of cericd,

regsont far this rece~me~d27icn.

1. Becaute 0F wefertdi=iiet In 30th che fundacenial sericd of Lie
toil 2nd t*L-pred:m:n:nt preiges 1n the Indut groynd maiien,
1t 15 elMficult o predict tne precosinent period in oLion
3% the fop of spit  Wse of genttant 5ofor T r 0.5 fef.

ek Luede UnCETlaintien.

#. Use of comssant § for T o 0.5 sex. recognifes Lheb TRe LOh-
tritutizn of the hignar tades »i11 be affected by 5211 con-
ditdant, and provides extrd CEnseryylism with régard to the
eeslgn of 441l Badldinge.

wieh further ratedech, 1T oay be porsible to vad & reducee vilug of %
Far T » 3,5 sec.
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Table 7 glwes recomrended s011 factors. These f4ciors sre bajed
wpan bath theory and expertence, ang consider possible getilement prob-
Tews in addition to seplificailon effacty. In the 2nd colwen of the
table, hard crystalline rock found gt considerable depth his been Taken
¥5 the reference; the sotl factor for 4 60TC 5011 13 4. However, L

groerally s more practice] to e rurfdce vaposores of rach o5 4 i
reference [Ird colwwn}, and thea the 1001 fector for soft 3801 13 2,7, !
In sood localltfes, 1t say even be deaisable t2 wie flem $890 45 & !

reference ($th coluan), 1nwhich cage the 011 factor for soft acil '
Is only 1.6, I

4. CASE 11 DEEP DEROSIT OF FIRM SOTL

Several areat that Mave experienced BdJor earthguaked sre unger-
Tain by more than 100 weters of compect #11uwfom,  Lox Angules, Caracat,
Yenezuwla, and Santiago, Chile Pt prind i les,

Treoretlcal fonyideralions

Arplification spectra: Flgure 11 (1lustrates, the grreral mature of ],
the arpiification spectrum For thiv case, HMow several peaks otcur wighin |
the range of building periods of practical interesg,

Ine fundarentsl period 14 greater thaa in Lose I, and fenes to o

eoinctds with the pertod of taller stryCCured,. Secause the shear wive -

relocicy of compict dlluwium (5 rather high (300 to 450 mfsec) Ehe
radiation damping alse {1 greater than in Case |, and hence the ampli-
Hleation ac the fundimenta] pesk gererally 12 Tess thyn in Case L.
Manetheless, this amplifcation can be Jwite 1oportaat.

The higher order peaks bypically oCeur at pertodt Lest thin 0.5
tetond] Lhat 15, within Lhe saoe range af periods for which amplificetion

" oecurred 1n Case T, Asdiation damgring 15 lefs Toportant far these higher

nodey, and khenge whea Interna] damping (4 small--an during small zarth-

. avies--Lhe praky carretponding to these modes may be Aearly as high

4t the fundsmental peak.

-12.

Paat accelevations: Figewes 17 “9oma compuled acceleration ot
grownd surfate, for congilinng Lorreypondlng Lo Flgure 10 [the 1npyt
1t the same 53 1n Fig. 3, tut wilth 3 pesk acceleration of 0.019],
Peak dccebecdbian 15 incressed:  typlcal ingreadds are factary 8f 1.5
to 1, with the tarcer saluwd 4pplying ©0 fmalber EdrLRGuakes. Thig
{ncrease 15 cavied by [he higher modes af the w0kl thesz rodes hare
aspliFlcation peaks in the rimge of the predominant perfods af e npuat

mgtion. The fundarental mode daes nob faute o Incredse In peik

accelerstion, but daes amplIfy the fongar perled cosponents of ground
potitn.

Renpanie yoecira: ngnth cocsaret retponikt spetira for mobicns at
the surface of several different dertns af gowpact alluviue, Crunglng
the depth of the allusium has relatisely Tittle effect updn The generdd
posltlon of the spectra far T o 0.5 second. Homever, Incressing the
depth of the iliuviws has @ vy stgnl Fleant ef M4CL wpon the wpectrs
ab larger perigds corresponding Lo Leller butldings. '

Fleld fvidence

 Thara 13, k0 the authar's knowledye, oo adejuate dirdct confirmation
of these theoretfcal results, althouqh Guteaberq (19570 his shown bhat
deep daposits amplify the Gong perind companealt of graund wation. dctad)
accelerggrish recards from nearsy s1tey wilh very d1fferent $eoins of
alturls sust ke obieined before sdequate confimution 15 postible.

Ghservations of damege to Bulldings dyring he Caracay edrthguike
of July 1967 da zravide strong inclrezt confirzition of the theary [Whig-
man, 1969; Seed £t al, 1970). Caracas 15 yaderlain by & cocpact
g1lgriiam whote cearh generatly 15 less chan 100 seters. Howgeer, under
oha partion of the city the depth Ls as much of J00 molers. Aanlgtic of
the patierns of Camage showsi:

1. For bulldings havlng B storles or less, the percentige of
— o bulldIngs dasaged 11 mOre-0r-1ass constant for o] paris of
the clty. . :

[y
T

.

{3



2 —mm

o}

T

13-

2. Buildingy having sore thin B starips, and particalarly those
having more Lhen L5 stories, were such mare heavily damiged
in the part of tha city Zver tha very deep 41 luvlum than else-
wbere 1n the <11y,

These obsereitlons show clearly that 2 great gepth af alluyvivm signffi-
cantly aeplifies ihe wirihquihe Chrest 40 tall buifdlngs.

Sumry .
Tha t.hn;;. trgether with the erldence from the Carncas earthquakes

* Shiws Ghe nedd Bo gudrd afeinst the strong thaking Ehat £an gicur whed

the fundimentel period of & tall bullding cotngicas wich the fundsmentil
period of a deep soil deposit, Thus, the fusdamental perlod of the sci?
wust entar ieto the Code. Whan differences ta depth of sail, retrer
than éiffareacer 1n the nature of Ehe soll, are of concern, 11 appears
that & sgtsmic coefflcient dlagrem of bype (€} 'n Flgurs t 15 sulteble.
A amy.p‘lg 11 the following formula from tha Chilean cade:

[ Co . TeT,
- ) Ta>7
{17y )2 2%

" The sp1) period Ty rust be determined from a combinatlon of esperience,

careful #ndlyats oFf ddrthguite records and theare:!cal studles. Usually
ft 15 not poarible 10 detarmine T, by mesturemenz of etcrotremars, since
the high frequencies present In ambieat yibretlons mask Lhe dow fre-
quencies gasociatad with the fundazental peried. When using Eq. &, Tn
shoutd always be ar Teast 0.4 wven 1 the fundamental periad 15 smaller
than this lisit, :

%, CASE 1IN SHALLOW SOFT S20L OVERLYING CEDP DEPOS|T

OF FL&h SO

Throratics] Comsideration

—_— e .

ot a0 m - . - . - . -
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As saL, this cage {shach vy skaiched 10 Fogure 13) has nat been -
$tudied completely from 8 theorebichl Stiendpiint, The effect of [he 3o
Thallow deposits enter through the hightr modrs. and the response of
there Righer podes 13 quite sensitive ta the detalls of the #nalysis--
especially the asacsptiors conzerning demging. The phegrefica] resulls
which have been computed are nnf antivtly satisfagtory.

Hewever, 4n & Genera] way 1L miy be 5aid chat Cote 111 15 & com-
Yiastion of Case | and Cose 0. Thuy the fundamental mode of the deep
Compatt a¥luelum will gplify long perlcd ootiens while the higher oodes
af the dewp ¥ lwvium will also azplify sherter period ratipns. The
Shallew solhd deposits will forther amplify the sporc perigd maticas,

Eith raspect to the effect upon Bulldings, the following can be eapegled:

1. Butidings with T « 0.5 second, Da-dge will be greater {7
these butliings are founded vpoa the soft soth thay 1F they
rest wpon Firm obluvium. The depth of the fien alluviua
penec.n 4 Dullding has 11tthe affect upon the demage to Thet
buiiding. 'I'Inus conciusrons appllcable ta Cute | apply.
. Butlding: with T » 0.5 second, Dumage will be greatsr If 4
bullding 11 founded aver & great depth af Mo alluviua thin
§F 1t rests vpon & skallow Septh of this alluvfum. Thae
presenca or ehyence of 10ft 5001 aedr the turface has less
' Thus canclusions applicable te
Case 10 apgly. - '
!
Fleld Evidance . .

effect upon the damage,

Damage 1n Yaldivia and Concepcifa during the 1960 earthquehes has
been studled eatenstvely (Duke and Leads, 19E3, and subseguont §iedies
At tha University of Ch11e). Th!s Oimags ~a5 graeates] whers thers wes
1aft sofl ot the surface. The gredt majority of this demdge wis Lo
Land 2 atary bulldings, Thus the behavior 2uting these earthquakes 1%
tensiatant with Case [, Henca 1t {3 a0t surprising that predictiens
based upon Fanal's and Hedvadav's watnods correlated wall with the
demaga patlerns. ;

Ve
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O 6. CASE \v OEEP DEPOSIT OF SOVT 5011

At both of these ¢'iTes, there eafst deep depagtts of e 3011,
Using a=plificetron Lheory, attemabts hdve been made to Correldte din-
dge to this total dwpth., However. sfnce there were very Tew bu!ldir s
baving pericds graater than 9.5 spcond, A0 $wch Corewlation way possible.
. Merzover, since the thesry Tor o 30Tt thalliow layer over & deep s00d S
Yarer 15 61111 not relvable, the theory often did nat show correcely
thy effect af the shallow layar,

Thearec el Considecaliong

hmpliFreation spectras  Figuem 15 shows dn deplificitlon sproond
far 1 desp depoiit of sery soft clay. This spectrum 1i stmilar 15 thal
Ia Fig. 10, with one Imporiear a1fterenca: NOw the peds asplitication
It the fundemsnial sode 15 distingtly grester [an thal far the higher
modgs, This change G€Curs hecause, with & OMP deposit of 1olt satl,
radiatlon dimping 1% Teid Isporeant and perains {and hence Inteénal
dingingl are larges.

Thus the eaxparience from the 1560 sérthgquanes showed che effect
of 1hallow soft depus1Ly bet gaye no indication as to the effect of
O wirying defths of the cospaci alluvlun, Howeser, Lie effect of the
owwg dlluvive szt not ba ignared when sitabl Isaing sicrormgienaltration
or tulldiag code provislony for future coaltruction, becsuse mare and
nore tell bulldings certainly wil11 be comstrwiiled in these and other
elites with simllar s01) conditions.

Rerpanse spected: Flgure 16 cospares fetponse speclhra frod palicas
peqrered on Lop of Lhe 4017 wity they {rom sqtions it an Qulcropping
of the undarlying Rard sall. There 11 an VRErEase In ke Grduvnites ot
Vow pericds  Howasar, the remarkable featurs 1% the wery gfeal 1ncreass

P s ' tn the ranne from 2 to 7 5 seconds. Now the pedk of the gpediwa hes
Ty =
@ . O peen shified ta 4 wuih Tirger perlod.
. A telsmic coefficlent clagraa for this case must recogalie both che
effett of shallow 107 deporlty vpon bulldings haviag T < 0.5 secind ’ Pesk greeieration: In the case correspeading te Figure L&, peak
dnd ilso tha affecy of &eep 5000 uptm B! lQirps having longer peripds. cceleration on [op af the soi was tulce Dhat On the hard ouilcropping.
Thiute requiresenis aighl be wet By comdinleg £t ! and 6 - In pther cases whigh haek been tnvestigited thearetically, pead pecelers-
. tion 15 d ased.
— % cns ter an 1z decre
- B
L c- {r} - t
i s I:ﬂ'”o ] Fletd Evrdence
i 1T F2% The clzssic esdeale of this case 1y the soft Jeep degoslt of <liy

4 kA

underlying Mentco City  The ecemgles In Figs 15 and 18 apply for the
The so11 factor 5 woewld be chosen baswd wpon tre shear mave wqlogity soll condeniong fn Mecico City, and hiwe bE€n Confirmed by sctuel
of the pear-serface solls, while T wiuld bring in the effect af tre deep
depoyit  Such a code provislon mlant apply Lo many cicfas, such da

Do
=14

pcealecograph recoeds

Bostoa far ¢rample, whare wery pagr 30115 4b che surface overlin dees 1t has often Bees wuggesced thit & ceep woft depaylt can sctudlly
. dapority of clay. Such & provisiv probubly sheuld be yied saly for Ciute 3 dEcesats in peak dcceleration  khile there 13 Jittle or no
T % ¢ 1.5 tecond.  If the fundecantz) period 8 The solt s greatar, [1e)d evfdance (o prave this. such wight gotur durlng 4 »Lreng earth.
"'ié tpetral procleiens duch 4% thef cescribed in the aest section e G quing when the wALerndl disping wWithia the 1011 wauld be 'nCreased.

« warranted., AS before, Lhe mialmys ru 1% 0,4,
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Suerary

Far this situalion, 9% 14 appropridle €0 uie 4 seismic coefficlant
dlagran of Type (P} fa Fig |. Mom the seismic comfficisnt 1 Tessy for
very 1ndll par1ods than for nlermmdizte periods. Howewer, 4t this
Uipe use of yuch & didgram 13 Justified only for gites where thers fa
tonslderabile actudl eeperience which has bewn vtuched In derall,

F. MILL FOUMOATIONS

Tha evidence curreatly availibla Uity that piles ysually do
nat alter the ground motlons &1 The base af g building [Dhsaid, 1959),
This 15 becavse pries gemerally 4re [Teaitls endugh to follow bhe
horlrantal mortons of the a01) {for eximgle, yer Towsmato ang Lek!,
1970} Howewer, plles sy inpro.e the avtliky of the bulidlag to
reidst the affects of the ground matiga--by reducing both $Latle
stti1emenls PEREt pay wse up soene of the reserve streagth of Lhe
bullding) and dymamic Enang matien, Becdust of the need for les
Consefratism, the soll fector 5 might be reduced somewtat for pile-
suppereed buildings,

' :

Large d'llmeter caissons day be stiF? erough En resist follewing
the sobrons af & s0Ft soll through which they pass {Ohraki, 1989).
Then the saphviying effect of the 10'1-caiszon tritem will Do more
Tke that &f & fira sail rether than 2 soft wil. Thos for Catason-

Scpparted Butldings, Tn wied LA €5, 7 could be vorewhat Test than the
fundameatal pertod af the soll.

Unfortumalely, at the present $1oe thers ke ne scund rales for

declding Just how much § and 'ln might br modvfted In accordinie wmith
these contideralions.,

8. RESPONSE SPECTRA AND TIHE WISTOAIES

The exphasts (n this chapler iy been wpan code provizlons e

P |

o

v

QO

refiect 1011 Condit-ons  Howesdd, there 13 & Growing trend toward

rageiring draaarc snatyses for tsll or iogoruant bulldings.

The principies discussed o connectlon with Cases B, 11, 4nd ()]
can be used 1o kwgpest the paitible fpme Tae & geraral design FELpoanse

" gpectram InCorporiting sov! conditions:

(1. Tx ‘Iu

[ 1, ] ()
n —r—
S.n -;* [5+1} . L T Tn

whe it S‘ i1 the specieal scceleracinn and Sm 14 the swpectral sceelera-
tien far the reference 5331 conditlon. This equatien 13 piotisd ta
Frgere L7, The sm11 Factar 5, which briags In the affect of the ntat-
purface 3oul, might be Tess than in Table 2, since use of dynanlg
aralysts m=rey Teig ne-d for fomservatiam  For esemple, the fulloming

values pight be uged:

Ground condition s
. Expased rock 1.0
- Firm 501l 1.3
Soft sell 1.4

The effect of the near-surface 3011 wpan spectril accelerstion decresies
far T+ T This 1% 14 contrast te £q. 7 where thers =as need to
artount for the contribulions From nigher mpdes! when & dynambd
ardlpiis 13 perfgrmed, the response of higher nodet 13 Infrodeced

directly

Foe T »+ 3 seconds 4nd Tﬂ v 1 second, Eq. B becomes L300 COnyErYE-
"piwe  Tergan (1972) hes recently presented & mare generdl Approaih
ty cGevelopment of retponse spefied including 5ol effects.

Time histaries whoie Specird Tle above the spectis given by Ea. &

4
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[
3: would te suttable in_lnaut for dynamtic snatysis. Gredh caublon shogld
+  bo followed 10 wsing 1ndt¥idual tles historles cenercatad by the
theoreticat procedures described in Appandia &, since thers are uo- .
gartaintins both in the valldity of the procedurds and tha Salection
ef soi] proparties, If such protadured aré used To ganerate 1l te- .
conditioned timw histories, 1t 13 very €356nel=T that & $ot o tioa i
Ristories ba Oereloped by varying Lhe 1npul dasasgbipns. H

§. FINAL COMMENTS i

The four casan which have been glacussied in this chaptes cer-
bhinly oo aul fover a1l pessible sof] conditicns, and eany problexs
readin ta O 5lved by further theormtical resedrch plus amal piis
of accelerograph records. Far eeample, ke line of demarcation
butween Coves IT gnd [¥ 15 not at all clrdr.  Howewer, the turrent
undergtending of the effect of Yocal ol conditions 1 almost equal-- -
and perhsps even equai--to The current uadersizndisg of the ndtura
and pmplitudd of sarthquake ground maclens for average 5911 con-
ditloms, That s Lo tey. Ehe #ffect of sl conditions c4n be

avaluated with 21605t 46 much confldence 43 can tha reflerance
wiralc confficieat tn+

—-— . - P P -
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Table L .

EXAAPLES OF 521U FACTORS

Canida Argenting
Gerneral 1.0 Hard &.78
Soft 1.5 Medlam 1.0q

Saft 1.2%
very soft 1.5
Japhn
GroundsStructure Waod Steel Peinl, Conc.
1 Rock Q.5 0.6 0.4
11 D1luvivm a,8 0.6 8.9
I Alluvium 1.0 1.6 . 1.9
¥ vary soft 1.% 1.0 1.0
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Table F : * .
O e . iC - 2N
. RECOMMENDED 5011 FACTORS TO ACCOUWT FOR . |
EFFECT OF NCAR SURFACE SOILS - 1 g Dot seil
* Fim sl
L]
\ Rock
Kafarence eround ¢ondition
Groynd condl tion Hll'ln:l mk Exporad rock Firmm 10l ' T:: . T:_
- Herd crystalline rech . - ' )
) st depth {C, » 1200 a/sec) 1.0 0.6 0.4 c A ‘ Fy
- {ch - C {d}
Lapored roch with min- " Alluviarn
fral waathering 1.8 1.0 0.7 R .
(€ » 700 mesec) . : . ' - © | Dilvatum,
g ] i
I Firm clay. compact . ) :i.' _\ Rack
! sond/gravel, deeply 2.5 - 1.4 1.0 I )
! wiithared rock .. H
! . e e . i a -
; (€. = 350 m/sec) . .
I $ ' ! i T, T/,
Saft clay or sl '.' B 1 .
[c‘ 2 120 miaec) 4.0 1.1 1.6 i c A
i )
' 1
1
1
. -
° !
. . WRE 1 Vamious TYpeES o Selasmic CoERFICIGNT
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preface
The purpase of these rates s to present seee of the £ .Shods
mow drdilable ta declude the effezt of 1ogal s1l conditions In
the derivation of deiign earthquakes or responie spectra.

The dynamic characterlstics af 3 call deposit can be wanresied
by itx Trancler Taacklon representing the azplification rnparl-
enced from bottom to tap by & gingroisal steady state colion, The
dovivatdon of amplification curves wiing both & coatinusws and
a discrete 1alution ft presented dn 10 and the relative advantage
of sach oethod i3 discuased.

Thre gereral problen of (emicering an acizal earthquite record
and fiitering It through the 531l s dlagudses in 4iI. Flnally,
approadcate simplified s thody ore presented to chtatn dircctly
respoase spoktra which 1nclude the effest of the sail from tha
trwmltdga of o TESponge €pectrum on f*:r-n graund g at hcdm:h‘.t N

-t —

T1I1.  TRANSIDNT HOTIONS

Tatle of Coatents
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Preface

1. INTRQOUCTION
I-1. Staterent af the Problem,

1-t. Ceperal Consideraiicni

II. STEARYT STATT PERIGOIC MOTIONS = The Amplification
Functlion

11-1. Coatinugys solution

A Unifoea tayer - Rlgld roch
B. Uniform layer » Elastic rock
¢, Multilavered gyrtem

© lI-2. DYscrete Model
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FUNDAMENTALS OF SOIL AMPLIFLCATION.

by
4o M Roesiet '

- INTRODVCTION - e

T.1 Statermet of the Problem,

Durfng the Init14] phases of developoent, Earthguaie Enplnekring

...~ was mainly concarned with develgping eethods to sitimite the resiponis

" of a structure to given dynamic toads, While thewe are 1t{1] miny prob-

o T lews to be solved 1n the sras of Steucturs] Opnemlcs, particularly dn

D0 tha nenlinear rasge, 1t ft sorewhat disturbing to chaerve the irge dis-

T trepanty betwen Ehe accurscy sousht by stce sethods of ssalysts end

L 3 Bl

‘!'uu wicarteTnty 1n the nature snd megn!tode of the loads to whizh the

yirugtiure will by qubjegted. THIg Inconsistency At been recognlied

fn the Tagt yeary and an dncreasing amount of effort {4 now baipg des

yoted Lo 1ludy the charscteristics of earthouske mations as & fonctlon
of sapnltude, distance o tke epfcenter 46d fockl o1l conditiona. The
purpaze of this resesrch 15 to srrive oL simple, but reslistic methods

ts represgnt the characteristics af the oround 2otlon et & particelar
_ 61t#. Among these methods gne of the mast powerful ones 13 throwgh the
‘use of oesign TEsponLE TpECLra.

Oeierm!ination of the appropriate arthguaks motipas at sy glven
$1E0 'ruglvey bt Fundarental sleps:

1. Ewslustion af the peismic risk of the reglon, For an ares with
frequenl strong enrthquakes this ttep may be relatively 2axy and engi-
aeary may dlready IM.UI-I'E & certatn ity 15 perlodically subject to
parthauates of oo average oagniludey ~ith epiCentars at iome averape
distancas. Far reglons with relatively scarce earthguake Ristory, the
deturmingtion of o desdpn serthquake becames much mare comgliceated and
requires in peaers] gualaglcal and setsmaloglcsl stwdles, which sttempt
“to Tdentify posilble sources of edrthquakes or sctive faults,

" ¢ Massachuretts Snstitute of Twehaology, March 1969

Tt ppleentral distences.
e e pulis tuggested by Rosenblueth, to characterize edch possible deston

"

* mant.

e

2
i .
The results of this step can take 21fferent forms, the 1impledt
one being & series of values for probadle mapnitudes and associted
It 15 passible from thege values, wilng the for-

garthqueke tiy (ti maximm ground acceleration, velocity and alsplace-

Newmari hay darived a simple approximate méthod by which the
corresponding derlpn spectra can be eotimated, kngning these three char-
acteristfes, It 1z possible then (o draw respinie spectra for each
aeslgn earthquake snd to fipd thelr sverige or envelope. Altematively
ot CAn try 1o generate artificlal parthquatey that wuuld hive Che tame
wverane charactaristics. Tt must be realired, howaver, Ehat iF this

. procedure 1r uvsed 1t will not be enpugh to geaerdte Just one suple

" awrthquste for a glven set of values af pagnitude and eplcentral dis-

tance. (uite the conbeary, L webitantial nucber af 1:molas showld te
generated and used for mach posalble arthquske, taking itha procedire
gatramey long and costiy,

In iny case the correspondlng design earthquikes or responte spece
tra witl appty to an overall reglon for §firm ground condltions.

7, Having oblained ore or more earthauake pecotds which cowl® occur i1t
the stte pn Tirm ground, of better.s s of gsslgn response spectra, the
paat 1t2p 13 to study how these sotiors wauld be modified by the Tocat
soll conditions af the parbicular sile where the Strutture it yaing to
be byilt. The effect af tha soil 19 going to B One of fillering the
motfons , increaxing thetr amglitude bn some renged of frequsnties and
gecreasing 1t in gthers. This problem t5 rnormally referred Lo 43 soil
arolitication and wiil e the tuplect of the following discuivion.

The partlcular probles under considerallte can Lhen be yLated
att Siven s toil profiie and o design eurthquake oF Tesponig Apeitrum
ot bedrock, detérming the correspondlng earthquike oF Specirum #t tha
rop of the soil. '

It should be noticad that in order to be sble t0 spply thne
retults directly 1n the dynsmic snalysiy af the alrectura, it pust be

——p i — = EwT——— ==
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apjumed Ehat 1ty masy 15 negHoible In compartaon to that of the wnder-
Iying 5011, Othersise o third step {0 tnvolved correspondlog bty the

i;mh'ln of sell-structure Intersction. In other words It wil1Y 1k b
patsltle to cossider the structure aad the spil 4 uncoupled syatems ..

1.7 General Considerations.

Earthquiir wolions miy be decomposed 1nto a series of waves which
propagate from the Focus in atl directions, Sfven wi InFinite nedium

- ~Lhese waves gre basfcalty of ted Lypes: dilarational or comgpressional

waves Wnd chesr waves. The Flrst are morcally called P waves. The

“decond can be decomuosed agaln by Brojeciing the sotipn in tws orihogonsl

- dlrwctfong. ” 5Y weves correspond $o setigns In g wartfcal plane, 5H waves

to harlzontsl ratfont. OF caurse when the ¢|rection of propagstisn 13
vertical, bath 5H and 5¥ wirves would corresnond o Aarizontal ot lon.

When the wives propageting throven a continuous medium find a fres
surface, 2 rew Lyoe of wave is gensraled, roroal iy referred Lo ng gurface
er Maylelgh waves. [F, In addition, the sedium 13 nat homopenedus , bul
there 15 1 clear discontincity ab some fepth from the free surface, o
iecond Eype of surfece wave, called Love wave, Ik pengrated, when thers
are peveral surfeces of disconeinuitiey 1p the propartles, other types
of wivey are crealed. -

The oversil problem of followlng 13 eerthguabe a3 1T propagates
from 1ty focus 1s of course & Threee-dirensional wave propagation probles,
By assruming for Inttance & 1lne source pf relatively large length or by
cong Idering enly the effects at come distunce from Lhe spicenter, the
problem can be reddonably reduced to & Lwo-direniiona] one for 5¥ and
P wives and 2 ong-dimensional prodlem for the propegation of 5H wawet.

The methods detcribed herw relite af of them ta the solution of
tha ane-dimensiona) wave propagation squation. Tha!r basic Tioitetions
are thui:

¢

f e o mgpoa

s

1. Cnly shear waves are considered, cither 54 or §Y {f they are propa-
| gdting vertically, and enly 5H 1 they propanate 4t an wnple. Powaves
pripagating werliceliy could b fomsidered by regincing the dppropriate
Congtants {modulvi, wave propagatlon velocity]l.  Surlace waves are, how-
wvér, neglected,
. The d\fferent layers of 4017 are siswmed 1o ba parallal and eatend-
ing in the horizontal direction for & dlstince $8vera] Lises Targer LhaA
the tokal depth to Bedrock.

In splte of these Timitytions, the solutigns cbtinined by Lhese
methods seew Lo provide a vieful end reasoosblie pspimere of the f101ter-

ing effect af the 1pil, Twosdimensional wave propagaiien problems can

| M be solved by the use of the Finite element mithod. These techalques

offer & pronlaing future. Their spplication 11, however, 3tiil 1imlted
dnd there are thverd] questiony which st111 have 1o be spleed before
they can ie wied with confidence,

- The Filtartng etfect of the soil Can be megaured in lwg differ-
WAL wayi:

1. By constdering s steady state harmonic escilVation of the il and
the underlying rock and determining the ratlo of Ehe ampl!ilude 4l the
free gurfece of the sgil to the amplitude at bedreock or at the oulirpps
#lng of rock {w!thout any 3all ma top). ThIS Fitis wiT] be & funcbion
o! the frequency of the mation, and if thare i3 garping, 4 corpler func-
tfon, 1t 11 noreally referved to 45 ke Transfer Tunction of the sall.
1ty podulus 13 tre gepliftcatlon fenction, ampllificition racio or amplis
fication ipectrum,

2. By considerlng & given sarthguehe record {tlme nittory of aceelera-
tion] at bedrock or at the outeropping of mch, and determining the
corresponding accelerogram ab the free surface of the sold. The rewdt
in this case 5 not only o coeplete tire history of acceleration at the
frae surface of the so4] bub alsa, If so desired, tine histories of
thear stressas and straioy at aay point within ihe soll. Tt provides
Carefore a mach core corplete solution, but 1t requires contldersbly

T
-0
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2oTH computer Lise. Furlhermgre, because of the reasons presiovsly men-
tionad, the conplete analysls would have to be repeated for sach sarths
quake seiple, gnd 18 would muke FEELTE 2ense bo S0 f% for Just cne mee-

Both types of resules can be ohtained using two different sathe., _

miticnl models:

Y. A contlauour selution of the differenttnl egquation corresponding Lo
the one-dimnsicne]l wive propagation problam.

2. A dlscrets solution replacing each liper of zoll by a 3ystem of
Tuwlgdd watses and 3prings and applping ttandard procederes of Strug-
turs! Oymamics.

The conifnuaus model offers 1 genersl more Flecibillty and has an
aconewic advantage T the reselts dre Qeitred only at & few polnts. AL
present Ehe discrete noow] requires less computational tiem when come
plete Mistarles of accelerstions, velagities, seralns snd stresses prw
necessary ab many points, $oth models yleld exackly the same results _
{encept for emall discrepancies due te different round-off and tronca-
tion errors) when:

a] Qeaping 1p assumed comstant 'n al; modes and viscosity far
sath laper directly proportionsl to 1t$ modulud and loversaly
praportional ta freguency, -

T #) The underlying roce 11 assumed 16 be rigid or In other words
th dnput oobion 48 conslcered ot Bedrack with the $c11 an
tep, rather than ot bthe cutcropping of rock. Far alaztlc
rock, results can 1till be made to agmee AF an additiond?
dimping 15 insarted in the discrate model to simulate the
To1s &f enargy bhrowgh radiation in the rock,

[n tha following papes the basls af both formutations will be pres
weatad, conaldering firet tha cave of stendy state parlodle motions
(detarmipation of the amgilficatien curie}, then the Case of transient
mtims. Tl pppitcation oF Chese hathede 2 obtain filtarad sarth-

ke records 4t the free swrface of the woll (3 {mmediate. On tha
ety hand, thelr application to dexlon respomae speciri . modifying
them to include the effect of the iu{l. t5 not 50 straighiforward. This
peint and approsimate 1oloticons are discussed at the end.

11 = STEADY STATE FERIQDTE MOTIQNS
The Amplification Function

15.1 Contlprunus $olutics.

A, Uniform ligyer, Riald rogh,

. Let w3 consider first a vhiform layer of soil resting on rock.
¢ The equation &f wotion corresponding to the one-dirensionas] wive propes
gation --chlem 13

C 2

2 )

it ot it

whvic i poo® Santity ar masd pir wnit voloer = 5—

T *unit walght

g = acceleration §F gravity
S = sheer modulus

n * vilscpetity cometant

ulz,t] = dlyplacement of g paint in the 3011 Tgyer

It the reck 15 rigld but a displacerent uEl:LJ 15 Impojed sl the
bats of the nall, the boundery condltions are:

o, -
: 'l Qata=Q

uevltjats=o

8¢

—r wrm
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e s e
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and tha {nftial conditfons:

By calllag y = u = ug the ralatfve displacesmnt, the wguation ——n—-- ’

prbatt=0

:-;’--nnt-u

can be rwwritien as:
2
2 2 3 F")
F i ¥ &
» -5 LK —!-r--n —r
it i ax it at
with Inftis} Condition:
yr o, %- b at t =0

sl Baundary Condizions

ir ;a‘l't] =0, the frew vibrationt can ba invesiigited. Writlng

then

4

wnd trying

whaTe

rn atz=H
I -
20 atx=0

12 2 k]
iy, ]
Je A bw Al be

1 sodution of the fore

¥ = i) " ¥(t)

* 15 & functlon N‘ﬂlj of &

¥ 13 a2 peripdic fuction of t alona

-
L]

] ¥ 2 .

ﬂi‘nf-—pl
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The natural frequencies of thr layer aof sgil arme then glven by

{Zn-1)t
en=1 "]
fom Rt

g g T

wnd the ngtyural pEril:lﬂ‘l -
.r':
.n

Tn'mr. TE'-TZTTE

]

wheTe t:s -/é Is the sheyr wave velocity of the soil,

The correrponding rodal shapes ame . G‘u

-
g}f_‘;\“

Loy
U= sin Q’ZHH-'LL. x "

£

4
If the 381b has wis{osity o # O #n arde™ to have harmonic cotign

;
w mik hird ' Tv
3 _fl'._,:‘i 1{-
4H s W . BN K \;t.f
a T}—T -y L [Tm-i? - 1ﬁ -
ETEE LS
hoerfttcal value of viscgaity can be establiished fur pach rods,
[n particular in order L9 Rave ab least 1 mode : - Tix &
(- -
v
LN
TEM ey T )

It 15 izportant to regdize that 1f there 15 any viscos'ty Lhe
nurter of modes will be Flntte. (Highar wodes will Save dasping nigher
than critleal).

Congldering now the forced wibration probiem, {t 13 convenfent
for & stesdy state periodic mobicn io reprasent the bage displacement

by

“‘{t} .l '1='.
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d1-
and the zalytion by

ylz.t) = Uape'®
Hhen
M =Ecos prs Feinpe =G

#‘]z

O )

T with pt -

Impestag the bouwndary condlitions
PR R A
fF=1

. =
[ cos pll » C

e il Ax
‘U'C{W = 1)

wd  pveotn (R - e

= v = 2 cor opr IEL
u'rouii-nﬂ-w—sg-ﬂ-t

and ot the fres surfece of the <ofl the sbsplute acceleration becooat

1 !tﬂt
s pH

;--nzf.

3inte the bate motion wis ;G - - uzt o1t

LT pH“G

The transfer fnction of the il far absalute acceleration at

the Tree sorface 1¢ then defined as:

1

TE{u} = perrrs

2

[t should be ncticed that 17 there 15 wiscosity,

172 (/™ o Pl

ar TF[;]- - WE—_;—P:[
c ¢ .

varfabln and therafore cos pH had to be interpreled as

pis a complex

The fact that the transTer fenctlon {5 complex Indicates that

there 15 both 3 changzs in.awplicade #ad in phasa,

If only the change

o aeplitude 15 £onsicares tre Amalificatiom Funerison 15 cafined a3

the podulus of the Lriasfer fumcticn.

z

-'—-—r-——_mrv
I‘lerl"ll

g

Ale) =

A+ {nﬂfEﬂz -1

1 e (nea)t

Fnu_ng .- E"_m /g

A e sl e ]

/r - _l B r
[ ] K I "
' 1+ {eafs]
1

ifa) =~

/ms hzu coszi + 1in hzu :inza.

For saall valums af l'r%
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and AMa) - L

/ :ﬂizl * uz sinza

In paeticolar §F there is no viscotdily n = §

A=) - cus 2

&hé the amplification wi1} becone infirlty at o = 1355115 which cor-

rHponds ton = E;-H_—u-'- f% * e BEhonatural fregeency of the layer,

On 1% oxber Rand, 1f - §J &, the s=plificatfon w111 AOT becore
infinity, Twn C4385% Can them Le contidered;

1. If Lhe value of o 1% Comstant as G :ncroases, the first expressicn
will hawe to i+ used since nE— will a0t e amll any lgnger. As @
increates AlRl Leads o zeru which ceans Lhak for very large inpyt
frequencien the tap of the layer resting gt rest, The azpiificiiien
funciign will have enly § fInite nurder of praks ¢correspondlng to 3Rasz
fatural frequercies of the layer which have darping Jess than critical.

For values of O such that n & 1§ TE{}] small, the amplification

ata -, ath natvrat freguency of the Yayer, becores

ry

) = s o T g R
“n f=bls n_ ?E b | T
H) {2“‘1:

This shiwy that tire maPtude of the peak at the seeond naturat
frequency af Lhe ulJrEr will be ;-:.f that 4t Lhe First, the ampiitude
of the third will be I' (3T

2. 1f Iy 3 gisumed !'-hil the wiscosity 15 1rvarsely prepartionat 1o
thﬁ frequendy 30 thit " : = tan 4 15 @ condtant, for small valoes of

h t
f "
Alwy) = [Ea<TTatan: . " [on-TTs 57

with [ ;-tan L= fraction of eritica] dazoing -

e

Tn this cise the a=plitude of the second peak will be 143 that
af the 1st, the amplitude of the Lhird peak 1% and 10 of.

forparing these results with those for & lurped zass discrete
Lrites a5 norally encountered o Structerel Dymacics, we can fay thatl
& constant value of yiscesity n Corresponds to 4 1n:ruﬂnq pereent-
afa of damping 'n each woCE, whereas a constant vilue of n rcun‘t-—
sponds to constant damping in bl modes.

Figeres 3 and § show the aeplitication curve for 2 wnifors !l
Tayer with the followiog characleristics:

; Degth PR
! Shaar wive velocity € " 750 frfsec.
; Unit meight v v 125 lhsfeublc ft,

B, Unifarm layer, Elastlc rock

Taking ngw two 3ets of pees, one with origin at tha free sur-
face of the 3gi7, the second wikth grigin at the iop of the rock, the
I motions 1n the 401l and the rock can be paprmiied an

- - At
1':;’5‘; ' Rt . tip,a -+ 7 )

+ F
U‘ - ii ) 5
' LI r:r.}+ . '-1[prlr - Gt)
L r
> -
2 B
where [ L v Ina
2
Fe :r - hr.fl

g

A

mpe—a e — e e+

1 ke —— e i g
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C mam  mapam
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Toa boundary cond!tions are now

ilnuli '

a = e F =0 a. ‘s-.I o - - e ———
5 '

w e, = h) =g (s =0) . —_—

iﬂi iur
{5“‘ '["l‘ﬂ} E {l“ H} = {GT+ ll'll_ﬂ} ﬁ; {:P- 0

T reavlt 16

p M =13 K
F af & B “—'I.llt+ 3 . U"F.:-‘ '
r

ot
{x =
us.zs Q) = TE! []
i H -lpsll

Hshi- K] = ur[lr'ﬂ}*{fr*}'r]emt‘- Elfz e

!at

Je

The ratie between the displaceoent {or accelaratlon) u At fhe
freg scriace af the 5011, and tee disolacerent [or accelerarion) 2z the
interface bateeen rock and sofl can Lhen be eapressed as

2

TF =
Tp H B
A

" s -

at

=18
I
:
* i
E_-F'8 L'I(
;
i
AdLL
]
Froaal £ tawnay LA PES i Do R,

4

-

R

—— e o -

e ik e - mEm E
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which 15 the semd evpression previously shtalerd for rigld rock.

If on the ather hand pme considers the sitcatlon of the rock
witkaut soll on top, the rotfon at the ovierdping of roch wiuld be

&

- - tnt
u=2 e - e
and Lhe ratfo between the disslacesgat [or acceleration) at the frew .
surface of the seil, and the displicesent {or accelaration) at tre
auttrpping of rock would be L
B 12 z ) !

ia W =ip b
e P liepder F{la)

A second amplification functian can thus be Sefined By consid-
zring the elaitic proparties &f the rach. This fuagkion glves nos the

ritlo between 47pllituses of mobfon on Ltep af the soll to the areoliitude C
of the rotien that would be (elt on tep of the rock 17 the soil ware
nat LhEre.
- 2
LM e — \
le * {reu)r e {1-u)] .
H
H
] i
[a Wi cask AF there {5 ne viscoslty n o 2a =0 e m e m——— j
B .2 '
Py " & Pr® :
i
p G G ) T 1,6 '
3 1 1 r 1 ) 15 |
[ - -
e Gty Ele AT \
1
ind Aa) = ‘ | !
leos p W+ dptsin p HI
[ 1
i
i
. ..
]
- " -

-2

At the matural freguencies of the layer g = w, t0s pH = O

*t catt be seen that this atplifigablon ratle dees not becocwe
« {nfinity even 1f the soll has ma riscasity.

If the rock has ng visgesity » 4, and the so0il has 4 viscosity
. 0, 50 that ngtfG, 18 seall, one fan aq2in derive an approcieste formla

. and sin p M = Gk .

+

far the 4zplification at the nituril frequeacies & 0w

Al j w :r_r.t.:. . 1
LA TN tnoi}Teer . Mytn
1 » L‘.-.l 'q';l:‘_ T

For the cate ofF constaat wiscosity ng

¥ & 1
A{-—I } - rr .
f ‘s:l. + £ " -

LR+

and for the case of constant —— = 2

Eleuras R gad 7 show zxalification functions with elastic rock
for tae tame pnlfors tayer of foil Jreviswt!ly considered I"’r = 10,

- 590

Ter p2in gifference B#twern Trt* casprs f5 the Ffact that the
petk conttcered ¢35 a rlasiic Falf seice i3 dissipaling energy b

Fadidtion.

Tk 1
Mugd = 55 -
LS 1‘_'r"r NP Zn-1}s
Tys

gott selcvirae ree thep aztrondimate]lv related by Lhe

D mEr orm - - - A e — T —
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expreryfon }
L, r‘fs . .
;;I“] Tr:r | % e e

where A,{o} 13 the epltfication function with rigid rock

—————— F Tg‘,

Az{u] 13 Eke arplification function with elastic rock.

-5
. ' ¥ ) l
This formuld can b2 reproases by adding Lo the first case an . - <
#quivalent radiation garping, functicn of Frecussiy . ’ ) N l “
T - F y
2. M5 -
Yo VTR T 4 1 “
Xy
or -2 ';‘C‘ o H B
L1 | LI U, .
since n% = 4 this represents .
- * -
ng s Em, ot - ‘ =
W o Teg 3 1"rf: o2 A I-h
T8y
Aut -
L A
Rotw ¢ FediTic NELF Arach
€. Mt lavered Seifea, ) R
When the sall depasit 15 mude of severs] Tayers with diffareat D16 B srdris STRADY GYEA ECATTIC Reck,

properiles (Fig. 8) one cun defice for eazh layar )
hj * thickness

G, = thear midulus
1y = unit weight .
Cy * shear wive velociiy : - - e -
“1 = yizcority comfficient



i = —wr

and

+

piG+ 153l
“j p,t‘li ﬁj_lﬁ

Displaceswnt 1n each layer with respect to ¢ Iocdl set gf coordin-
atw ames wlth origin ot the top of Lne layer can then he eapressed as

*)

By eitabliishing compatibllity 'btt-un aach Tayer and the nent,

e can write

F] - E] (because af the free surface condition)

- 1p.h -
2, o Gl | Mlvg) v

i

fip,z,» ct)
] I + F

1p‘h‘{l-u‘

AAlp,n,e
UL e

)

1g.h =ipyh
2, =yl U MIad ve TN

I,

1p.h
2y w Eplbuugde 224 Fyllosyle

and zEnt‘l

e ™ En{]'"n

By replacing into the zapressions far El' F] the values af IEFE
$n teres of El' then these gnes into the expressions for I‘. F¢ &nd

1o on ona can Tinally abtain

iz
Eztt‘hz]! zhz * Fa[l-;z]

ip
e

Enﬂ

Fast

n .
e+ F AR, e

- 41’1

- b,

-iegh;

f

s

in h o h
tElbende "teF Do de MO
1p_h

i}

od
) -26-

The amplification function with rigid rock {ratlo of displacement
ar aceeleration at top of $oil to displagerent or acceleration st
bedrock) ix then

T zt1 2

Aylf1] = -
14 SRS o

The anplificatlon function with elastlc rock {ratfo of dfsplace-
ment pr acceleratlon at top of soll to displacenent or accelerition ot

the outcropping of rock] i3

Aoto) = i LI I
126, 14l

Tha explicit eapressien for the amplifization functian in terms of
the 1581 properties becomes too long eved for Twp layers. However, the
mmerical tomsuiaticn proceeding from Tayer tp layer 13 sicale ard adapls
1rielf very =el) to be programmed in 4 dlgital comguter.

It §s possible to have any kind of yiocosity [eomitant &r &n ar-
EiLrary function af Mrecutagy]ln doy layer. Cn the olher hand for the
purpose of coTparisg the retylty with thote ghtained by other methods
{madal anaiysis of the diserets codel] a case whith becomes caiy 10
interprat 15 thak din whigh "G s egual for- a1l layers.

Fren 1f :& {% conmstant, ‘ndesxendent of frequency, the resultieg
amplificatlon function will hawve in each natural frequency & percentage
of ¢ritical demping fncreating lirgarly with the frequescy o The rag-
Abtude of the atplification In the nih natursd frecuercy will Lhus be

preportiondi Lo tf-:.

n
1r Ei " ho=2¢ 15 tonstant, the resulting amplification func-
tiae wiil 3 pave 3 constant perceniage of critlcal cazping in 411 the
codti, The Eagnitude of the azpiification will thii be projertiiongd

o Ve,

8y

1T e -
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While 1t s oot passible ia
produce the affect of the wlastiz
results can be obtatned by takieg

find an enact simple formuils 2o re-
rock, it has been found that gopd
eme dverage properties Tor the toil

Ivjhl

¥ -
i1 avEFage I hj

h
5 average —-—--I:si-i
I

and writing 1 - " Teave

£
e ]

T T TR

. L)

ar adding a8 equivatent radlatfon damping

[ » Az- L 15&_}!__*\'! c vE :I.
o x 1, ]
{The correct formwls would be
Agta) - LAY A im)
y 'h 1:=.'1

- 1 - .
.}rfruhil 4.5

whera

1b 1z the shear stress 4t the base of the soil

Wy the bast displacesent

W, the base atceleraticn.

Figures 9 dnd 10 thow the azpliffeation fonctiors for & sulti-
Tayered sei1 profile with the following characteristlics:

- ———

& A

- IOH DLIUTE

ouyr L4330 L iLERED

oD ANQLLRI Freti

oty

Trer O resdAry

I
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canan mean

hl L
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AWML C AT
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Layer Tnickness Shear Wave Velocity Unip Welght
%o. fr. rt.rsmc. * WL
1 1w T T e e wy T
i 15 g7 -~ ¢ 1 - .
3 7 1220 - 125
4 5040 -+ ' B 125
5 00 V500 ' 135
M 1 ukl
Rock Ll 4 150
In path £asey it hes peen aysured that the ratio ~7C iz the .

same for all layers, It should be ngticed Lhat for m = D the maxi-

rum arplification ¢ors not gfcur at the-Tirst nxtural freavency but

3t the third ooe. This #ffect fv mare evident when different valbues

af darping are consldersd for gach layer, partlcularly in tne case

of soft tayers of soll over relatlvely hard strata. Figure 11 shows

the atplificatismn curve for a sall profile which would Correspond ta

iha corditiens at E1 Leniro, Cyldfprode. L can be t2en 1n this CAse

that the arplification curve {1 basicaiiy the procutt of (w3 fuac-

tlans: one carressending Lo the reldsissly bara Bottom @F 71 G35 feet

with a fundi=ents] frequenty of ahout 9.1 £t the OLMEr Correspondiag

to the top 100 fect of sotl sad)l with & funda~entz] {requency of about

1.5 ¢ps. The amlafization due to trese 5o W03 feet 45 lprger than 1
thyt due 13 the remaicfer ofF the soil znd tmg ceelrgs prak in the

cwbinesd amplificatlon curve accurs in the rpnge of 1.5 cpr. Tt 15

fmportant %o notice that this simafified agsrgach, lumping seqeril

Tayers of soil =lith sicilar progerties inko one Tayee wILh gueraze on
properiies aed redecing the fotal system to Just tag ldpers ohich can o
be considered Imdspendeatty, ¢pn ofcen be successfully 4pplied for pre-
Viednary citiates. OF course to be able to freat the e resuliieg

layrrs h'.dep.nden?'ljr, multfpiying the corresponding amplification

fynctions at each point, 1% % eecessery %o be able Lo Lreat thea 4%
cncoupied, or whit 15 thE taoe, the 2a53 of the Lop layer ghowid ba
consideradly smaller than thyt of The Dobiom layper.

LA ]
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Tha basis for the discrete model {1 to replace each layer af
- 2041 by & series of furpe? masses connecced by & 1pring and dashaat.
The resuliing systes (Fig. 12} 15 of coarse 3 faniitor one for engin-
pers warking iR Structurdl dynamics.

For any giwen layer of thickneis hj. shear modulus 6, wnit
wtight Ty and visgasity coefficiemt ~,. replated by “j discrele s,
of
one wdwld hive

g1y, "
n
(SR
R KZ'“E'Hi-""HHJ-QnJ

of cogrse k%t the interface bet-een tup Tayers the total Newped
rgds would be

P o, e
! 7 ooa n
. b 341
i [ J d
P -
i K 3 85 hJ
nR: |
and c]":z"':j -:'-Ei‘-
=
wher o L, are Lhe dastpbl constanit, )

Te fs that ng3sibie to write ine eauathon of motion far #icn
rags for=ing 2 silffness catedv, & 2272ing cqbriv gnd & Tass Patria
Cagrant).  Tre saluticr af the prevlem fally then within the clas-
ticel metszgs of Strwstural Dynamics 2ag reguires ng further eedlina~
tiga Fere. 11 1% imppriant to noilee, howewer, that 1f the dasrpet
contients are urbitrary (nfa vertadle froa one leger to anpimer) it
15 necessary to sclve the Srovles by mhyslcat Integration of the

. esuatians of Fotign.

[
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In other words ft s not pessitte in general to Ffind an egquiva-
Yent systes with oofal cazpfag. 1f oo the ather hand the d;:ﬂin?
natris can b enpressed 25 4 pelymimial ecpression of K'IH or K
of the form ’

[ 4

terria]
1) -
c- fd g0
Fez
el B | '

Do nxlm"
r-mef t

oF L=

corresporaing values ef modal €amping can be fousd and 2 normal modi)
analysis can be performed with damping n tre 1th rode,

remen-l '
?.'l-t - r;. dl‘ hi""‘z
Lo T
ar - } rEm e ui"*'l

It Cat 4 shown Lt Fow [he Frae vibralicn roblew a5 the ride
ber of r2552% 1ncregses the paburg] feriodt and meda] dianes Lend Ro
those givern by i=e econiirogus salutlcn, - ]t has been fgund that & per-
1od T §5 meproduced with sufficlert afCurdcy 1f the autber of masier

11
H H
nrif v ]
Tt; iy
For & rultilapered sali this condition thowld be verified for n
eath Tayer incesergently and for the botal depotil wlth an average 2
SRELC wivE YEIDZiLy,

Eaewing Lhe natars] perigds @r frequencies and the ¢orrespoad-
irg modal shapes, the pirticipation factor of each pode for & Gase
motign 15

—

" g
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" (1"l [Ié:TTl for s uniform layer,

In gemeral the particivalion lyctor can be found by the normal
procedures of Structural Dynamics. If M 15 the rass matriz and ',
tha nth liqtnut:tnr

Mi T
n" ?‘-'n_-
n /]

where L s & yectar wiLk 011 covoonents unity.

If 4., s the corpensnt of the efgenvectsr 40 the fove surface
of the sg!l calling %, " Tt

the amplificaticn functfen can b written as

‘ aofiid . afyessd az}"z .3
Ma) - iley 2002 T A
LE‘ .ﬁ.ﬁ.,‘t Th J T 925 ]a
i-i¢ 1-1 {J - }:+:siufnz
ar alternitiely
n 2 2 n 3 H
T ke, = B} A T2 .0
Mot [T S e B L ]
el [‘1--.1 i ‘dE‘uIﬂ . til.-; H "4.1.--.‘1.1_-.

If #t] the codes are coosidered both formutas pive the save
Tesults.  [f ondy the FLrst few modey are inztuded the reselts will
differ 41lghtly in the nigy freguency range.

Hedulrs cotained with Lhese fgemutas {faitng su'figient neder
of Fasies and eddeg) 3gere with the a-pliflcation cLrves o3 Tained
with the fontinweus rece! for the cyse of rigic roch. Adding 1o the
valurs of madal damping L the equivalent radialion daraing previguss
1y suggusied results For elastlc rocy are agaln rearoduced.

-16- .

For 310 practical purpozes it cam be Considered that the cons
tigcous and the Siscrete model wiil bath 5S¢ apalic-hle 1o determine

TemsliElzation functians and will pield the sare results praviced rodyl

damping cam be specified and an ad2itiendl rediation darping is added
1o the lurped system. The continucus model fx, however, wore flexibie
slaze 11 allows for arbitrary variations of de-ping from gee lzser Lo
droiner, Furthermare, it vegolres in geaersl less computer tire.

The discrate model hat the ddwantape that 1t 15 easier to oisualffe
since 1t reduces the priblem to o classice) case of Structural Dymads
13,

1IT = TRARSIENT MOTiOn%

The arplification fenction has seserdi {cnartant properties:

a} !t gives o Clear prachical sicture a1d gualirative Inforeaticn
ch the effect of the poil, & strple Tosk 4t the curve 15 §ufficient
to determing tn what ranges of frequencies the ¢pll can have 3 seri-
Q.1 catagang effect, and fn what ranges thls ¢ fert woyld not be
Irporiant or Bight poen be Renpficiad.

B Tt is {ndepengent of anp glecn earthaudie gnd |t representt thers-
fore & proferly ar cha-acleristie of the soil [tselr.

¢l For some of the methods that will be cesrited herp, the ésterm.
tnatien af the erplidtcallion turve is @ recessary Eirst sten to
ceterming JCCRTOrSOrETs oF FELPONSE SoEZtrd 4T the 1ap of the spil.
For other methgds, however, this step mdy bF Dyzassed.

T apite of Ehese Tegtares the a7l ifiCation curve 15 by no
reant “he ultizate gral of this tyre 6f studies. Fron the poiat of
witw of the jirictural Zesigner the miin oblective f5 Ly have 2 set
af response sp#Cira muich apdly to the surface of the toll or Tess
Trequently o set of earthquake recores which could characterize tne
raiions to ke espected.  From the point of «lew of taw 10i15 eagin.
ter ft is nporisnt to be able to esticaie the cagnitude of shear

[

€S

haw rr—
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1tewsses n the sodl during an earthauake ©3 determing the factor of
sdfety againet liguefaction and Lo guide in the selecCign of suitadlas

values for eedulvs and daeping ratics.

o order to obtaln thete resuits severd] rechods are atill |
avdilable using elther the tontinuous ar the discrete model,

f11.7 - Continuaus Soiutipn

Given & certaln time nlstory of acceleration representing gan
eirthquake recerd gt the pulergdping ¢F roih, oc &% the {nterface
belenen 0Bl AAd roch, the carresponcing socelerogrzs i the Yree
sWrface of the $01] can be abtabned oy

a} Ovtaintng the Fo.rler transfarm of the faput earthouake.

b} Maltiplping 1t by the Transfer function of the soil.

c] Chitaining the \mverse Fourier transfom of Lhe resuliing
funct o,

The Fourler transform &f a function of time (] can %2 visu-
#lized as a Talting case of & Fourisr series exzansion, [t |5
gleen by Lhe forsula

- +n

Flu)e ’ f{t}:'t“ldt-f tre)e tae (1 (1) 2 0 for ¢ o 0}
. -
F{t) 13 then ta1d to b the iaverse Fourier trans?orm of FL3

-

fte) - z-'.f Flajelt o

1t should be noticed that F.) is & cocpier functipnwrliling
1t 4
Flo) = C{u] = 15[u]
Cle) = Ir{tl cos ot d:i1s tra cosine transforn )
[

§lu)

!'f{t} sin ot 8t Qs the sine transfam)

-
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If an the gther hand 41 15 written 4%

) F[-l] - EI’_] E"i{#lt

Ak — - -

] Ela} = SOt + SIa1
ol - tlﬁ': HE .

o)

E{.} represents the ampiituse Fourfer spactrum, and 2[.) the
phase spectrem, The amplitude scecirum Fas an iccortant physical swedn-
fng, Gi.2n fwd values of freguence, =1 =ne Lhe ares wnder The curve
B} fro3x ., 12 ey SI¥E the azplilule of the roiion th Lnis raenze af
freg.encies. A siegle look at the Fo.rier axpilioee spectrum [272en
referred to for fhort as Fourter spectrum) gives trredistely an idey
of the range pf freguencies where matt of ke aaplitede of the ralicn
it conlained.  In fact Hudion Kas shpwn thab Inis spectrem is o lc-rr
tound to tne uncyTpe? velecity response spectrus ard la censral 3 rgry
good approxizstion to Tt (they woula Cowrgide if the maai=un reszanie
pfurred after the end of tra expitabicnd, Arias has slsp shown Lhat
i Elu} 95 corzuted far different durstitng of the parthguace, the en-
wilape of these specira i3 am uiper yturd Lo the wndswodd welpcity
TELPONSE LREfLEyT, )

nt amplitude Feurder specirum 15 af course clotely related to
" the ipectralt cantily function 4.} '

stad oy B

¥y
ast st o LU

b —ma g

oTn
where T 45 the durdtion of the excitiblon ft) .
The ares under tne spaeieg] density funct!ion belwsen twp fres
gutniles o and - gives § Feature of the energy of the pagilation in
Lhatl range. -
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recordy shoyld Be af bedrack with o0l O Lgp of AT the Butiropping
of mock, vinie most actelérggeaty of real earthiuace;: haok Deen ob. ]
tained on grownd {even A7 (1w grouid).

: I
. i i Tunt iR Acmirdl FRLCTa A (7 20t)
ALk LS AATTON N
+ ' - _= W = . o
The Fourier transiorm has ot been yyed norzally o STructural ¢ % 0 R . ¥ =
e I PR
Dynamrcs,  [bs detersinatics 1%, howpver, eabre=ely fatc and simple X ":‘ % _ . B .
with a digital cerputer. Ewen 3l this eethod of analrsis 15 mol gaing 1 : ' ' e B
" b oy .
t0 be vied, the Fourier trensform milil grguice signtflegnt anformation . =i ) ' " 5 =2 ’
f e mmgmeEr oo Z ! ] h .
on the nature of the escitation and wi1ll help to anseer such queskions : ' \ ' x -—_%J
as how miny modes should te Included In & modal analysis, 1 ' ! v }
e el . . - .
. T . .E-:? -
The trynsFer funtttge 47 tre soll &% oo erored dn 11 13 again 5 : . ‘g ' ‘ % M E -
. 5
k complex fumciion., The oraduct of these ted cOrmlexs functions caa be o : 1;? ! ! " [ i
. ] -
accorpl (shed by “: : g ! ' M "_'_—\-._-_
[ ' ] ——
Mutliplying the Fourler arplitude spegtrum of the input by Lhe ' ’ L_z_?' ' : |, ———
aplifieation functign af the soil, The result 15 the Fourier L : %ﬁhl ' g I:*"‘
[} P
arpl 1tude spectrus of-Ene Carthgudhe &€ Che free turface of the 3 '4..: : ! ) . o l o T
so1] B voLe T b = )
. Ao 1 _E._._._b v | "y r‘ -
o PR =il .
Adding to Lre Fourler phale L2eCrum LR Change Ip pRUATE Culve E , X .::-'r—: . , tn
— e, é
of the soil. The result Is the Fourier pnase szecteum of the i "'l!- ! ':.._i_1 | r.-," !
\ g
Qulpel. 9 . = ' . 3 2 ' :
% oy T :
* f [ ' ' B M - -
Thy 1r+prie Fourter Eransiorm of tH1s grocuet will te dgain g g. " = . 5 _
rekl function represent sy Ee Trre niszory of acteleraZion on 04 h ‘r ._____'E—Ff ! . g o £
oF the seil. MNobize that 40 Che tapwt repredents the Afcelerdgran Q : ;:__r_..—::’ ' = .
k . "
At the ntertace beteren roje dnd sarl the transfar forenion core g 4} é"'_): . 3 .
respaading La f19id rocs wromld b waed. It o the ather hand Lhe E . ' . —— 4
{t;at regresents the aceelergpran anich would b orezzcZed oo Lhe rack [:;‘ R : . D " Lol )
without anp t00] cn ocan, tre beansier funetion ‘o elastig fofc B3 T3 I [ ' %
be used  The second approdch seems more Togegal Mowewver, 41 The " : é -
present L1, JREre 15 no gledr wap to defeseine phat the carthouace % v ' -
n, ,3_-5
= .
.

. L‘VL

UUNL”"

Figures 13 through 17 symmarize the procedure a5 ocullined, (The
pheze spactes ard not plotted). Figure 1) showy 2 recacs of the Tift
sarthguake and Figore 14 108 asplituce Fourler spectna. Figure 15
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shows the dopliFicatiom curve for 4 gleen so01 profile (the uniform
Taper previowily considersd with rigld roch). Thy product of tha

Fourier spectoum of the input By the amplificetion funclign 43 shown °

1a Figure 17,

Onca the pgrtiquake record at the surface of the aoil hat besn

obtaimed, Cesign rysponse Spechr can be oblatmeq 18 Tep differmi
[T}

a)] Frowm the Fourter transtorm of the output (bafore inverting f¢),

by muttipiring 10 by tha Transfer function of & 'mf-degru-uf-frﬂ- )
dow Vipear gsclilator, then drvestIng the rasult aad finding the nas- |

fum,
frequency " and desping L 11

Z

. Hla) 5 -y * ?'-l“1n-
- B
. * Zun."..

’1’- - ) Hn-.

¥) By integrating through & step-by-step pricedure, the equation
of motion of & m»utqm-nr-fmehrus:n ;-

. 2 -
yr ?Inu.nj W AN

wh Y ;li 13 the sccelerptiion Time h'lstur,'m top of sail.

Tre first procedure 1y pOrwally celerred to 4% integrabion
in the frequens; domatn whereag ¥n Lhe secohd caze the solution 4y
sald 10 be carrled put A The bhee dostdin

While tHe first aopthad

would represent 4 consistent continukton f Che protedure followsd
l.lp 1o that xwent 4t tha prtsqnt (315 ] lH.l n:nnd SRl agry N
feal a5 far &5 Cospuler bime |3 CONGermed,

Figurt 18 thowt lhe pnddu-l:tll!rlﬂm e ORIk Spectium
for the Tuft warthquabe Filtered $hepugh the uniform 5017 deposit.
The response spactrum ©F (e Input 15-ab10 Shown in ERe Sane flgure.
Figurs 19 chow Che ralio ¢f both ropanse 1petra for 2 g 51

Tor Trasafer Tunction of tha ona-degrea-of-frigdon 1atem sith
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‘damping together with the scplificetion curve, The similarity between
thitn cyrves 11 of course strixing, and thelr ul;tjmsnip will ba
- furthar distussed later, ’

* 1IL.2 - Discrete Model

[n the discrete mdel tha 011 {5 representad by 4 close-coupled

. =|.|t of masEes, springs and dashpoty, The equations of motion can be

:vrittln n terms of relative ditplacements
I -
i ﬂ]]‘] * ':Ihf'l' }'1} * k][f]'fz]‘ LI NI Ui

H?;Z * cl{.';’z' ;'1} + CE{.';"E' .:!'J}* HEJ‘Z'.'I'-I.." *z{.'ﬁ':arl‘.'!'aj - =My U

LS SRR L kn-\“n"n-l}’ ky,w =M U

or inmatriz form

ME o+ Yo RY = - HI O,

I whyry HI til 'c'l
%y L, C.* -4
A 1 5 5 ?
M- % €=
€ L -G
'r H“ "cf].-] I:;I'I.-'I * L'.“ i
) =Y :
-H tlthz -kz 1 .
K= gk ] and | = (& a)
- "n+l+tn !




Neplacing Tlﬁ by the asccelerpgram of the earthquibe at bedrock
and ‘ntegrabing nueacically this set of differential egquatlions. onn
. can obtain the tire history of displacements, velacity or acCetery-
tlon at any af the easses, or what {x equivalent at any paint in the
sgil, Once u, sbiatute wccelsration = ¥+ i'IG 1s phbained at the sur= ———-— -
Fact &f the spil &y & Function of ties, the procedure to d¢términe
response spectrs i3 Ehe same as that gescrited for the contifoows nodel,
second 4pproach,

The integration of the fet af differenttal equitions &% QUl-
Vined abowe §5 rarmally refercad to as phpsical integration of the
equitfons of motfen. This procedure 15 i only one which can be uvsed
iF the properties 9f the sqil 4vd considered aon-linesr, On the gther
mand, far Tlnear systees |f ooda) demplng con be tpecified (T 11 norm-
slly preferred te carry ot the selulion by mmde® superpositlon,

1r - ate tha natural cireulir frequancles u1' the snﬂ daposit,

4. 185 modal shupes {elgenvactors), normalized 3o :hn. '-.""l | and
1',‘ the participation facipr of the {th mode

T
Py = Ml DR ¢ Magad ot Mey) |
the $olutlon can bk ennressed A

ya I1I‘11111[t}

whary a,'i.'t:l 13 the solution of the oae -dejree-of-fresdom equation

;I + Ell-iiimf TR ;G{t]

[n particular at the surface of the sodl

R U R TR

-5

The advertage of this bype of solutlon 15 that it requires only
the oiuiton &f o cre-degree-of-Freedom equatfon far each mode, Gnie
the nodal stapei, participatlon factort and naturs! frequencies are
known. Moregwer in generdl only the first few moder conbribute 3ig-
nlficantly to the solutlen. For Lhe cete of the wnlfors lager, srevi-
aus_l:r coniidered with the continuoys Solution the Cowfiicients gy are

firat msode T 1.2F
second mode 3" =048
third Fode g4 -~ 0.2

Only three modes a™ enough Im this case to obbain & goad solu-
tion. The meddmum accaleration in the Firsc code 1§ of the grder of
0.273. In the vecond of 9159, and In the thicd of Q.08g.

Response fpectra oblained by this methpd show good agreerent wilh
those potalaed by the contineous solution, althoush nat as perfect 11
in the cote of the amplification fumgrlon. The dis¢repancles are, hou-
aover, very small Jnd acw #4%y [0 undepitand Tf the large necher of com-
putations 1navolved 15 cons!dered. Each eobhpd hay ity own round-sfrl
and trencation errors and they will affect each procedurs differgatly.

For all practical purpodes Che resulis Cam, howeyer, ba contrdered pgulv-
slent.

hgaln [f the effect of the elastic rack tas Lo be Tncluded, 1t
can bhe done by afding the eguivalent radiation detping 1o each sode,

It the paly result deslred 43y Lhe time history of acceleration
ot the Free surface of the $411 lor st 4 small nurker of palnts} the
pontinugus salutlon has 40 sdvantage bath froom the paint af vlew of
flealbllity (belng able [0 sonsider different vi#luvey of datping 1n
pach Tayer) and from the podnt of wlew of tine of computation. On the
other hand, {F the time history of sccelsration and stresses 11 desired
at many polnts the modal telutlon Gécomes more #conomical. Danmging
(& the 30l does not redlly come from visgosicy dut from nom-llaesr

i .
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hysteretic dissipation of energy, Correspondingly both shear madelus
and dasping are funcklons of straln, §f & non-l1inear analysiy 15 to
te perforied only the discrets mode] with physical frtegration of [ha
squstions of mtion woyld be applicable. CFLgn, however, the Syitem
19 comsicered Vinear, d11uaing valves aof shear sodules and daspling,
getermining hlstories of straing, computing few values of modulus and
damping ang cycling unt!l convergence of the process 1s oblsined. For
these preliminary runs the discrete model with sodat analpdit’ s con-
venlent end 4t providen 4 Taater, Born ecarnomica! solutlon, Once
sppropriste values of mdulus and ducping have besn obtained, the cons
tinuous oodel can b uted for & Pina) series 3f analyses with differunt
welues of damging 18 vach Tayer. [In the sodal solutions the raiues
of damping nre averiped and anpresead a5 rodal denping, constant In (10
modac ).

[¥. DERIVAITON OF RESPO&SE EFECTRA

4

Tha methods presiously outiined are mainly incended Lo consider
ah earthguske gt the base of the saif!, Fitter 1C and ghtain the reswlt-
ing tiom Wi4tery af acceleration at the free tarface. wnlle 10 13 pa3s
pibim Lo Gbtain tren  design respodse diestra on top af the pil, the
procedure han for this purpdse skvared aifffevrities:

) 1L reguires a5 s Input an Jctuad accelerogram, be §L thel of o real
srrthquire, scated or ok, orf an artiflofat esrthquabe obCplred by &
1lrulatlon process, KWhile the drea af Earthguaks Stoulation hat saen

» consigerasle pragress in thr Taat pears, 1t 13 sti17 harder 1o derive
the tisme Ristory of an sarthquakd corresponding to 8 certpin mignitude
and epicentegl distance then 1b 4% ko derive & responge Apectrur,

b) In order Lo obtain relfable resulls tue analysis cenngt be cone far
Jutt osa loput earlhquibke, but showld be rapeated for iaveral inputy
rapresentiag yamples of esrthgyakey with The Fare averege characterin-
Lice. The rwsulting responce spectra should finally ba smagthed by
drauing #n avirage oF fnvilopa, The procesy becomes then loo lpng and
kxparsive,

I.
|-“I

-
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It would e tharsfore desfrable to have 3imple and spproczicate
wiys by which smogth response spectré on top gf the il wonilg be de-
rived Trom response Spectrd at bedroc or on firm ground. Flgure 19
shewed the asplification curve far & glven soll prefile and the ratig
of response spectra far 7 and 5% of structurs) demping. The similar-
1ty of these curves 15 apparent. Im fact, 1f the Fourler specinm
wers exactly bhe wndaeped velocity response specirum, the amplifica-
tion corve should colncide with the rilic of response spectss for no

dasping.

There are, howevar, several impertast d{fferences between Chese
Twd Curves:

\ 1. Tr;e aplificetlon curve tends b rero 2s the Prequency Acreases

ar as the period becomes very smatl, The ratio of response apecird
on the gther fand tends to & Floite walus which 13 the ratlo of the
miximor, acceleratfon on top 4F tha 304} to the halsam accelecation
gf the inpul. [This ratie can be estimpled from the desiqn response
apectra at bedrock 1f the modes of the sofi ara krgend., Tha ratle of
response specirn 15 thersfore highly dependent on the input earthoueks
in the high Frequency range {or for very short perfods, fay T ceailer
than 0.1 secends}.

2. "Tne amplification curve 15 & function af tha wot] propert|es only,
The ratia gf reagonse ipectra on the other hand will depend on the
$o1t properties {perlody gnd darpfngl), the awount of strvclersl dimg-
tng and the selectimd warthqueke 1nput.

1. The ratlo of responss spectrd 15 1n general smoather than the
ampl1Eication curve with Tower peads and higher valleys and It becosel
taoother a1 Lhe strvctural damping Increases, For dargping vilues of
70 or 25% the ratio of retponse specire §5 practlcally <onstynt over
& long rangs of periods. On the other hand for very small velues of
ttructural damping or for whdamped specivd, [he retle of the responis
spectra should be close bo the ampl1ficatfon curve eccept In the renpe
of very 3mall paricds.

4, It shoLld alio be eapected that bhe pgreemnt between the amglifi.
catfon curva and the retio of retponse spectra would be belter for

09
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high vatuves of dioping In the sail since t4is would tend to elimtngts
the transients and furnish a mobion closer to a peciodic one.

[n order to determine the appllicediliity of che aepllf1gation
curve 10 feproduce the rablo 8T responte syectra, the ratlo batween
both curves b hag been ohtatred ok feverad ;oo for wnliorm soils
with waryfng fundarental periods and demsing, sebiect to different
warinquane dnpult. The earthgquake refards considered are €1 Contro,

TafL and fiwe artifictal earthguiakes wilh o Tajiml type spectral den-
slty functlion,

Tigure 20 shows for ore of the Cates studied the ampliflcatlon
curve and the ratlo of response spectrs Tor E1 Centeo and Taft earih-
quikey. Figure 2§ showt the avarage ribin of rupu"lu spectra for
the (we artdflelal eerthquakes, together wilth the 955 couf ldence
Tevely {oean + Zp). Most of Lhe points of the curwer for El Centro
and Teft fall within thiy band. It must br therefore realized that
even within vasples of 2arthquases with r'. sime properties [(magnitude
and wplcentral dhatance) 2 substential varlabion i o0 be eapecled in
the retle of reipbite Specirg,

Flgure 22 shows the effect of the natural perfo. af the sall
and tAr daecunt oF damping In the soll in the walye of b at Jifferent
palals. Far 7 = ”I {15t natural period) the ratts {3 practically
conttant, independent of T,. For T = T, 1t kas again Tlttie varia-
tlen for peripgs larger than 0.1 secongs. For 7 = 0.4 '1 the varly-
tlon is large for periods smaller than 0.5 seconds and for T = } I]
far periods ccaltler Lhan 8.8 or 0.9 seconds. 1t fhould be notleed
that 1o al) cases the variabion 45 small for walued of T larger thaa
0.2 or 0.3 secondh. IF it 15 accepted Lhat 1n this range (Say 0 Lo
0.2 ar 0.3 1econds} the masiom accelecation At tap af the soll Cons
troly ke responte Spectrum, the values of 0 can be considerwd only

s1ightly cezending on the natural period of the 5010 over the ranpe
of application,
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s cllely equal ka1, Far T » 2 ‘J'1II the a2plifichtlon turve can be uied.

5F-

Figure 23 shows bhe effect of structuryl dasmplng in the vajues
ef 5. It can be noticed thak &5 1t should ba expected the valoe of 3
1r clgser 1o unity as the damping In the $ot] facreases and the ttruc-

tueral damping decrras#s. Whlle tha affect of the structurd) damping —————-.

15 Jarge In the range © to 20T 1n the normal range of structures [s4y

0 to 51} this effect may be consldered s!tght, particulacly compired —=" -

to the vartation From one {apet record to angther within a faolly of
wmarthquibes.

Curves 17ke those showm In Flgures 22 and 23 have been obtalned
far different values of T.r‘TI. Using these cyrves the ollowing pro-
cedure |5 suggested to derive the ret1o of retponse Spectra fron the
amplification curve,

1. AL wach gne of the pesks (1 » Ty T }‘r], T« E‘-Tl ete,) find
the value of b from the Corves and ohiatn The correspending point
{mu)tiplying Ehe amplification by the factor B}. A horizontal feg-

_®ept 15 then dryen pasSing by eech one of these palnls and cutting

the peak of the smpTification curve *f b 13 smalls, than 1,

2. At vach ome of the valleys (T = }TI' T a -} II.I ete.} the ratin b
1% sbtiined from the curves and & pOINE 35 drawn, Thewn palnts kre
them Jalnzd by smooth curveel Lo those resulting From step 1.

L AT T, the value af b {5 dgain found or can be taken approsi-

Tniz pofab 13 then joined Lo the paint fmmedlstely nest to T) by a
wngath curva IF the corve i3 plotted serius pariod ar » 2breicght (ine
iF plotted werius [requency,

4. In the range or 1mall periods or lirge frequancies the responss
speCirum hay 1o be controlled By the scceleracion o1 top of the solt,
The ratfo of this acreleration to the meaimus Tnput acceleration can
be obiained. At & period of §.1 seconds (or 4 Frequency 4F 10 cycias
per terond}; this value Bay b Paken a3 the raTio of respoase spectre.
Eetwren the valud ot 2 period of 0.2 seconds and this valuk & strafphl
Vine may be drawn {f the curve 15 plotted versus p;ﬂod or & sTogth
transition curve If plotted versus freguency.
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While 11 the cases considarad Lo deriye the curves for the
yalues b bave cormesponted 1o 1 unifarm so!l profile and further tesh-
1ng 15 necessary for mullfllyper systems, 1t 0% bBelieved thet such &
procedure coulid also be 43pifed for the Tatter toking the T, a5 b
perfod at which the madimm gnp 17 1cat!on goCurs rather Than the Tirit
fundanental period,

¢

Figure 24 shows an pwample of application of the rethod, Curvdd
of tha standird gevlation o have also been cbtainad. Fro@ Lhesd curves
1t 45 than possible t4 driw ot only tha swverace ratla of repponss
ppectra but also confidence Tevela.
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ABSTRACT

-

A critical review s presented of exisbng
litcrature abgut influence of some facwors in
carthquake characierstcs An analyis is made of
the conditions adequare for idealizing acruai
situaricns by means of given analytical models,
and the results of those modsls are compared
with observations obtained during seismics
motiang Some studies are proposed griented 12
the prediciion of che influence of local
conditions on the charactensngs of earthquake
moions.

RESUMEN

Se presenta una revision criuca de [a literatura qus
trata la influencia de diversos factores en las
caracteristicas de los msmos. Se analizan las
condicienes propicias para lai que puede
idealizarse una stuacion real, mediante rmodelos
analiticds detorminados, y s comparan 1os
rosultades obtemidos de dichos modelos con
observationes hechay durante mowimientias
sismicos Se proponen estodios enlocados a
predecir la influencia de las condiziones locales an
bas caracter(sticas de 1os movimicnos sismicos.



1. INTRODUCCION

B estudio de las caracteriylicas de los remblores
que pueden ssperarse en un sitio dado es de gran
interds para el disefn sismico de obraz civiles,
Tales caracteristicas dependen de factores cuya
influancia es variable para cada evento; en
alquros las condiciones locales 42l gdo influyen
de manera deieiminante, mientrds que on oOtros
resultan de manor importancia. Esto tiene
implicaciones importantes en A sclucidn del
modelo analipca gue deba aplicarse a cada miio
pardcular con el fin de estimar la influencia de
dichas condicienas locales.

Los movimientos en la superfuicie se ban wratado
de predecir mediante diversos modelos analivcos;
sin #mbargo, la mayor parte de ellos se basa en
hipdtesis excesivamente simplistas, ¥ con
frecuencia s# amilen caracteristicas fiswas
significativas, rales como posicidn relativa entee el
foco v la estacidn registradora, irrequiaridades
topograficas, ete, lo que impone limilaciones
indeseaties en la utilizacidn de dichos medeles
en alqunos casor En este trabajo s mencionan
las condiviones propicias para las que puede
idealizarse, con un determinade modelo, una
sitwacion real ¥ & comparan 108 resullados de
utilizar dichos modeles con evidenciss reales; por
sjempla, el modelo analitico hazado en la
propagacion vertical de wun frente de ondas plano
de cortante puede reproducir con  bastante
aprowimacidn movirmientos correspondientes A
sitios con determinadas caracteristicas geolbgicas
v topogrificas. pero dista mucho de ser valide
para otras condiciones. Tambidn se presenta umna
evaluacién cualitativa de la influentia que pueden
tener las condiciones locales del suele e las
caraciersticas del movimisnip tiEmito, y s
propons & desarrollo de Agunos  ectudios
enfocados a predecir su contribucidn en dicho
movimiento.

2, FACTORES PRINCIPALES QUE INFLUYEN
EN LAS CARACTERISTICAS DE LGS
SISMOS

Los movimientos sismicos del suslo depeaden de
diversos factores, variables en tampao y efpacio,
que pusden asociarse a:

Mecarismo generador del temblor

Trayectoria de las oodas sismicas, desde su
origen hasta el sitio en estudia (fig 1)

En la rabla 1 se presantan los principates Tactores
asociados a estos grupos. Cada uno influye en
distinta proporcion, que varia de un emblor a
otrg, an &l movimiento del terrens

21 Factores asociados al mecanisma generador
del! remmblor

Los mecanismos que Jausan los sismaos de origen
tectéanico no han sdo, a la fscha, completaments
explicados, La recieme teoria de las placas
tectameas refs 1 y 2} actualmente la mis
aceptada, explica la ocurrencia de eventos
rismicos en dreas proximas a {a periferia de las
placas litosféricas {ref 3). pero no en reqones
lejanas de estas, donde obviamente las causas de
temblores san de naturaleza diferente.

Ewxisten pardmetros asociados con la fuente de
liberacidn e energia al presentarse szmos de
origen  tectonico; desde o punta de vista de
ingeniecia sismica, los de Mayor inlerés por su
influencia en las caracrer{sticas del movimiento
del sitic en estudio, son: cantidsd de energia
liberada, geometria y orientacion de la superficie
de falla, direccion y sentide de propagacibdo de la
ruptura, et Alqunos eemplos acerca de la
influencia de esos pardmetros, la de la trayectoria
¥ de las condiciones locales, se pretentan en gl
cap 3

22 Factores asociados fon b trapsctoria de las
cndis sisnnicas

L2 siznologfa generalmente trata log eventos
slgmicos camo un problema de radiacion de
ondas eldsticas que se propagan en £l interior de
la tierra ¥ en 5U sipeificie; fondamentalmente =
distinguen dos grupos de ondas: de cuepo ¥ da
superficie. Ambas, durapt® su recorride, tienen
un decremento en su amplitud debido
principalmente a:

a) Refraccicnes y reflexiones
b} Ampliacién del frenre de onda

£) Atenuacitn
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la ampliacidén del frente s onda contobuye ¢n
diferente proporcién a dicho decremento en las
ondas ds cuerpo que en las de superficie; en &l
primer capo, la reducclén de la amplitud &1
proporcionsl al teciproca da Lo distancia,
mientras que e¢n el sequade al reciproco de la
raiz cuadrada de la distancia

La atenuvacién produce, ademds de decremento
en la amplitud de las ondas, variacibn en o
contenido de frecuencias de =3tas. Los
componentes de alta fracuencia se atenthan mds
ripidamente gque o5 restantes; es dacir, reducen
w amplied a mayor rapidez con la diswancia,
que otras de menor frecuanria

L.as caracter{sticas de las ondas, durante W
trayectoria, sa ven influidas por las condiciones
del medic a través del cual == propagan, en erte
caso £l suelo. En alqunos cazos, lai condiciones
son tales que las cacacteristicas de lay ondax #n la
ultima atapa de =1 trayectoria se determinan por
las condiciones locales del mHtin, ¥y Leren poch
inTluencia las fatores melacionados con &
mecanismo de falla y con la rayectoda
precedente a asta etapa En el cap J se presentan
algunos ejamplos acerca de la importancia de las
condiciones locales en 1ot movimientos sismicof,
laz cuales dan lugar a fendmenos locales de gran
magnitud que han ocasonado perdidas materiales
y humanas

3. INFLUENCIA DE LAS CONDICIONES
LOCALES EN LAS CARACTERISTICAS DE
LOS MOVIMIENTOS SISMICOS

Las condiciones locales ronstituyen, en ciertos
casns, un factor que influye en las caracter{sncas
sismicas de un sitio dade, Uno de loe fandmenps
locales mds importantes dentro de la ingeniocia
sismica, e1 ol ge amplificecider o atenuacidn del
movimiento o un paato dado, en relacidn con =
que se tiens en Un punio diferente, ubicado en la
misma regidn, perc asociade a caracteristicas
geoméinicas y geolégicas distintas del primero.
Dicha modificacén del movimiento implica:

I. Cammhkic en las amplitudes mdadmas de
aceleracidn, velocidad y desplazamiento

2 Cambic en @] contenido de fescusnciaz del
AV MiEnts

En e#ste trabajo se tratan dnicamente las
condiciones del muelo sn Htuacidn estable, s
dacir, no e hace referencia a problemas
asociades con la compactacidn de puelos por
vibracion ni a los de licuacidn o pérdidas de la
capacidad en cortante por acumulacidn de
presiones da paro sxcesivas.

Lot criterics empleados hasta la fecha para
pewdecir los fenémenos de amplificacion dindmica
de loa movimienids sizmicos en términos de las
condiciones locales, pueden agruparse sn.

1. Registro de mucrosiconns

2. Exmrapolacién de regittros exiziantes de
tetnblores Tuertes

3 Metodos analiticos

Sin smbarge, ninquno de esos criterios ha
conducide a resultados satisfactoros en los
diversps intervalos de las variables significativas;
de ahi el interds por estudiar fus poshilidades ¥
limitaciones medlante la comparacidn de wus
predicciones can las obgervacionss durante
temblores reales ¥ por establecer s intervalos de
validez, asf como los cotenios de aplicabilidad
mds general para siomar L influencia de las
condiciones locales en la3 caracter{sticat da los
temmblores.  Esto constituye la materia de los
capitulos posteriores.

3! Amplificgeion de la respuesta sismica de
twelos jdeslizadas mediante modelos
unjdirmenaonales

La splicabilidad d# modelos unidimensignale® en
ol andlitic de la amplificacibn local que wulre la
respuesta del fualo ante sxcitaciones flemicas,
puede ser adecuada Sempre y cuindo las
condiciones idealizadas en dichos modelos sean
mbicienterents aproximaday a las reales.

El empleo de modelos unitimensionales que se
bagan 20 la propagacibn vectical de ondas de
cortante queda lLimitado & cases en que
cumplan simultdneamente condiciones gue
quedsn agrupadas en: a} geomdrricas, b)
geclégicas v ¢) telacionadas con la excitacién

P P [ —— —— [P ——



311 Condiciones gedmétricas

La astratificacién dal subcoele deba ser
aproximadamsente horizontal (dimensiones
bhorizontales grandes comparadas ¢on la
profundidad) Generalmente Las ciudades de gran
tamafio 2 EACudntran #n valler cuyo mubsuelo lo
constitu¥en estratos cam honzontales  Las
formacionsas que presentan esta configuracién son
genaralments de origen Lacustre,

3.1.2 Cordiciones gooldgicas

Debe existir homogensidad en cada esirato, La
constiucidn del suelo debe mr tal que no
aparezcan condicionss inestables {licuacion,
compactacion, deslizamiento de masas de suelo
hacia wuperficies ©n soporte, etc) ante l2 accidn
de cargas dinimicas.

3.1.3 Condiciones relacionadas con Ja eacilacidin

La influencia de los diferentes tipes de ondas
sismicas #n la regidn en estudio debe 58T Lal que
dé lugar 2 un predominio de ondas de cortante
con propagacitm vartical Las condiciones para
que esto fuceda son variadas y dapenden de
factores lales como posicion relatva del foco
respecta 8 sitio, magnitud sivmica del evento,
etc,

El hecho de que las ondas de cuerpo mamifissten
miltiples rafracciones al viajar a ravés del medio
{supussto con estratificacién  horizontal), y de
que la velocidad de dichar ondas sumente con Ja
profundidad, tiene como coniecuencia para
#ventos de forco profunds, gque incidan  casi
varticalmente en la superficie, lo gue permite
suponer una propagacién vertical en la Gltima
stapa de Fu trayectoria cuando s a través de
estratos blandos horizontales (linea QAS, lig 21
sin embargo, la proporcidn en que las ondas de
cortante contibuyen a movimiento se relaciona
directamente con la posiién relativa del foco
tespocto Al fitio, por 1o que no es posible en
todos ios casos despreciar 13 contribucidn de
otros componentes s las caracter(zdcas dad
MCVimienio

La iccdencia de las ondas superficiales en b
reqidn en estudic es honzontal (linea 5, fig 2).
En ta fig 3 se presenta el detalle idealizade del
caso particular de ondas superficiales
predominanies con lengiwd de onda (})
comparable al doble de la dimenodn hanzonal
(L.} que limita las fronteras verticales de la rogidn
en estudin! se abserva que la fronterd infenor de
dicha reqidn, supuestamente horizontal,
experinentard en esle caso movimientos paraielos
a ala, actuando pricticaments en fase, que
generardn ondas de corte con propagacidn
vertical a través de los =speatos honzontaes
supericees. Para el casp de tonguudes de ondas
superficiales, mencores gue fa dimensidn
horizantal L aotes indicada. el movimiente en la
frontara inferior no es uniforms, por lo que la
suposician de propagacidn vertical de ondas de
COrtante para este caso no es valida. Asimisono,
debe notarse {fig 3} que la relacidén de
impedancia supuesta entre {os dos medics €5 myy
alta, Cuande esto np mcede, las ondas generadas
en el manto superficial, debidas al paso de las
ondaz syperficiales, purden ser da djverscs tipos,
tin que neCesanaments predomenen ondas de
cartante.

Cuando $e falisfacen lazx condiciones antericde,
los mélodos de analisis de mrdglos
unidimensionales usualmente smpleades. son:
aldos que s bazan en el empleo de L #cuacon de
onda, ¥ bl los que urlizan la véenica de
elementos fimitos en uwna dimensiéh. l.a mds
reciente ravisién de la liveratura respecto al tema
fue hechs por Factioli y Reséndiz {rel 4). aqu
& omite.

Cuanda ¢l contraste entre 4 wvelocidad de
prapagacién de ondas del manto superfical ¥ del
medic’ seminfinito sobre el cual e apova oo e
muy [uetlr, se presentd ¢l problema de fijar a
gierta profundidad el aspesor de diche manio y
de considerar una froowera inferior que [Ome en
cuenta la retroalimentacién de energla; la manera
mis sencilla de hacer 2510 Glhimo o MIC100a8 €0
la frontera un amoruguador con CORSLARGE
Gp)’*  donde G et la velocidad de propagacion
de ondaz de cortante en el semiespatic v p la
densidad de masa del mismo {refs 5 y 6.




La profundidad del estrato supscficial reprosenta
¢n cada casg parucular un problema diferents.
Lo mds usual hasta la fecha es aznalixrar vanoe
perfiles de suelo, que difiecen entrw st &n la
profundidad y caracterizbcas de la roca basal y
de acuerdo con los remultados seleccionar o
modelo representativo del lugar. EIl
procedimisnto rerslta demasiade turdo ¥ los
retultados depandan del criterio Que e ute en la
eleccibn da dicho perfil, lo gua indica la
necetidad de realizar sstudios obre d problema
tendiantes a definir las caracter{sricas del
conjunte modelo  repressntativo-excitacitn, de
manera que lag diverzas hipdtesis sobre dicho
conjunto conduzcan a respuestas comparables.

La aplicabilidad de modeios wnidimensionales a
suwlos con una pegueta diferancia de
impadancias snem el mantg mperficial y af que
los saporta, es mas limitada que para los casos en
en que dicha diferencia er elevada, debido a que
en wilos raios exgste mayor incertidumbre
respecto a 108 requisitos expuestos en 3.1.3.

Entre los sitios donde &xistan suelos
caracterizador por un periods dominante de
vibracidn, normalmenis alto, gue pueden
reprasentarsa mediante un modelo
unidimensicrnal, s encuentran alqunas dreas de La
cindad de México, diversas ponas proximas a las
bahias de San Francisco y Tokio, etc. La validez
de esta idealizacidn s« comprueba medianta
estudios refacionades con dichos lugares (refs 7,
8 y 9); sin embargo, 13 evidencia de log
resultados en esos estudios no significs qua estd,
a la fecha, totalmente entandido ¢! Fendmenc de
amplificacién en tales dtics. For ejemplo, existen
serias dudas sobre las condiciones pard lax cuales
#i despreciable la jnflyencia de Las ondas
superficiales en el movimispto del suelo {que
cumple con las condiciones avpacificadac
anteriormente), y resuita adecuada L suposicidn
de propagacidn vertical de ondas de cortanie.
Aln mds, es claro que para aljunos Cascs en qua
la teorfa ds propagacidn wertical de ondas
unidimensionales de cortante proctyce  buance
rasuttados como en o Valle de Méoco, la
concordancia e producto mds bien de la gran
iiferancia de impedancias que de la validez del
modele gue fupone la [eqada de la energla
principalmente en forma de oodas 5 viajando
varticalmente; en ol caso citado es reconocido &l

hecho da gua, poreyende los temblures
importantes distancisr epicentrales gandes, las
ondas que legan' son principdlmente de tipo
superficial, pues lax de cuerpo deben haber
gufrido atenuacion significativa para rales
distancias. Aeada, Kawskami y Kamivama {ref
107 deducen de un estudio Qud 3+ basa en 20
demes Teqstrados en un mismo Etio, a parur de
1367, cuyo subsuelo esta constituide por sstratos
horizontales, Wandos, que las ondas meperficial es
forman parte toportante del movimiento sn el
lugar; zin embarge, los autores no sspecifican la
posible rezdn de eta contnibucion. Rosenblueth
{ref 11), wn una duscusion a dicho estudio,
mbraya ¢ poco contenido de ondas muperficiales
#n la respuesta de la foraacidn arcillosa del Valle
de Mexico, y atribuye ral disorepancia 3 la
diferencia entre las caracteristicas del suelp en
dicho valla y en el fitio analizado en el sstudip
mencionado,

La necesidad de estudicr méc profundos que los
existenes sobre el 1¢ma es obwia, ¥ deberdn
bararse en observaciones de registros hechow in
£tU O en Sitigs COR caracteristicas semejantes, por
Io gue ez aconsejable la instalacon de
mstrumentos disefados pata tal idea, ¥ dado que
los resultados de estos no serian inmediatos, es
aconsejable el estudio ebrico dal problema bajo
miporicionss mejorss que las actuales.

3.2 influencia de efectos bidimensicnales

Las irregularidades geoméicicas vy la
heterogensaidad de las lormaciones qua se
ancuentran ¢n agunas regiones, conducen al
wtudio del problema en espacics de mds de una
dimensidn,

Un factor importante para la evaluacidn, aungue
ses cualitativa, del tpo de respuesta & la
pasicidn relativa del foco con respecto al lugur de
sstudio, ya gque de ella dependa el tpo y la
amplitud de las ondas sismicas que causen la
perturbacidn.

La solucidn general del prablema, tratado en un
eipacio bidimensional con  procsdimmentos
analiticos, implics serias complicaciones
matermndticas, por io que la mayorfa de loe
sptudios existeptes al reppacio incluyen

-



como lineslidadt,
honogenawiad & isoirgpls de los maleriales, tipo
de excitacihn estacionatia, frenle de onday planc,
aproximacidbn  de smspmas infimuios 4 Amitos
mediante fronteras equivalentes, continuidad del
medio, stc. La uulidad de los modeles
simplificados es grande, ya gque permite la
evaluasidn cualitativa de fendmernds reaies ante
diversas condiciones.

gimplificaciongs rales

A continuacibn s destriben algunos estudios
analiticps sohre formaciones con [ronteras
irrequlares v topagrafia superficial plana. Por los
motivos antes expuestod, lax urequlandades de
dichas froneras s han idealizade mediante
configuracignes simpley.

Trifunac {ref 12] trata el cazg de eatratos
superficialer soporrades por suelos cuya
unpedancia &5 muy altd vomparada con la parte
inferigr sujetos a excitacidn de ondas
horizontalss ocasonadas por una falla vertical
superficial, relativamente certana af Sto en
cuestibm donde 5= tiene un perfll como ol de la fig
4. El autor lo resuelve como un problema de
propagacidn horizontal de energla. Una de las
principales fusntes de sfror del modelo s indica
&n el texto, 1 la suponadn de la sxcitacidn coma
un proceso continug sytacionarc ¥ no de caracter
trangitoric. Para esie cato, Trifunac predics gue las
amplitudes ds cnda decrecen al viajar a traves de
un espesor de suelo blando mavor (fig 4, a la
derecha dsl ¢je «), cambiando mu contenido de
frecuencias contranamente a2 lo gua predics
FASpACts & BSUratos de mayor espesor la reorfa de
propagacidn vartical unidimensional da ondas de
cortante, Dada la carslizacidn de energia en el
ettrato superior, debido & la alta impedancia
supuesta la predicoion del autor resulta explicable.
Esto implica que los mdximos de los espectros
pueden ocurrr en difarentes pericdos para
diztintas distaneias honzontales.

Lo anterior lo comprusban las cbservaciones de
Housner y Trifunac {rel 13) ¢0 un andlisis de
acelerogramas  regisicados durante ol sEmo de
Park[iold, de magnitud 5.6 ocurrido el 27 de junio
de 1966; o) epicentre = localizd 20 millas al
norcesta d# Cholam#, Cabil, ¥ ocwrnd un
rompimiaato en la superficie a lo largo da la falla
da San Andrés hacia el sur (fig 5). Lai curvas
sspectrales calouladar para lon doos 2 0§, 8, 12 ¢
TEMBLOR indican diferentes periodos
dominantes en sitios con igual geclogia local. En

loa By &y 2, curenspondionies o [ag ostaciones s y
12, w muasiran los especiran do respusdls de
velpcidad  para  componentes  aproximadamente
paralelos 2 la linea de falla. En la esiacidn 5
aparecen thaximes en la respuesta smipectral para
petiodos de aproximadamente 0.5 seq, mientras
que an la estacién 12 ocurren 2 diferentes
periodos. presentindose €l mixime en lapsas de
2.2 seq, aprowimadaments. La magnitud de
respusstd para caga unc de estos dos casos et muy
diferenste: muche mayor an al sitio mas cercano a
la falla de San Andrés (estacidn 5) que en los mas
alejados (estaciones 8y 12).

La ocurrencia de esos efectos puede explicarse
mediante la teoria gmplificada mencionada, o hien
al considerar la influencia de factores geoidgqicos
gue, vitios dentre de un modelo tHdimenziona,
podrian alectar el mevimiente {por ejemplo, fallas
geoldqicas menores, discantinuidades, eic).

Jacksan (el 14} evtudia las positles trapectonias de
ondas sismicas para vanas configuraciones
geoléqicas tipicas. En cads caso caloula los factores
de amplificacién correspondientes en la superficie.
Para el andlizis utiliza récnica de ondas progresivas
como ura generalizacidn del trazo de @yos y
tonstruecion de frents de ondas usadas en opiica
geométrica (ref 15),

La concgntracion de ondas sismicas puede deberss
a la irreqularidad gegmétrica de loy esiratos del
sugle o a heteroyepeidad de un volumen
relativamente peguaho de suelo ubicado en un
etpaco que pusda congiderarse pedcticamente
homogéneo. El caso de un freme de ondas de
cortapie plano gque viaja ep un matetial
hompgéneo @ incides en oo, limitado por una
frontera cilindrica, ¥y cuya velocidad de
propagacién de ondas ex menor que la del medio
circupdante, s& muettra en la fig Ba; ta trayscioria
aparece distors)onada respecto al frente plano con
que vidjaba inicialmente, dando lugar a
concanwracidn de ondas aproximadimante sn e
centro del semicirculo: I tfayectona caloulada de
los myos reflejados wx como sa indica en la hig B,
¥ presentd también una [uerte concsntracion de
ondas. Lo aptenor ocasiona  amplification v
atenuasitn de la amplitud de Las ondas en la
superficie {linea punteada, parte superior de la
figura). la amplitud de las ondas incidentes en la
trontara circular &5 unitana.




Lox camhios en la trayacioria de las ondas,
ogasionades por no uniformidad det espesor del
astrato superice, dependen de la geomsiria de
nite, del lipo de ondas gue @ watan y de s
Anqulo de incidencia. Axl, la posible trayectoria
de ondas da cartante (3V) que incidan sn una
ancmalia gqeolégica como la de la fig 9. es
difecente a la de las que inciden en una como l2
de la fig 10; an ambos cascs, la refraccion de tas
omdas de compresién es tal que resultan menos
concentradas que las de cortante, Fara el casg de
una depresidn en la rora basal (Fg 91, la
concentracién de ondas de cortante e la
superflicie provoca incrementes en la intensidad
del movirniento en ciertds fonas ¥ dedrémentos
en otras. Laz amplitudes en lo superficie son en
genaral menores que las ondas que llegan a la
interfate, debido a la bifurcacidn de energla que
1a preduce an ella. Se apeecia (Fg 9)
cualitativaments, que la voncentracidn de ondas
pusda dar lugar a alteracionss cn las amplitudes
de ondas gue inciden en la ruperficie. Debe
observarse que para los wes catos, o frenta de
onda incidente s¢ ;mpone plano y s derprecia la
contribucien de andas superficiales al
movimiento.

El Gltimo ecaso gue s manciona ha gdo
comprobado mediante obzarvaciones en &
campo. Un hecho semejante, que podrla
idpalirarse a fravig de sste modelo, ocurtid en
Skopje, Yugeslavia, en el temblor de julia 24 de
1563. Poceski (ref 14) informa gque L
distibucidn del dafc 2n la cudad fue bastanie
irreqular. Sequn este autor pe presentaron en la
ciudad diferentes intenodades sizsmicas que
puedan agruparse pof Zonas; en la Gg 12 e
mumstra la distribucidn del dato: s zona |
corresponde al drea de mayor destruccidn, la JT
indica un dafio fuerte, la {1 unc menor y en la
TV no se presentaron avariss La mzdn de sta no
uniformidad la atribuye Poceski a las
catacteristicar geomdtricas del muelo; hace ver gue
los edificios de mayor dafo se localizan en zonas
de cambic brusce des profundidad del sstrae
aluvial sobm o gque fusren construides Por
ejempla, en la parte owste de la mudad, La
geclogia muestra depresiones an [a roca hasyl de
15 m en distancias muy pequefas (fig 11} donde
ios dafics reqgistrados fusron mayores qoe en las
zonas vecinar La amplitud de} movimiento en o
sstrata suparficial de menc: epesor fue mis
pequefia que on ol da mayor, par lo que los
sdificios zobra cata franja critica, que limita loe

awiratlos da espesor diferents, probablemente
sufrieran wibraciones tofsicnantes, imprevistas en
su diseno. Esto, asunado al efecto de la
concentracion de¢ las ondar dabido » L
irregularidad  gromdtrica del mante superficial,
Tue probablemente le que ocadaond 1o destruccitn
parcial o tolal de algunot edificies.

La concentcacion de efectos destructivos mayores
sabre una zona celativamente pequena dentro del
area total afectada, como o acontecidn en
Skopje, en 1963, s pbservdy tambndn en Caracas,
en 1967, Sozen et al (ref 17} presentan un
informe detallado del acontecimients.

El fendnirng de amphificacion local ooutrido en
sitios cuyn subseelo estd consituide por
{ormaciones can estratigrafia jrcegular,
corninmente ¢ repraducido mediante modelos
dnalizades con el método de elamentos finiros
(refs I8y 19) La facilidad de su manejo vy
sencitlez de los conceplos en que = sustenta
dicho meétodo, han generalizado m uso en los
Glrtimay afoes y 1¢ ha convertido en la
heeratnienta de andlisis man socorridz vy
desarroliada de las gque se bakan en la
discretizacibn del medic continva (diferencias
finitas, ete) Aungue &) método de analisis estd
bastante avanzado, T utilizacidn en problemas de
amptificacidn local pueds conducir a resultades
lejanos de la realidad, ya que estos dependen del
tipo de olicitaciones dindmicas fopusstas £1 £l
ristuma representativo del tugar. Estas
colicitaciones no pueden predecirse sn general de
MANRFA  precisa, pHncipalmente por la falta de
reqisttos siprnicos correspondientes 3 arreglos de
instrumentos que permiten esludiar la
distribuzion de la erargia sismica que lega a
cada sitio en distintos bpos de ondas y la forma
BI Gue 85135 s¢ propadan en la vecindad.

3.3 Influenciz de efector Iridimeansionales

La svidenzia de alquneos fendmenos ocurridos &n
difereantas lugazes implica a neceridad de
métodos analiticos da modeos (ridimensionates;
la complejidad de estos obwiaments &5 mayor qua
la dé¢ modelos més simples.

La reproduccién de e condiciones locales dal
gitic mediante modelos tridimensionales, s
justifiva cuando intarviensn parimetros de
importancia tal que pusdan alterst la mpue'stu
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de farma significativa respectn a 14 que se tendria
s5i el problema e iratara en un erpacio
bidimessional,

El metodo mas wusual paray \ratar prehblemas
tridimensionales s el de slementos finitos; sus
limitaziones ya se mencionaron en la seecidn 3.2

Igual que en los problemas tratados en dos
dimensicnes, el modelo analiueo adecuado a cada
casa particular depende e gran parte del tipg de
excilacion a que estard sometido ¢l sitio y de sus
condiciones locales

La influencia de diversos Factores, vistos en un
aspacio tridimensional, es clara en e sjemplo
Siguiente:

Swephenson (rf 20) apalizd dos smtics en Hutt
Valley, cerca de Wellington, Nueva Zelanda, cuyo
subsuele estd consttuido por terrenc  aduvial
reciente, saturado, separados 90 m una de otro,
con velomdad de propagacibn de onda de
cortante promedio de 100 mfseg Obruva las
densidades especitales de aceleracion en jos dos
sitios (fige L3 ¥ 14}, las cuales presentan sendas
direcciones predominantes de respuesta; observo
que exittis una elevada cormlacion estadistca
entre los movimientos an las  direociones
dominantas en los sitios esiqdiados, uogin se
deduce del especire de correlacién cruzada de la
fig 15, lo que fugiere & movimiento de une gran
maid de terrend aluvial en oscilacidn toruonsnte
COn respecto a Un &je vertical.

Aun cuando ol aulor o opina sobre las posibles
razonss de dicho movimienlo, £ clany que ente
ejemple no deberia pasar inadvertido para
quicnes eslin interssados on problamas siulares.

Qire ¢jempio acerca de Lo importancia de
esludios en akpacios tRdimengonales en el caso
de Skopje mencionado en la eomdn antefice, an
el qQue aparentemnente los edificios whicados
sobre 1a zona de transicién, que limita los mantos
superficiales de diferentes mspesores, astuvieron
sujetos a esfuerzoz rordopantes  imprevistos
provocados por al mowimients del terreno sobire
ol cual fueron construidos

b mmim e e A b o b —

24  Ampglificacidin local debida 3 irrefularidas et
topogralicas

Las irreqularidades de la superfiie det suela
preden alterar el movimiento que esta tendria s
fuera horizontal, dando lugar a amplificacon o
atenuacién del mavimiente en o stic. La
magnined de los efectos depende pnncipalmenre
de 1a relacidn entre tongiiud de ondag sismicas v
dimensiongs de las caracieristicas topograficas.
Asi, en los casos en que la longiwd da lav ondas
es mucho mayor que la proflandidad o aliuea de
las anomalias, la wmfurncia de e esulta
despreciable. En ingenicria sismica ey de qean
interds el esiudio de ondas de altas {revucnoias;
esto sigmfica que ep la mayorla de log casos la
tapografia serd un fector determinanie que
influiza en ¢] movumieno del terreno: tambien
juegan un papel muy impartants la srspacion ¥
#l lipe de ondas que legan al sitic.

Hecesariamente el problema debe acarse £n ua
espacio de mdy de yne dimension. Enisten
diversos procedinuenios analilicos que resultan
Gtiles gesde el punto de vista de la evaluaclén
cualitativa del fenameno algunos de elles se
mencionan #nsegquida

Aki y Larmer (ref 21} planiean el problera
general de dispersidn™ de ondas de cuerpw on un
madio estratificade con interfase jopeg lar
medianle una ecuacitn integral de cuya solucign
se obriene ¢l campo de desplazamientn. La fig 16
muestra b amplitedes del movimiema 2o la
superficie debide a ondas 5, que inciden « 07 v
35° para diferentes valores de la relacicn
alturatancho de un promeontono {2} En todos
los casqs, la relation de la longitud de onda ()
tespecta a la aliura (k) ey igual a cinco. La forma
de la amphlicacion presenwa wvariacione:
npariantes paca diferenter angulos de ineden. .
de tal Mmanera Yue para 40 MBENS puule I
amphficaciin en uno y oIre casos puede sar My
diferente. En el caso de la incidencia ablcua. a4
cancentracidn de las ondns provocads pot da
irregulandad bhace aque el maximo ocurra gn el
cenrro (parte mas ajta) cuande la pepdiente Wil
e3 mayor. El efecto para ondss inodeme, Py SV
es similar. Para li forma inversa, o w0A o
depresitn en e terrena {fig 17). la applifeacién
para valores pequedos de &k presenta fuorres
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variationes locales. Ei interesante ohbservar la
amplificacidn que para dichos valores peguefios
crurre en el centro, a diferencia de la atenuwacidn
nue s& presenta para valores (randes de h, donde
la forma de la amplificacidn es mis uniforme ¢
aumenta a medida que la profundidad de la

_depresién ms mayor. El efecto de! dnqule de

incidencia en la superficie ha side estudiade por
Trilunaz (ref 22 mediante o modele de un valle
alnvial semicilindnca, ouyo comportamiento
supone perfectamente elistico donde llegan ondas
SH. A partir de estas hipatesis calcula espectros
de desplazamients en funcitn del dnguio de
incidencia de las ondas, cuyo efecio e
claramenle visble en la fig 1& El copocimisnto
preciac de los dngulos de incidencia en la prdctica
gs un problema complejo. El Mente de ondas
generalmente e supone plano 0 los estudios
analiticas, so embargo, la hipteris n0 &
aplicable an todos los casos.

Boore (ref 23} zimula la propagacidn de ondas
5H incidenter en wna superficie jrredular,
mediante up méwodo de diferencias finita
Supone gue el material a través del cual sa
propagan estas ez eldstes, 3GUropo ¥ homegénes,
Sus resultados propercionan idea del tamato de
estructura ¥ longitud de onda pera el cual la
ropografia puede ter imporanta En la fig 17 s
preventa ung de los res modelos que # esudial
sus lados tienen inclinacidn de 357 respecto a la
borzontal y altura aproximadas de 20 m. La
amplitud normalizsds respecto a2 L que =
tendria © la superficie fuera pl}na. cantra la
frecucntia de excitacidn, se prestnta en forma
grafica {fig 20) para los puntes 1 vy 10 del
modeio daserito; of espectra de amplitud de la
excitaciin 52 mussita en la pasie infenor de 1a
figura eiteda. Lo respuetras jara las  tres
diflarontns EXCItaiones 00 pmy  sioudares,
excepiie pard 14 frecurncia menin (P fz) A
medida gue el petiedlo de laz ondas crece, 1a
amplitgedd pormalizada tiende 4 fer unitaa; &
decir, para estos casos lz influencia de L
tepografia o5 minima; no sucede igual con las
ondas de alia frecuencia, que en la parte mis alla
del modein (sido 1) presentan amplificaciones dei
orden hasia de un 100 por ctento. Para alturas
intermedjas la ley atenuacion-amplificacidn  es
variable, sequn se obsarva on la fig 21, donde e
presentan atenuaciones hasta de 30 por ciente
para diferentes sitios y frecuencia intermediac.
Las abscisas repretentan la frecusncia
adimensional [#ji donde

f frecuencia

! dimeosidn carscteristiza de la estructura (no
bien definida por el autor}

4 welocidad de ondas de cortante, que para este
cas0 se suputo SO0 m/seg.

Qe método, cemirinents usado para tratar el
probirma en curtndn, s el de clementlos finins
En eite, ol medin continug se discretiza madiane
ura rod de owlpmentos de forma vy tamafa
ddecuados, cuyas oaopiedades pueden wer Ro

dineales. FEs facuht ciettaar el apdhizs de 1z

respuesta dindmica medianle un proceso, pasa 4
paso, de integraior de las ecuaciones de
meovimientd, cxpresacdas en rermings e los
desplazarnienics de chertos puntos de umdn entre
los diversos elementos. E! metode ha sde
utilizads para valuar los efectos dindmizos de las
condiciones lacales del sitio #n espacios de dos v
tres dirmensiong,

Reimer, Cloagh v Raphael [rel 24} investigan la
posthle amplfizagior de las altas aceleraciones
del terrernt, registradas en Pacoima Dam,
California. por influencia de la topografia,
madianie un modelo tndimensional de ebementos
finitos =n coniiderar la  eetroalimentacion de
Energia.

El acelerarama teqistradn en Paoouma Dam
durante el ismblor de San Ferpanda, o1 9 do
febreens de 1971, ha sdo motivo de extensaos
astudios, por ser la soeleracion maxXima registratda
haste la fecha [1.20 gl representa un ejemplo
tipico de alieracibn drl movimiento causada por
irreqularidades lopograficas. Existe la necemdad
de un Janahisis tidunensional e esie problema, ya
aue e sira manneta podefa legarse 3 conclusiones
srroncdas, Huponiendn guoe un anahises
Lidimensional fuera sufizwnie, se plantea el
problen.: de considerar un perfil représentative,
perp dada la complejidad topogrifica del fugar
{fig 22} a5 nosible obtener perliles #n los que la
SitadOn aparsce en una oresla ¥y otros donde
aparece &n up valle, dando lugar a movimienios
muy difarenles en cada casg {fips 16 y 17

La limitacidn principal de Ios analisis
tridimensicnales numencos es de Hpo econdmics,
va que los tiempos de procesamisnto en
computadora requendos para el andlins ton




muche mayores que 5 esios fueran en un espacio
bidimengional.

Numerosas observaciones raszultantes de
explosiones subterrineas y registras de
aceleragiones comprueban la dependencia de la
amplificacidn del movimiento da la frecuencia de
excitacidn y del tamanc da las anomalias del
terranc. Dawis ¥ West (ref 25) presentan datos de
regutros raales tomados en la base ¥y parte
superior de Kagel Mountain y Josephine Peak
durante movimienios pequelios {after chock)
despuds del evento principal del dSsmo de San
Fetrnandg en 1971, En la fig 2% se muastra la
localizacidn de los sitios mencionados ¥ de log
epicantras de los eventos registrados. La qeslogia
¥ topografia de las montahas y la ubicacion da
los titios registradores en ctada una de ellas s
presenta en las figs 24 y 25 A parbr de los
reqistros da veloodad se obtuvieron historias de
detplazamijento ¥y aceleracidn, v efpeciros de
seudovelocidad (PSRV) con 5 pue ciemta de
amortiguamiento [azproximacidn rercana a
espectiros de amplitudes de Fourier]. Las
relacicnes espacitales del movimientt entre la
cresta ¥ la Base de las mootatas, pard diferentes
valgres ge frecuencias, sa muestran en las figs 26
y 27. Estas indican que la smplificaciin depende
de la frecuencia y s Jorma e diferente £n cada
mantafia; para la primem (Kagel Mountain), el
intarvao de frecuencias de amplificacidn es
menor que para la sequnda, ¥ las amplificaciones
alcanzan ramafios mds elevados prnincipaimente
para al components NS, Las relaciones
espectrales son diferentes para cada evento
debido a las caracieristicas de estos; fin embargo,
muesiran smiicud entre ellas Se presenta mayor
amplificacién en los componentes horizontale:
que en #l vertical

Dnhkr notarse qua joxr alios valores de
amnphilicacién espectral pbtenidos da la punta con
raspacto a 1o base de las nontafas, no edlan
referidos &l movimiento que ooulrirla ant Cazo de
no  existir ircequlanidad  topogrifics, snoe que
incluyen # ofecto de medoccidn en b base
mostrado en la fig 16,

Es probable que jos valores de amplificacidn
espectzal fueran menoms s la uybicacidn de la
estacibn de la base fusra difsrentg, por siemplo,
ubicada an la base, perc & una distancia
epicentral maygr. Las relacicnms de amplitudes
maximis s presentan en la tabla 2

Los movimientass «n la cresta son uempre
mavores que on la hame; este puede apreciarse
tanta en el dominic de las frecuencias como en
el del tiempo. En 1a fig 28 se comparan jos
raqistros de velocidad obtenides en la cresta ¥ en
fa base de Kagel Mountaip durante el eventa A.
Los sismometres estaban orientados en la
direcoidn N5, o sea transvessal a la linea que upe
al =tio con el epicentiro.

Existe una notable diferencia en duracion y
amphtud de las ondas de cortante para cada
estacitn. Supgriendo una velocidad de ondas de
cortante de 10 COU piesfseg ¥ un periodo de 0.5
sy, que 05 aproximadament? doode oclre la
amplificacién mdxima, s= ghtiene una longitud de
onda de 5 000 piss, qua coincide con el ancho
medio de Kage]l Mountain, por lo que ¢35 posible
que las ondas de cortante causen resonancia. lo
que Justifica la gran amplitud de estas ¥y ba
aparicion de mas ciclos de movimiento en el
registro commespondients a la parte elevada de la
montafa; sin embargo, no es clard que esta sea la
unica razen dehide a que la amplificacisdn Scurre
tambidn en pericdos diferentes de 0.5 sag.

Las amplitudes maximas de velocidad de la cresta
00 CUALrD veres mayores que las de Ly base; L
pane posterior de las ondas de corante gue
legan es mucho mayor en la cresta que en la
haze.

Lios sismografos de velocidad reqistrados en La
creatd ¥ en la base de Josephine Peak durants af
evento D, ze muestran en la fig 29; en ellos e
aprocia que el movimienio fue mayor en la cresta
que #0 la base durante cati tode &l reqstro; sin
embarge, la amplificacién de las ondas de
corlante es menor que en &l caso Je Kagel
Mountain y la duracidn de extas ondaz no e:
murho mayor en los dos Humograrnai, 4
diferaneiz de o Scurndo en Kapsl Mouniain
Fxto pueda atribuicse a varios focrores.
diferencias de tamaho y forma de las montafas,
mayor distancta epicentral de Josephine Peak &
influencia del mecanisme de fally, ya que los
symograas corresponcden 3 eventos diferente,

El fenomenc de amplificacion calculado y
ohservade en montatas, constituidas
ganeralments por tocs, advierte que ho solo
deben considerarse laz condiciones del subsuslo
lppales comeo principal contribuyente dei
fenbmano de amplificacién del movimientg, sino
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ademas tomar en cuenta las condicionss locales
de fronteta come posible factor impartante para
la courrencia de #fectos dindmicos desconocidos.

Los casos presentados en este capdtuly indican la
Imporiancia de uma reproduccifn adecuada de
siuaciones reales a través de modeloa snaliticos
equivalentes, constituidos por des partes
fundamen tales:

1. Representacion de las condiciones
gealbgicas ¥ geoméiricas del giio

2. Caracteristwas de la sxcitacidn probabie a
que estari sometids diche sitio, lo cual
implica conocer las caracteristicas de los
diferentes tipos de ondas sismicas
contibuyentes al tmovimiento esperado,

4 INFLUENCIA DEL MECANISMO DE
FALLA EN LOS MOVIMIENTOS DEL
SUELD

Las caracter sticas de alqunas eventoy sismicos se
determinan bigicatnente por faciores asociados al
mecanismo de falls. En estos casos, la influencia
de lis condiciones locales ¢ poco apreciable y
difici} de predecir; sin embargo, en las
caracter(aticas de los rembdores ef mecanismo =
manifiesta en los contenidos de frecuencia y en
los detaltes de la historda del movimientn dei
terreno, puasto qué no es posible predecir e
detalle los mecanismos de falla, Lampoco puede
predecirse su influencia en los temblores que
pueden originarse e una fuente dada La
incertidumbre sobre esta influencia se mngloba en
la incertidumbre asoctada a las expresones
semiempliricas que se han desartollade para
telagcionar pacdametros en la (uenle con
intenzidades y distancia {refs 26, 24 y 28)

La evidencia de la influocncia de Ldes. factores,
puede conlirmarer en ls prictica a puarer de
reqitroz con caracteristicas diferant=s hechos #n
extaliones muy proximas, mtuadas sobre suelos
con condiciones locales similares, 0 an una misma
estacion, de eventos orginadot en una misma
fuente o fuentes cercanas entre si; sin ambargo,
estd no siempre ax posible debido a 1 eicasez de
instrumentacidn sionica exgtemie, salve en
algunas megicones, como la parte suroeste de
Eszados Unidot, donde son posibles ettudios de
12 indole. Algunos de ellos s presentan a
continuacidn:

Ulwalia vy Trifunaz (rel 29} analizaron una
seria da 15 eventos reqgistrados en la estacidn
da El Centro, California. la mayorfa de #llog
cercanos al epifoco, con magnitudes (ML) que
varianentre 3y 0.8, vlosclasificanen
cuatrc grupos de acuerdo con el azimut de
cada epicentro con respectd 3 la estacisn {fig
30}, la tabla 3 contiene algunas de sus
cAracteristicas.

Los espectros de ampiitudes de Fourjer,
calculades a partir de los registros carregidos de
eitos sismos, =2 presentan ¢n las figs 31 a 34; de
ellas se deduce qus:

a) El grupoe | contiene cuatrs evenios, tres de
lox oudles tienen un mismn epifoco ¥
diferentes madnitudes. Las formas
espectrales de lo: componentes

correspondientes de los  diversos eventos .

difieren congiderablemente entre si [fig 31).
Esto debe atribuire a las diferentes
caracteristicas del mecanismo de falla paca

' und ¥y QIO evento, puestd que ja

trayectoria de las ondas es aparemtermente
iqual en los tres casos. El evento resiante
{No 38.1) et, de los que se presentan en
esie estudio, uno de los de menor diswancia
spicentral; sur amplitudes, sin embargo, no
son grandes debide a que . magnitud es
3.0, la meangr dentro del intervalo
estudiade. La snergia total incidente en el
sitic de low eventos 381 y SET ks
semejanie, coma puede observarse a partir
del drea que encicrran Las respeciivas curvae

espectrales.

t) Bl grupo Il contiene cuseeo eventos; e
asocian en un subgrupo las magmitudes 6.4
y 0.5 {evemos 420 y 0B.5) v en oiro L
5.5 ¥y 56 (evenwos 512 y 53.1) las
distancies epicenindes son muy dilerentes
de un grupo a oLz ¥ entre los eventos del
mismo grupo. La energia wo1al que llega a
la estacidn e mayor para los evenlos mds
distantex que para los cercanos al foeo (Fig
32}, come consecuencia de las difsrencias
de wmagnitud. El evenwe 68.5 presenta
frecuencias predominantss entre O y 2 cps
para los componentes horirontales, lo qus
puede atnbtuwirse al predomdnio de ondas
wuperficiales obsarvadas en la mayor parte
del acelerograma correspondiente.  La
irreqularidad de las formas espectrales




conduce a pentar en la poca influencia de
las condiciones locales sobre estos
movimien (O

¢) El grupo I incluye el gsmo del Valie
Imperial, California, ocumde en 194D,
cuyo espactin de amplitude: de aceleracidn
it presenta en la fig 33, junto con o
[rek sventos gue pertenecen al mizmg
grupo. En #3t0z 1 aprecia cjerta reqularidad
en los componentes hotizontales, no asi en
el componente vertical, pues al svento 40.1
3£ asocidn ordenadas muy dtas para
frecuenciaz elevadas Este &fento conmste,
en realidad, en la superpopcbn de varos,
lo que implica la Hegada de ondas 5 ¥ P a
intetvalos pegquefios de Hempd con sus
correspondientes alras frecuencias; es
pozible que el contenido de alras
frecuencias obedezca a la cona distancia
epifocal del sismo, que implica una haja
atenuacidm en eftas ondas. La influencia del
mecapsme Focal es en este CASO muy
significativa

d} El viquient® grupo de evenios 58 caractariza
por distancias epicentrales (&) muy grandes,
par o que ot de esperarse la influancia de
las ondas suparficiales con s contenido de
bajas frecusncias (fig 34) A &ste grupo
corresponde #l eventa 54.5 (ML - 63; & -
148 km), que posee Caraciaristcas
comparables a laz del evente 6469 (ML -
6.3 A=150 km), del grupe III. A pesar de
las similimudes entre estos dos eventos, sus
farmas espectrales son muy difersntes, lo
que hace ver la influencia del mecamsmo
de falla y de la trayectoria de las ondas.

Del estudio comparativo, realizadc por Trifutac
¥y Udwadia {rel 20), cobte los regitlros an seis
astaciones uhicadas dentro del drma metropolitana
de lok Angeles, Calil, durapte los dumos de
Borrego Mountan {1968) Lytle Creek (1970) ¥
San Fermando (1971), s deduce gue en &51a drea
los registros dependieron fundamentaimente del
mecanismo de falla ¥ de la distancia focal, an
tanto que las condiciones locales del mualo
jugaron un papel menas importants.

La localizacién de las sstaciomes ¥ 1oa epicentrs
de lox tres oemos ampleados en ol estudio s
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incluyen en la fig 35 Custro estacones (M.
Robertson, Hollywood Stocags, 5. Olive y vrater
and Power) #itin Gentro del drea de Los Angeles
¥ Hoilywood, mientras que las otras dos {Castaic
¥ Codar Springs} se localizan fuera del Adrea
metropalitana. (tabla 4},

Los espectrod de Fourier de los tres componentet
de los movimientos registrados en las seis
estacionet 58 presentan en Jas Tige 36 y 37, las
cuales muestran gue en pinguna de dichas
estaciones 36 observan periodos dominanees de
vibracign. En b fguras 3e identifican los
etpocuns de la siguienre manera: BMSS dsma de
Borregp Mountain {1968); LC?0 sismo de Lydle
Cresp, {1970} y SF7! sismo de San Ferpande
{1971). Loy espectros correspondientes al
componente N5 de los sventos BMES y SF3
reqistrados enla estacidn de Cedar Springs, hacsn
pensar en pericdos dominanies &n ese LG
{debido a la mmilitud que hay entre ellos en &l
intervale 025 Hz); sin embargo, la forma
diferapte del espectrs del sisme LOP0 elimina la
duda zobre 8] posible efecte local. Este ejemplo
ilustra la importancia de la sequridad gue debe
haber sobre #] comportamiento real de un sigo
antes de emplear cualquisr modelo analitco.

Dada que las esiaciones 13%, 142, 166 ¢y 137 sa
ENCUBNICAT Cercanas eotre si y gue las
caracter(tocas locales del muelo son gmiares,
Trifunae ¥ Udwadia {re! 30} comparan log
registros cbienido:r duranie los evsntos
mencicnados 4 fin de evaluar cualitativamenle la
influencia de la distancia focal en las
caracterisucas de estpr Lay figs 38 y 39
presentan curvas de aceleracidn, wvelocidad y
desplazamients en las cualro estaciones para los
sismos BMEE y SF71, correspondientes a w3
componented radial, trangyersal ¥ vertical

Para ef ovenio BMAE son notorias las amplitudes
¥ periodos grandes del componente de
desplazanuentd fansvarsal; dada la abieacidn da
las sstacicnes retpecto al epifoco, estas pueden
obedecer 3 la presenciz de ondas Love, La forma
de los desplazamientos transvarsales es similar an
los cuatrd reqsiros, pero su amplitud po, siendo
menor wn las estacionss Hollywood Storage v M
Robertson, a diferencia de las curvis
correspondientes 2l components radial, gque
presentan  ampliwdes mayoves que las de los
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otros registras, Una explicacidn puedse
encontrarse en los cambios de profundidad del
tarreno aluvial qua ocurren entre los dos grupos
de estaciones, tuya separacién mdxima & 12 km
Las estaciones Waler and Powsr y 5. Olive estin
soparadas menos de 1 xm, por lo que los
registras muestran desplazamientos cas iguales.
Las ondas en cuesititn tienen periodos de 3 a 5
g que corretponden a longitudes de onda del
Grten de 10 2 20 km Esto explica la similited
de registros abtenidos en sitios que distan pocos
kildmetros.

Las historiazs de aceleracidn registradas, y las de
velocidad vy gdesplazamiente calouladas,
correspondientes al temblor de San Fermando
{1971) en las cuatro estacionés mencignadas, 8
presentan #n la fig 39; las curvas de cada
companente pars aceleracidn, velocidad v
dasplazamiente muasiran gran gmilitud en los
cuatre mtine De acuerdo con la interpretacion de
Hanks {citado en r2f 30, las grandes amplitndes da
ondas de desplazamiento redial sa deben a ondas
da Rayleigh, mientras que las de desplazamiento
transversal a gndas de love, Los conkenidos da
Trecuencias en los acelercgramas de los dos sismos
anteriores, obtenidos en una misma astacidn, wn
muy diferentes; los espectros de amplitudes de
Fourier de los regisiros comespondientes a los
sventgs BMAS y SF71 sa presentan en las figs 40 ¥
41 respecrivaments. La Tig 40» muestra gran
gmilitud enwre los sspectros de los sitios HOLS
NROB entre 0 ¥ 1.2 Hz, ¥ entre los de los ntios
SOLV y WOPO hatta 1.5 Hz {como s¢ menciono
an el andlisis en el dominio del tempo, fig 39} La
fig 40b rouestra especuros similares en los sitios
HOLS, BOLY y WOPMO para frecucncias rmenores
de 1 Hz, v en la fig 40c 105 especiros en los cuatra
sitios san muy parecidos. Las caracteristocas
comunes de loa especteos obedecen &l predominic
de ondas suparficiales.

Es arrdnec interpretar come penodos dominantes
asociados al terrena  local aquelios a los que
corerponden lax miximas ordenadas espectrales
an #stas figuras, Su justificacion, como ya se
indicd, s¢ encuentra probablementa sn la distancia
cpicantral grande (= 200 km].

Los expeciros da los filioc HOLS y NROB (fig 41a)
son timilares en frecuencias mencres de 2 Hz,
tisndo aproximadamente }guales a los restantes de
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O a 1.2 Hz A diferencia de los espectrgs de
Bomege Mountain, agqu{ los de componentes
transversales solo coinciden hasta frecuencias de
aprowimadaments 1 Hr; mis alld de estas, 1s
contribyucidn de lat alias frecuencias es
significativa, aungue ireegular, lo cval puede
atribuirse a La proximidad del foco (= 40 km1.

Un estudio realizade per Hudson (rel I1} rewvels
que para ¢ area de  Pasadena, Calif., no axine
gran correlacion antrs  las caracteristicas de
los movimientos y la geologia local.

El estudio se baza en el anitisis de los reqistros de
18 sismescopics ¥y de cuatro  acslerogramas
obtanidos dentro de un drea de 40 millas
cuadradas durantie el smo de San Fernando del @
de febrera de 1971, En la fig 42 s& muestra la
localizacidin de tos sitios registradores ¥ a povicion
del apicentro respecto al drea. En esta figura, los
seqmentos de recta, orentadossegin la respuesta
horizontal midxima, cepresentan los
desplazamientos miximos reqistrados, ¢on una
lengitud proporcional a estos; como los sites D,
ER y EW contaban cada uno con dos sismascopios
cercancs, sparccen det bineas en el misme punto.
Las caracterisbeas generales del terrenc en estos
sitics se presantan en la tabla 5,

A pesar de las smilitudes existentes entre alqunos
dtas (FP v DG, M5, RG y EW; WJS vy 5L} 1a
dwernidad de movimientos es notoria entre ¢llos
{fig 43}, lo que hace pensar en la importancia que
pueden tenér eo el movimiento del tecrenc ouros
factores tales come la topografia local o la
configuracidn irregqular de los mantos del subsuels
{refs 23 y 32), factores watados en el capitulo
anterior.

A Iin de compatsr diferentes mowimientos, se
presentan en la fig 44 combinaciones de los
gipeties de respuesta amortiquados, caloulades a
parur de los acelerogramas corregides reqstrados
en los nlios ATH, JPL, ML, 5i.. De esta fiqura se
vhs#rva que!

a) En la Fig 444 aparecen los especiros
correspondientes a los =itios ML y ATH,
distantes 0.5 km ung de otro, El gitio ML se
Iocaliza 2n la base de un edificic de nueve
niveles y ol grio ATH en la de unodedos y
medig nivelrs; s espactios de respuesta no




ravalan periodos deminaptes. qur puedan
telavionarse ¢on la anteraccidn
sualoestructura, Sus formas son poeesidas,
nd asf sus magnitudes, gue tesullan mapores
para ol sitio ML.

&) La fig 44bh muestra espectros de los
compenentes de movimiento de jos sitios SL
y ATH, —gendo sus [ormat aproximadamente
iguales, Este memple ilustra o casn en que
las condiciones lpcales lienen poca mfluencia
er el monimients; no sucede lo mismo con el
companente NS ni con los movimientos de
las sitios ML ¥y JPL (figs 4c v ). donde la
respuesia resulta menor para el utio sobre
roca criftalina

Hudson {ref 31) subraya el hecho de que los
sspectros de respuesta et 103 mismos stios serian
diferentes ante perturbaciones originadss por un
foce con caracleristicas distintas a las del sismo de
San Fernandc., Este denota la inflluencia que
tienen el mecanismo de falla v la rayectoria de las
endas en 1o movimientos en esa zona la
elaboracihn de mapas sobre nesg sitmico en &l
arma de Pazadena, por lo anterior, opina el autor,
deberd basarse en I extrapolacién de dawos
acurmnulados correspondjentes a eventos fuertes, lo
cual ne representa problema, ya que la zona esid
amplisrnente instrumentada; fin embarga. pasara
mucho tiempo para que puedan realizarse estudios
sirnilares #n dreas con #5CEA insirumentacidn,

Trifunac {refs 12 y 22) realizd estudios referantes
al temblor del Valle Imperial de 1340, hasados en
ragistros de las estaciones de Twemaha y E
Centro, Calif. Eza mzm® 3= caracteriza por la
multphcidad de eventds oturtdos #n 15 s2y
{agrupados con el nombre de EVENTO
PRINCIPAL) sequidos de otros, mas etpaciados en
tiempo, en los ziquientes 5 min {REPLICASY;
oatya dias después, s Mqutranin 29 srentos con
magnitudes de 20 a 5.5, ¥ postericrments eventios
mis sypaciados y mends fuertes, que no san
motivo da estudio en jos trabajos citades.

la localizacibn de la zona donde ocurriercn los
eventos individuales ¥ la ubicacidn de sus
spicentros se presantan 0 la fig 45, La estacidn de
Tinemaha 18 encusntra a 46 km del epicentro del
evenio principal, por la que no aparece 4n la figura

E2 avento prnncipal consta de cuatro movimientos
fuertes srpaciados entre 3 ¥ 7 sog uno del otro (fig
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A&7, Pura los coanponentes horizontalos, o
presencia e altas Lecusncias en loi  reqisiros
indjca 1as lleyadas de ondaz de cortanie (3] {lig 45,
parle inferior). el arnbo de ondas de compresson
(P} as diffcd de identilicar dabido a Ins rfectos Oi:
las evenlos procedentes ¥ a la cercania del gpufoco.
Log tempos probables de arribo se indican por la:
flechas superiores en la misma fiqura. Un analisis
mas detallado de estos acelerogramas que yriliza el
concaple de aDectro oe repuests envolvenle
(Respanse Euvelope Specirum:! RES) indica el
predominio de ondas supeeficialos {fig 47), Como
se gprecid, o5te Upo de representacidn resulta
convenientd para o andlsis de acelerogramas.

La fig 47 muestra el RES de aceleracidn
correspondiente al componente ET¥ de los eventos
1A, 1B ¥ IC Las curvas de llegada de |os primeros
modos de lat ondas superfitiales de Love (linea
Hena) v de Ravleigh {linea punteada) se dibujaran
a partir de s curvas de dispemion y de las
distancias epicentrales, que para esie caso son de
W km{IAL 125km {183y 150 km (IC).

Como se aprecia en las Lliimas liguras
mencionadas, 1a secuenciy de eventos da lugar a
movimientos gque serian diferentes 1 estos
pourrieran individualmente: las caracteristcas dzl
movimiento a distancias epicentrales grandes
tambign son  alteradas, al resnecto, la fig 48
musstra s hetorias de aceleracion, velocidad y
desplazamiento durante up tiempo de oinco
minutgs, correspondientes a la estacion  do
Tiremaha Trifunac realiza un estudio detallado de
estos reqiitros mediante andlisis de Fourer con
ventana mdvil, Gue es alternativo al andlisiz que
conduce A RES antes mencionado. E) espectro de
Fourer del componente EW det sismograma de
Tinemaha se pretenta en las figs 493 v b, donde se
pueden apreciar periodos dominantes targos (= (0
seg] que indican la presencia de ondas
superficiales, justficadas por la lejania de la
estacion remecto al focs,

5. CONCLUSIONES ¥ RECOMENDACIONES

El problema de definir la imporiansia celativa de
diversps facied en el movimiento de un giig, del
cual no S¢ cuentld can regisiros sismicos, dista
muche de estar resuelio.

En alquncs casces, la influencia de las condiciones
locales ox preponderante sobre otros factores tales
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como al mecanismo de Talla, la rayecioria de las
ondas durante su recormdo del foco 4 1a reqidn de
interds, #tc, mn tanto que para otros, sucede lo
CORLEatia,

Del andlizis de registros obtenidos en sitios bajo
diversat condiciones, alguncs de elles revisados n
este rabajo, se pusdan dedugyr algunax
conclusiones de tipo cualitativo que proporcicnan
idea sabre la mengr o mayor importancia de
ciertos factores en el movimienio:

1. Las caracteristicas del movimienta en la
superficic dependen principalmente de los
del ecanismo de ruptura, la poricidn
relativa del foco y el stig, y de las
condicignes del suelo a través del cual =
propagan las ondas.

2. Fs mds comin que la influencia de las
cobdiciones locales pueda aisfarse de las
demds en sitiog lejanos al foce que en los
PHGmos a este

Z. En lugares a distancias focales muy caortas, la
influencia del mecanismo de falla
generamente disminuye la da otros factores.

4 En suelos cuya superficie €5
apreximadaments plans la ocurrencia de
fandraemos de amplificacidn local es mas
gignificativa si los suelos son blandos que 5
son firmes

5. La respuesta da un depdsitg de suelo blando,
que descansa zchre un medio Cuya
irmpedancia es mucho mayor que la de 41 ¥ s
parece raucho a la de un sistema de cortante.
que para excitaciones sismicas moderadas
Tesponde cOmo i posayera periodos
naturales de vibracidn, sufre ganeralmente
ampliticagion cuando se somete a
movimientos cuyes pariodos dominantes son
cercanos al wyo. Cuando e espesar del
mante superficial neo estd perfectamente
definido, la amplificacién dista de ssguic lat
loyes gue corresponderian a sistemas can
modos clisicoy de vibracidn por eortante, ¥
no se han definide criterics generales para
valuaria,

6. Las regiones que presentan irroqulandades
topogriaficas cuyas dimengicnes =on
comparables a la longitud dominante de las
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onray incidentes an Lalee anomaliag, pusden
sufrir fecdmenos de amplificacidn /o
atenuacion sguficativa, =n sz diferentes
partes.

7. En |a wuperficie de depbsitgs de suele
blands, zpoyados sobre roca, delimitados
por una frontera inferior con caracteristicas
geoméiricas Urrequlpres cuyas dimensiones
son comparables al espesor del manto
saperficial, puede haber una concemtratidm
de ondas.

A conlinuacidn e propone & desarmolln de
estudios epcaminados a predecir la influencia de
las condicipnes locales en el movimients sismico
para algunos maodelos sobresimplificadon
relacionados con 1z natoraleza de la escitacion
sismica, Debsdo a lo dedstice da las hipdiems que
= admuten en alqunoet de stlos, lax conclusiones
sardn de tipo cualitative, pero de gran utilidad para
entander mejor 106 diversos fendmenos observados
durante }og evantos sitmicos.

Tales estudics estin relaciopad os con la excitacion
en la fuente, con la influancia del medio a teavés
del cual so propaga eita, ¥ con la exeitacidn eno la
vecindad del o o con la forma come las
condiciones locales pueden modificarla, En cada
uno ¢ da una brwve descripoitn sobre su
importancia y posible solucion de acuerdo cor el
estado actual del conocimisnto,

51 Condiciones baps lag cuales son imporeantes
las caracteristicas locales del suslo en los
movimient 08 sismicos

La importancia de las condiciones locales del suelo
varia {seqin los estudiog indicados en este rabajo)
de una Dtuacidn a Olra, sin exiztir actualmente un
eriterio fijo que permita definir dicha influencia:
sin embargo, es facrtible realizar ectudios de tOpo
samicyalitatve para entender v  evaluar 1as
caracterizbicas fundamenzales del problema,

Aun cuando algunaz conclusiones de GO
cualitativo {también mencionadas gn este trabain)
propomionan ided de las conditiopes bajo In
cuales laz caracteristicas locales cobran
importancia, es deseable contar con estudics mas
detallados que permitan predecir la influencia de
las condiciones localss para diversas magnitudes y
posiciones relativas foco-ditio. Egpos sstudics




deberdn basarse on regisiros de eventos diversos
para loa cuales las caracteristicas locales del muele
influyeron en diversa madida, y analizar las
condicionss bajo las cualer son detsrminantss las
propiedades del suelo local

52 Atepuacion de diferentes (ipos de ondas al
vid ar dantro o por la superficie de a tierra

El comportamienta de las ondas sfsmicas durante
su recorrido puede estudiarse paparapdo wnas de
oiral. WgUn sean de ruerpo o de superficie. Dicha
separacitin, & la fecha no ha sdo Jograda por
compltto; fin embargo, un criterio Smple para
diztinguir unas de otras ex por su tiempo de arribo
a las sseaciones reqisttadoras y por su contenide de
frecusncias, con o cual & posible  deducir,
raediante un sstudio estadistics, leyer de
atenuacidn correspondientss a ondas con
caracteristicas determinadas. que podrian asociarse
a gndas P, 5, Raylsigk, Love ¢ 3 combanaciones de
estas,

Los estudios mds comunes, basados en la
cbsarvacidn de registros sigmicos, sperca de La
atenuaclén de ondas durante su mcomdo,
pertenecen a los intervalos de frecuencias mediano
¥ alto (0.3 a 50 Hz), en wanio que paca las ondas
de bajas frecuencias (< 0.3 HiY intervile al cual
pertanecen las frecugncias naturales de algunas
estructuras civiles importantes, como por sjiemplo:
puentes de grandes claros, edificios alios, nc, da
heche hay ausencia dé eonocimisnios.

El comportamiento de ondas, propagéndoie en
una wperficie plana a travks de suddes con
difereniex propiedades geoligicas ha dido mudiads
experimentaiments; tn embargo, #1 dessable que
los resultados ssan comparados con otros basados
en chssrvaciones de eventos ilzmicos de poca
intensidsd yfo explosiones subterrineas.

*

43 Contribuczén de diferentss Hipos de gndas en
! movimiento

la modificacida del movimiento sn la superficie
respecto al que oourre en terrana frma pusde en
alqunos casos predecirse mediante la teoria da
propagacidn unidirensional de ondas de cortante.
Salvo en situaciones sxiTemas, o poco COmMuUn qus
las hipdtesic #n Que erta == mutenta se cumplan
riguroxamente, lo que da lugar a discrepancias
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antce movimisntos calculados v obzarsados.

Una de lax dudas mds frecusntes que 4 pressnta en
los casos reales acerca de la aplicabilidad de la
teoria, en cuanto & la sxcitacidn en e vecindad del
gtio, ¢ el pradominio de ondas da cortante como
hipbtesis fundamental.

Alqunos estudios experimentales {cap 3) han
comprobade una contribucitm considerable de
ondas superficiales en ¢l movimiento de Dtios, en
los que aparentements za cumplen loe requiritos
sxigidos para la udlitacidn de este método de
andlisis. La mnfluencia de ondas que oo son de
cortante, an ia funcidén de amplificacién, pusde ser
en ocasiones lo muficientomente importante coma
para modificar v forma.

Se propone el estudic de la contribucion de
diferentes tpo: de ondas en el movimients del
tarrwno a partir del andling de reqstros de eventos
en sitios gque cumplan (aparentemente) las
hipitesis de la teor{s. Los regismros deberdn
comesponder & movimisntos courndas a diferentes
profundidades en vanas verticales deniro de b
vecindad en estodio, y a partir de eatos andlins
deducirse condicionss sobre el predominia de
ondas de cortance, as{ como su relacidn con el
cantraste de impedancias entre o manto
superficial ¥ ol madic que lo soparta,

54 Influenciz de L ropografia en by propagacidn
¥ gensracidn de ondat superliciples

la presencia de fendmencs de amplificacion yia
atenuacitn observades durante sventos sismicos en
lugares con irreqularidades topoqraficas, sefala la
necesidad de estudics sncaminados a explicar
dichis fendmancs.

Alqunos eyrudios (cap 3] gue utilizan diferentes
miétodos de andlisis, han contnbuida a tal
explicacién. La mayoria de allos congderan los
afectos da e incidencia de ondas de cuempo 2n laa
anomalias topogrificas; min embargo, w1 necesaric
investigar lox efeetos que sobre dichas anomalias
tenddrian las ondas superficiales {comtiderando
diferactas relaciones de longitudss de
onda-dimensionms de irreqularidadss topograficas},
pata lo cual e podrian smpiear algunos metodos
de andlivis mencionades ea 3.4.

Dentro de este termns daberdn estudlarse tambidn
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las leyes do variacitn de amplitudes de ondas
ruperficiales con la profundidad, a fin de poder
considerar o alcances de su influencia; esto as
importante £n lox casos &n que 3¢ COnsideren
depresiones en €l lerrand cuyas dimansiones sean
comparables a lat longitudes de onds de las
incidentes La necendad de registros smultineos a
diferentes profundidades, es obvia para este tipo
de estudios.

55 Amplificacidn del mowvimiento debndo 2
diferentes tipos de codas

La amplificacién de]l movimisnto de un punto en
la superficis de un 1erreno blando, respecto al de
up punio en terreno finme debido a la excitacién
de ondax de cuerpo, ha udo ampliamente
astudiada. Tratamientos similares deberin
afectuarse para casos de depdsiios aluviaies can
incidencia horizontal de ondas superficiales.
encaminados a predecic la amplificacidn del
movimiento respectn al de un punto uhicado en el
terrene fizme circundante,

La contribucidn de lis ondas superficiates en £l
moevimients provocade por sismos de gran
intenxidad y da foco poco profundo es bastante
conxderable, por lo que ameritan atencidn especial
los estudios de exta Indole.

56 Correlacidn entre pardmetros  sismucos,
ingluyende caracteristicas del mecanisma de
falla v condiciones locales del suelo

Sa propone la prediccitm estadixtica de espectros
de respussta en Stics con caracteristicas locales
dadas, ubicados an porcionss conocidas respecto
al foco ¥ ongnados por mecanismos de naturaleza
supusstamente copocida Los estudios deberdn
basars¢ an un nimero suficiente de reqistros
clasificados en:

a) Grupo de regisiros corrsspondienies a sitios
en los cuales las condigiopes locales no son
importanter ¥ 1os mecanitioos de falla tienen
caracterfsticas esenciales similares
{magnitud, crientacidn de falla, momente
tizmico, #tc). En este cato, s &studiard La
influencia de la trayectocia d= las ancas en la
respuesta da la ruperficls,

B} Grupa de reqgistros correspondientes a

sventot de naturaleza similar, kechos en
titios ubicados en posiciones relativas
semejantes respacio al foco, perg con
eondiciones localr difecantes. En eate caso,
se astudiard la influencia de dichas:
condicione: en la respuveita {dadaz cierias
caracietisticas del mecanismo de falla y
posicidn foco-sitio), !

Los estudics remltanies cef grupo b deberin
complementar los del inciss a, ya que en un caso
no :@ considera la influencia de las condiciones
locates ¥ #n otro si. De esta manasra serd posible
planiear expresiones semiempiricas que incluyan la
infivencia del terveno local ¥ el mecanismo de
falla, y estimar su grado de incertidumbre para
diferentes intervalps de magnitud, distancia
epicentral, profundidad focal, comndiciones locales
geoldgicas, ate.

Actualmenie, = han realizado estudios, mencs
completgs, que no consideran la influencia del
mecanismo de falla; en cualquier cago, la forma de
las expresionss serd andloga.
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TABLA 1. FACTORES PRINCIPALES QUE INFLUYEN EN LAS CARACTERISTICAS

DE LOS MOVIMIENTOS SISMICOS

Fuente sismica

Caractersticas tectonicas de la fuente

Cantidad de energia liberada

Orientacin de la radiacidn de ondas

Esfuerzos estaticos y dindmicos desarrollados en el foco

Caracter{sticas geométricas de mecanismo

%]

Trayectoria de las ondas sismicas

Posicidn relativa del foco v sitio

Geologia da los estratos existentes entre el 1oco v la
regrén en estudio

Geametria da 105 eslratos

Continuidad del medio (presencia de fallas)
Comportamiento del suelo ante cargas dinfimicas

Condiciones {ocales:

+ Topoegrafia de la superficie

= Relacidn de impedancia entre el manto superficial y
el estrato que lo soporta

« Geometria del manto superficial

+ Geologla

+ Continuidad

- Comportamiento ante cargas dindmicas

L
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TABLA 2
Evento Camponenta® Acalaracion Velocidad Dasplazamienta
Kage! Maountain (Estaciones B2 y B3]

A NS 1.14 2.20 J.15
2 1.02 1.28 2.87

! W 1.03 1.57 2.96
B NS 1.41 3.64 7.95
2 1.048 1.60 3.52

W 1.07 2.45 G.13

C NG 1.75 3.86 570
Z 2.3 2.65 1.91

v 1.46 2.84 3.80

Josephine Peak |Estaciones B8Oy 81}

() NS 0.83 1.80 2.03
EW 1.50 1.81 2.46

z 1.31 1.58 1.82

WV 1.56 226 2.22

E NS 1.40 2.25 1.2
EW 1.56 2.28 2.24

z 1.28 1.80 1.83

W 1.63 2.54 1.84

" NS, e BV mctp-pasie, S vPrical, W st 10T resui e

e L a e oo
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TABLA 3
Evento Clave Grupo Fecha ML Distancia
epicentral, en km
1 34.2 n Dic 20, 1934 6.5 60
2 38.1 ! Abr 12,1938 30 18
3 38.4 H) Jun 6, 1938 4.0 71
4 40. in May 1B, 1940 6.5 15
5 42.1 I Oct 21, 1942 6.5 44
6 512" I Ene 23, 1951 56 25
7 53.1 1 Ene 14, 1953 55 19
8 54.5 v Nov 12, 1854 6.3 148
9 55.3 I Dic 16, 1955 43 27
10 5h.4 I Dic 16, 1955 39 27
1 55.5 | Dic 16, 1955 55 27
12 56.1 v Fel: 9, 1966 6.8 119
13 88.2 v Feb S, 1956 6.1 119
14 66.9 1 Ago 7, 1966 0.3 150
15 685 1 Ahr B, 1968 6.4 72

e e e
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TABLA 4

Elevacion de la

Elevacion de ta

Espesor del terrenc

Distancia epicentral, &n km

Estacibn No | asiacion, en pies| rocabasal.en | aluvial, en pies Borrego Lytle } caq Fernando
ptes Mountain | Creek
Castaic 110 2500 2500 0 279 108 3
Haollywood Storage | 135 290 -6000 600017 ) 226 74 3%
{HOLS|
Fo N. Robertson 142 170 -10000 10200 230 79 az
{NROB}
646.Olive 166 265 -12000 12300 218 Fa 42
(SOLV}
Water and Power 137 390 -12000 12400 218 7t 42
Building
IWOPGQ)
Cedar Springs 111 3500 500 0 166 19 96

{Allen Ranch

re
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TABLAS
Na sitio Estacibn Caracteristicas locales
1 ATH 900 pies terrenc aluvial. Cimentacidn,
edificio de concreto de 2.5 niveles
2 CR 600 pies terreno atuvial
K| DG 400 pies terrena aluvial
4 oG Presa de gravedad de concretg
5 ER Roca cristalina sobre terciario
i ER Presa de tiarra
7 EwW BOG pies terreno aluvial
B EW Presa de tiarra
9 FP 400 pies terreno aluvial
10 GES 300 pies terreno aluvial
1} HES 1004 pies terrenco aluvial
12 JPL 400 pies terreno aluvial, Cimentacian,
edificio de acero de 9 niveles
13 ML 000 pies terreng aluvial. Cimentacian,
adificio de concreto de 9 niveles
14 MS 800 pies terreno aluvial
15 MM 100 pies terreno aluvial
18 RG 800 pies terrenc aluvial
17 5L Roca cristalina de granito
18 5MC 1200 pias terreno aiuvial
19 VT 1000 pies de sedimento antiguo sobre
terciaric
20 wJis Brote de roca cristalina
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Topografia del terreno

\ - Estacidn

I
{ Ondos sismicas
| !
==
!,.:""' ; —q
 E— — 1
= "——1&":"—.;‘“_—_";1
Fig 1. Corte geoldgica tipico
C Ondos superficicies Estocion S )
._ i
A J—r
[’%\ =
/“\ \\ /
< -
'#ﬂﬁh(/’ﬂ
4 \
Fuente o ! Ondas P o §
\\ ,I’

Fig 2. Idealizacién de lz trayecicoria de ondas entre ef mecanismo de falla y la astacién de registro
{ref 5)
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Fig 3. Respuesta de estratos de suelo locales ante componentes de onda incidiendo
horizontalmente (ref 5)

}

Intensidod del
movimiento

Incrementy Decremento

Fig 4. Influencia del subsuslo en 12 intensidad del movimiento (ref 12)
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*g Sismo de Parkfield, Jun 1966
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Fig 6.
amortiguamiento fref 13)

T, periodo, €n seq

Espectro de respuesta, Est 5, NSW. Las curvas son para 0, 2, 5 v 10 por ciento de

18] —
Sismo de Parkfield, Jun 1966
25 |- Estacion Ne 12,N4CW -
Sq ETI— Especiro de respuesta
20 t— relativg B
Sq Espectro de desplaza-
miento

15

Sv.respuesta de velocidad, en pulg/seq

L . i 1
2 3 4
T, pariodo, &n seg

Fig 7. Espectrc de respuesta, £st 12, N4OW, Lascurvas son para 0, 2, 5y 10 por ciento de

amottiguarniento (ref 13}
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Fig 8. Coneentracién de ondas sfamicas. A) ondas SV incidentes, B) ondas SV reflefadas
(ref 14)
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Fig 9. Concentraciébn de ondas, debida a una depresion en lz roca basal. A) ondas SV,
B) ondas P {ref 14)
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Fig 10. Concentracidn de ondas sismicas, samejante a jo ocurrido en Skopfe, Yugoslavia. Al
ondas SV, B) ondas P {ref 11}
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Fig 11, Isolineas de espesor de terrenc aluvial (en metros) y grade de dafc ocurrido en
Karposh (oeste de la civdad de Skopje, Yugosiavia). 1. Destruccion; 2. Dafic
fuerte; 3. Dafo menar; 4. S5in dafo fref 16)
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Frecuencio, en HZ
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Fry 13 Espectro de aceleracidn en el sitio 1 {ref 20)
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Fig I4. Especiro de aceleracion en el sitrp 2 {ref 20)
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INFLUZHNCIA DE LAS CONDICIONZS LOCALES I LAS CARACTERISTICAS
DEL MOVIMIEKTO SISMICO

Francisco J. SAnchez-5asma

Insiitute de Tagendienia, UNAM
INTRODUCCION

Lag amplitudas vy formas de las ondas sismicas gensradas
en un temblor dependen del mecanismo focal y de la cantidad de
enaergia liberada en la zona de ruptura. El mecanisamd focal
cantrola la manera en gue las ondas son irradiadas en el espa-
cio v 8n el tiempo. Mo cobstante, las ondas sismicas una vez
emicidag par la fuente sufren mudificacionea en su trayecko
que dependen de las propiedades mecinicas de los medios en gue
sc prépagan y de las dimensiones de las inhomogeneidades o irre
gularidades con fue se encuentren. 5i los cambios de las pro-
piedades an una interfase son grandes o 51 el rtamafo de las
irreqularidades es comparable 0 mayor gue la longited de onda
predominante de las ondas incidentes, se generaran cambics £1g

nificatives en el movimiente debidos a refloexidn, refraccicén

y difraccién de las ondas,

Interesa antender la naturaleza de esos cambiss porgue
pueden ocasionar grandas amplificaciones locales ¥y variaciones .
significativas del movimiento del terreno en distancias relati
vamente peduchas. Este efecto es de parlicular fmportancia en
la respuesta sismica de estructuras grandes camé presas, puen-
tcE o lineas de trasmisidn. Se trata de estructuras en las gque
los movimpientos diferences en los apoyas pueden ser @auy peiigro
5§05, Existe evidencia del papel gue juegan los efectos de las
condigiones locales c¢n estudicos de la distribucidn espacial del

dafio en temblores. 5i bien el dafo depebhde de la calidad de las
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construccioned, en muches casos los dahos severcs estidn asocta
dos a funtmenow de amplificacidn. En muchos casos se¢ han utilil
zado en &xito medelos de propagacidn unidimensional de ondas de
cortante cuando la configuracifin del sitic ern estudic esta for-
mada por estratos aproximadamente horizonctales. Debe notarse,
gin embarqgeo, que el uso indiscriminado de modelos unidimensio-
nales pucde dar lugar a errores de importancia cuande las irre

gularidades locales scn significatiwvas pues no se teoma en cuen

ta la naturaleza fisica del preblema.

Los temblores funertes, de interés en ingenieria sizmica,
tienen conponentes importantes en la banda de frecuencias de
9.1 Hz a 15 o 20 lHz. PFor otra parte, las velocidades de propa
gacidon cerca de la superficie de la tierra varian de uncs 200
m/s a casi 2 km/&s; de manera quellaé correspondientes longitu
des de onda caen &n el rango de las decenas de metros a las

decenas de kilémetros.

Las irregularidades geolégicas y topogridficas con dimei
siones comparables con las lengitudes de onda predominantes ten
dr&n, entonces, considerable influencia en el movimiento. La
extensién y detalle con que deben estudiarse las condiciones io
calas podrd estimarse en términos de las longitudes de onda asp
ciadas con los periodos de oscilacidén gue son wmas significati-
VoS para un anallisis particular. Para un edificio alto, una
presa o un puente, por ajempla, lag dimensiones locales pueden
ser da varios kildwmeeros, Para una estructura pegueha y rigi-
da, &n cambioc esas dimensiones pueden ir de las decenas a los

cientos de metros.

El problama de calcular gl movimiento en la vegindad de
una irregqularidad topogré&fica o estratigrifica ante incidencia

de ondas sistmicas ha side tratade como un preblema de difrac-
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cién de ondas eldsticas de un cierto tipe. No se han desarro
llado auvn <riterios practicos para determinar la contribucién
‘de los distintos tipos de ondas en un clierto temblor (&5 uwaual
suponer gne se trata de ondas 5V propagidndose verticalmente).
En parte, 8s5to es debhide a gue las técnicas para tractar la di
fraccifin e diversos tipes de ondas eldsticas son relativamei
te recientes. El hecho de gue sean pocos los estudios gue con
sideren materiales ne lineales ¢s también ilustrative de las
dificultades zue en esce Caso se presentan. La mayorfa de las
estudios ge difraccién de andas elésticas-consideran configura
cignes hidimensionales y sGlo algunocs casos de incidentia de
ondas 5H adniten solucicnes analiticas (en el dominic de la
frecuencial. §Si hien las soluciones bidimensionuales son una
aproximacida, proporcionan infurmac?én itil sobre la respuesta
sismica de irregularidades; de hecho, algﬁnos resulrados pretlti
minares de difraccidn tridimensional son similares a los cbte-
nidos para dos dimensionas, .

Los métcdos gue se han empleade para estudiar el proble
ma son de varies tipes (de acuerds con cada cas5o particular) vy
en algunos casos son de reciente desarrolle, Se ha enplegde
el meétodo de los elementos finitos, gue permite una gran flexi
Bilidad en el modeladeo de dominies irregulares ¥ aun de mate-
riales nop lineales. Sucele ser, sin embargo, costoso y requiE
re precadeiones especlales para vratar las frenteras del domi
nio ¥ definir apropiadamente la excitacidn. Los elementes i
nitos pueden combinarse con esguemds do diferencias finitas

en el tiempo o con sclucian en el deminio de 1a frecuencia.

Se han aplicado con éxito esguemas de diferencias fini
tas en el espacioc y en el tiempo, sin embargso, algunas de las
restriccianes mencionadas para 105 elementos finitos limitan
el uso generalizagde Jde esta tédgnica.

4
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Los métodos de frontera, basados en reprasancaciones in

'tegrales y/0o en expansicones en térzinos de famllias cempletas

de solucicnes, estdn en dasarrollo y es de espararse que ne su
fran las desventajas de atras tédcnicas; an particular, al tra-
tar sdlc las fronteras se reduce la dimensionalidad del praoble

ma.

Por algin tiempo seguirdn faltando <riterieos para formu
lar excitaciones en términos de tipos de ondas incidentes, &n-
gules de incidencia, cancenidos de frecuencias, etc. HNo obs-
tanta, en tanto estos criterios se formuylan, se continda el de

sarrollo de las técnicas de andlisis de la difraccidn.

Podria parecer que es aunllejana la aplicacidn de ecri-
terios practicos en la evaluacifn de los efectos de una cirerta
irregularidad en la intensidad sismica. Es probable gue el en
pleo siztemacico de medidas integrales de la intensidad sismi-
€a permita construlr tales criterios. Una medida integral con
interesantes praopiedades es la intensidad de Arias., Los valo-
res relativos de la intensidad de Arias respecto a una intensi
dad de refeorencia permitirfan definir un indice de efectos to-
pograficos gue serviria para estimar la variacidn espacial de
las aceleraciones maximas. Sin embarge, &l presente, 5@ care
te de suficientes registros para estudiar con fipura la varia

cidn espacial de la intensidaad.

El propdsicte de estas nnt;s es dar una introduccidn nuy
general del proklema de escimar los efecros de las condiciones
locales en las caracteristicas de los temblores. Preceden tam
bién a algunos textos més especializados gue el auter ha reuni

do agui.

¢
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THE EFFECTS OF LOCAL IRREGULARITIES
0N SEISMIC GROUND MOTION '

By
Francisco J. S3nchez-Sesma”*

ABSTRACT

The effects of topograpnical and geological irregulari-
ties on seismic ground motion are discussed., A short de-
scription is given of some of the available tedhniques to
célculaﬁe such effects. Some comments are made on the in-
portance of local conditions in the assessment of seismic
risk.

INTRODUCTION

it has long been recognized that local topograpny and
gealogqy can sSignificantly affect the ground motion at a
site (Figure 1}). The contribution of topography could serve
to explain the lhigh aceeleration recorded at tha Pacoima Dam
{1.25 g} dAuring the San Fernando, California ecarthouake of
FPebruary 9, 1971 (Trifunac and {fludson, 1971; Boore, 1972c).
For the aftersnocks of the same earthquake Davis and West
{1973) in a series of observations have found sicnificative

local amplifications due to tcﬁcgraphical relief, In a field
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study in the Appalachian Mountains using distant mine blasts
as scurces, average amplitude ratios between mountaintop and
valley sites were determined (Griffiths and Bollinger, 1975).
These average ratios showed that the seismic wave amplitudes
at the crests were amplified by factors from 1.7 to 3.4. 1In
Figure 2 three seismograms for the same event in the Powell
Mountain area are shown. The positions of recording sites
are also displayed in the figure.

The effect of soil conditions in ground motion has been
observed in well-documented Eafthquakes {Sozen el alf., 196B:
Jennjngs, 1971} and in ragression analyses of strong motion
data. There 1is significant evidence that subsurface topog-
raphy, {.e. lateral heterogeneities, are related to localized
damage distribution in the Zkopje, Yugoeslavia earthguake of
July 26, 1963 (Poceski, 1969). It has been suggested tnat
focusing of the wave enpergy, by irregular interfaces, gensr-
ated large motion amplification in limited zeones of the city
{(Jackson, 1971}). Damage statistics of buried utility pipes
in the Mivagiken-0ki, Japan earthquake of June 12, 1978 have
shown spectacular increase in the number of occurred fail-
ures near the gut and £ill boundary of a newly developed
area (Kubo and Iscyama, 1980).

Local conditions zan generate large amplifications and im-
portant spatial wvariations.of seismic ground motion. These
effects are of particular significance in the assessment of
selismic risk, in studies of microzonation, in planning and in
the seismic design of important facilities (Esteva, 1977;

Ruiz, 1977). In parkticular, local irregularities can be rel-

evant in calculating the seismic response of long structures
{see Pigure 3) like dams, bridges or life-line systems (g.g.
Esquivel and S&nchez-5esma, lﬁﬂﬂ; Ruiz and Estewva, 1981},
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Ad pointed out by Trifunac (1%B80), the strong earthquake
shaking of interest in earthguake engingering falls in the
frequency range from about 0.1 Iz to about 20 Hz and since
the geismic wave velocities near the earth's surface lie in
the range from about Q0.1 km/s to about 3 km{s, it can be
seen that the corresponding wave lengths are from tens of
meters to tens of Kilometers. Thus, the topographical and

geological irregularities of dimensions near to this range

will have considerable influznce on the correspoending waves.

It follows that the extent and detail of local conditions
reqguired to study their effects shouid be considered in
terms of the wave lengths associated with the periods of
motion which are more important for a particular analysis.
For a tall building, a dam or a bdridge, for example, thase
local site dimensions might be of several kilometers. On
the other ﬁand, for stiff structures or small buil?ings*
these dimensions can be from tens to hundreds of meters.

Although recent work has emphasized the physical under-
standing of local effects so that guantitative predictions
can be made, as stated in a recent review by Boore {19821,
there is still lack of criteria for dealing with the prob-
lem taking into account source, path and local conditions.
Active research is needed to predict more accurately the
local effedts, given the stcurce parameters. Indeed, it is
encouraging the recent progress on strong motion prediction
using mathematical modeling technigues (Aki, 1982}. Much
of the research i3 concentrated con the understanding of
fault mechanics and wave 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 asywmptotic theory of high fregquency
radiation has been recently developed (Madariaga, 1983},
Applications of the theory are coming. However, it should

be noted that the foci of future earthguakes are not known:

T
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their location, mechanism and amount of r¢leased aencrgy can
only be spaeculated in term3 of regional seilsmicity models
(Esteva, 1976}. On the other hand, the knowledge af geclo-
gical details is generally small to justify the use of vefy
refined medels of wave propagation, particularly for the
nigh freguencies. It is then clear, in view.of the men-
tioned uncertainties, that the preoblem of seismic risk
assessment must be dealt with a probabilistic frameworx. A
premising approach seems to be the use of integral measures
of intensity such as the Arias' {1970} using stochastic
descriptions of the input‘anﬂsimplifiaimﬂdelé of tha logal
irregqularities (S&nchez-Sesma <t af., 1983).

The aim of this work is to review the problem of calsou-
lating the effects of topographical and geological irregu-
larities onigrﬂund motion given certain input, 4L.¢. some
kind of seismic waves. For this purpose the currant formo-
lation of the problem, the known analytical sclutions and
the available nunerical methods are discussed in prief.,
This review 15 by no means complete and reflects the par-
ticular trends of the author. Nevertheless, it is hoped
that this work could serve teo stimulate discussion and in-

terest on Lthe problem,.




e . T — = — T T maw b F r——— e T —

D

FORMULATION OF THE PROBLEM

There is no doubt that the source mechanism governs the
way in whichh the released seismic energy is radiated in
Epace and time. However, 52ismic waves, ocnce emitted by the
source, are dependent on the mechanical properties of earth
materials and the heterogeneities encountered in their path,
This is also true dealing with irregular local conditions.
Moderate changes in mechanical impedances or irregularities
with size comparable to ircident wave lengths can generate
significant amplifications and spatial variations of ground
motion (Boore, 1972b).

Plane waves are reflected back and reifracted forward as
they arrive at a plane interface, 7The amounts ¢f reflected
and transmitted energy depend on tha mechanical properties
of the media involved. Reflection and refraction in elastic
wave propagation 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 1t is necessarcy to
solve a boundary value problem for the governing eguations
of linear elasticity (e.d. Achenbach, 1973; aXi and
Richards, 1880).

To fix ideas, consider an elastic, homogensous and iso-
Lropilc half-space with an irregular surface. Under inci-
dence of elastic waves the irregularity will diffract the
incident waves (diffraction is frequently called scatter-
ing}. Diffracted wavos must satisfy, taoghether with inci-
dent waves, the governing egquations (Navier eguations}t and
the boundary conditions [traction-~free surface). Horeover,
the diffracted ficlds must satisfy the Sommerfeld (1949)
radiation condition at infinity, which means that the dif-
_ﬁracted fields must scatter o infinity; {.2., no eanergy

*
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may be radiated from Infinity into the irregular region.
Tne Sommerfeld radiation condition hasgs been extended to
elastic wave filalds by Kupradze (1965).

ANALYTICAL SOLUTIONS

The simplest problems in elastic wave diffracticon are
the two-dimensional SH-wave problems because they can be
analyzed separately from other body waves. The governing
equation for this case is the scalar wave eguation. Then,
analytical solutions can be cbtained for geometries of the
scatterer wihich allow separation of variables (Mow and Pao,
1971} . Using this method, exact solutions have heen cb-
tained for the diffraction of Si-waves by canyons and allu-
vial valleys with semi-circular {Trifunac, 1971, 1973) or
semi-glliptical shapes (Wong and Trifunac, 1%74a, b). Even
with these simple models of lecal irregularities, compli-
cated interference patterns were found and the obtained
surface displacement fields vary strongly in space {sce
Figqure 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 cobtained from unidimension-
al calculations. These analytical solutions have shown the
importance of the problem and they provide a check for nu-

merical procedurcs.

For the more difficult gases of P~ or SV-incident waves
the orthogonal wave functions developed in classical physics
are not separable for the half-space surface due to the cou-
pling of boundary conditions, Lee {1978, 1982) overcone
this difficulty for a semi-spherical canyon by expanding the
spherical wave functions further inte a power series which

matched all the boundary conditions successfully. However,

-



11
this approacq (g limited to amall frecquenciles becausne the
raesulting matrix equations, which are infinite, can only be
solved approximately for this case.

Under additicnal simpplifying assumpticns, 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 utility because the acoustic assumption can
hardly be met in real cases. The problem of vertically
ingident P-wavaes upon a semiQellipsoidal three-dimensional
scatterer has been exactly solved for an elastic medium in
whicih horizontal displacements are restricted (Sinchez-
Sesma, 1983b). BResults for vertical displacement are in
reasonablz agreement with those from more reliable computa-
tions for a truly elastic medium (Sinchez-Sesma, 19B3a}.

Under the assumption of small-slope irregularities a
perturbation solution has been gbtained for the elastic
scattercd field by two~dimensional geometries {Gilbért and
Knopoff, 1960)., The approximaticon is based on replacing
the irregularity by an eguivalent stress distribution. An
application of this method by Hudson [1967) deals with small-
slope three-dimensional scatterers. With this approach rea-
sonable estimates have been chtained of the scattered
Rayleigh waves as compared with observations even in cases
in which slops angles are as large as 25° or, say, 30°
{Hudson and Boore, 1980).

The mothod of matched asymptotic expansions has no re-
strictions on the slope of the irreqularity. It is based in
matching the first terms of an outer expansicn 0f the near

field with those of an innar expansion of the far field
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{Sabina and wWillis, 1975, 1977)., Although the method is
limited to very small fregquencies, results are in qualita—'

tive agreement with observations.

NUMERICAL METHODS

A powoerful technique has been developaed by aki angd
Larner (1970) to treat scattering of Sd-waves by irregular
interfaces. In the Akl-Larner metiiod, incidence is assumed
of a plane single-freguency wave which causes a displace-
ment field. Thnis field 15 represented by superpasiticn of
plane waves of unknown camplex amplitudes propagating in
many directions, Inhomooeneous plans waves are allowed.
The total motion is obtained from integration over horizea-
tal wave number. Under the assumption of horizontal peri-
odicity of the irregularity, the integral is replaced by an
infinite sum. Truncation of this sum and appliéatinn of the
interface conditions of continuity of stress and displace-
ment lcads to a system of linear equations for the complex
scattering coefiicients. This method, which is restricted
to small-slope irreqularities, has been applied by Bouchon
{(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 discreta-
wave-number technigue near seismic source fields in a lay-
ered medium with irregular interfaces, Another extension ‘
aof .the method, now to time domain calculations, has boen
developed teo study the seismic response of alluvial valleys
{Bard. and Bouchoa, 1980a, b} under incidence of SH, P and
SV waves., The Aki-larner technigue has been recently used
by Bard (1982) to analyze the effects of two-dimensional
elevated topography on ground meoticn., The comprehensive
studies by Bard and Boucaen throw light on-the subject ang
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on the physics of the proglem. The method has been usel to
model the fields generated by real faults (Bouchon, 1979;
Campille, 1983}. It can be used to model ground motion
considering together the effects of source, path and local
conditions, However, in this case the numerical computa-
tions may become very expensive «if they can be performed-
for many real cases,

The finite difference methed 1s zlso a powerful tool in
elastic wave propagation studies (Alterman and Xaral, 1968;
Boore, 1972a). It has been applied to modelate two-dimen-
sicnal irreqular interfaces (Boore et al., 1971} and ridges
(Boore, 1972b) in the §H case and alsoc for incident of P and
SV-waves upon a sedimentary basin (Harm3en and Harding,
1981) and a step-like topography {Boore e{ af., 1981). In-
teresting results have been found concerning the significant
generation of Raylelgh surface waves by lateral irregulari-
ties. For incidence of P waves upon a surface élot the cor-
putations by Ilan and Bond {1981} give good agreemeht with
experiments. It was found that the amplitude of the scat-
tered Rayleign wave 1s, as expected, dependent on incidence
angle. A finite difference analysis of axisymmetriec tesog-
raphical irregularities has been presented to study the ef-
fects of vertically incident shear waves (Zhenpeng et af.,
1980) . Spectral ratios were obtained and comparison with
observations gives reasonable agreement. The finite dif-
ference mothod is theoretically unlimited to wolel details
and nonlinear behaviour of materials, but the size of the
problem can easily exceed the capacity of major computing
facilities.

The finite element methed also allows a detailed descrin-.
tion of site topography aand layering. It 15 possible with
this method to calculate the response of two-dimensicnal soil

configurations with truly nonlinear stress-strain relations
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[Streeter et af., 1974; Joyner and Chen, 1975; Joyner,
1975). The major disadvantage of the method is its low-
frequency limit and high cost. Usually, real time analysis
must be shortened to avoid the reflections from the artifi-
cial boundaries. The use of different transmitting tech-
nigues can reduce the spuricus waves to some extent (e.3.
smith, 1874, 197%; Ayala and Aranda, 1977; Clayton and
Engguist, 1%77; Castellani et af., 1981; Liac and Wong,
1981}, A successful criterion has been developed for damp-
ing out the unwanted reflections by means of non-uniform
element size (Day, 1977).  Finite elements have bean used to
treat problems of irregqular layering {Lysmer and Drake,
1972; Drake, 1972; Aranda and Ayala, 1978) and two-dimen-
sional topographical irregularities (Castellani 2t al.,
1982) under idealized conditions. Nevertheless, a realistic

wave analysis is guite 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
introducticn aof fictitious boundaries and reduce by one the
dimensianality of the problem. These facts yield numerical
advantages. !Moreover, boundary methods can be used together
with the finite element method (Zienkiawics ef af., 1977).
Then, the region modelated with finite elements can be
smaller (c.g. ayala and GSmex, 15979; Shah ol af., 19B2).

_There are twd main approaches for the formulation of
boundary methods; cne is based on the use of boundary inte-
gral equations (Cruse and Rizzo, 1968a, b; Brebbia, 1%78;
Cole ¢l af., 1578; Alarcédn ¢f af., 1973}, and the other,
on the use of complete systems of solutions (Herrera and
Sabina, 1978; ilerrera, 1980). The scattering of incident

SH-waves from two-dimensional irregular topographies has
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been formulated with integral eguations by Wong 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 of a dip-
ping layer of alluvium of an SH-wave source on the surface
(Wwong et al., 1577}. Results compare favcrébly with obser-
vations during a full-scale low-amplitude preopagation test,
A powerful approach which combines the boundary integral
equation method with finite differences in time has been
presented (Cole et af., 1978) for solving elastodynamic
problems. The performance of the method was found to he good
in a2 simple numerical problem. A boundary method has been
recently developad and applied to solve two-dimensicnal
scattering of harmonic elastic waves by canyons ({Sdnchez-
Sesma, 1978, 1%81; Sabina &% af., 1979; Sanchez-Sesma and
Rosenblueth, 1979; Wong, 1879, 1982; England e af., 1380;
S8nchez-Sesma et af., 1932a), alluvial deposits (Sanchez-
Sesma and Esgquivel, 1979; Dravinski, 1982a, b, 1283} and
ridges (Sinchez-Sesma and Esquivel, 1980; Sanchez-Sesma
et af., 1982b} for differcent types of waves and shapes of
the scatterers. The method consists of constructing the
scattered fields with linear combinations of members of a
c-complete family of wave functions (Herrera and Sabina,
1978), These families of functions, which are soclutions of
the governing eguations of the problem, can be constructed
in a wvery general way, with single or multipolar scurces
having their singularities outside the region of interest,
Coefficiants of the linear forms thus constructed are ob-
tained from a léast-squares matching of boundary conditions.
As pointed out by Wong {1982), the method can be considered
as a generalized inverse oﬁe. In deing this, Wong suggested
a procedure which improves the solution numerically. A
general framework for the method is given by a recent alge-

braic theory of boundary value problems (Herrcra, 1979,
1980 a, bl. ' '

R
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This approach has recently been extended to three-dimen-
sional problems (S&nchez-Sesma, 1583a). The case of Iinci-
dent elastic waves upon axisymmetri¢ irregularities on the
surface of an elastic half-space was formulated using an
aziruthal decomposition, The diffracted fields were con-
structed with multipolar solutions of the reﬂuced Navier
eguations in spherical coordinates {Takeuchi and Saitoc,
1972; Akl and Richards, 1980). For a semi-spherical allu-
vial deposit and vertical incidence of P-waves a very large
amplification was found, as compared with the flat layer
problem.

Using also multipolar expansions the scattering of har-
menlc SH-waves by arbitrarily shaped alluvial basins has
baen solved (Ize et 2f., 1981). Within the thecretical
framework, a least-sguares numerical scheme (related to
Courant's) is used and it is found to reduce the order of
the systems of eguations to be solved for the same given ac-

curacy.

o AL



- 17

CONCLUDING REMARKS

The influence of topographical and geclogical irregular-
ities on seismic qround motion has been briefly discussed
and a short description of some of the available methods to
deal with Such effects was made.

There is no doubt that local conditions play an impor-
tant role in the spatial variation of ground shaking and
should be explicitly considered in the design of some impor-
tant facilities, as well as for microzoning. But lecal con-
ditions are not alone; the source mechanism and the paths of
sei5mic waves give also their part in the assessment of
gseigmie risk. Thus, a more complete description of the prob-
lem is needed.

Most of the models of local conditions require the defi-
nition of the types, incidence angles and time variation or
frequency content of the incoming waves. However, there are
at prasent no general ¢riteria for selecting on a physical
basis the characteristics of the input for many practical
situations. Such criteria, hopefully, will come’ from the

rescarch on the source high frequency radiation,
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Summary. The Aki-Lamer technique is used 10 perfurm, in both the time and
frequency domains, an analysis of the effecls of Iwu-dimensi.nnn:I elevated
topography on ground molion. Incident plane SH- 5F- ond Powaves ar:
considered and the respective influences of surface grometry, elastic para-
meters and the incident wave chasacteristlcs, as long as they remain within
the Lmits of spplicability of the A-L technique. ar2 investigated in same
derail.

Besldes the well-known amplificuionfdeamplification effect related 1o the
surface curvatuee, wive scatisring phencomena on the convex parts of the
surlace are shown to contribute signifizantty to the disturbunces in the
displacement field apound the opegraphic structure, These scatlered waves
st SO in the case of incident S#-waves, and mainly Rayleigh waves in tha
£ case, while both Rayleigh znd horizonial Pwaves, sometimes of large
amplitude, develop in the §F casc. The {requency dependence of this seatter-
ing, though complex, seems fo be mainly controlled by the horzonral scale o
the ropographic struciure. The pararaster study points outl the regular and
inluitive behaviour of this wave scattening wn bath 5H and 2 cases, while it
exhibits 3 puzzling complexity far incident 51 -waves, which is interpreted 2o
resnlting rom Lhe imponanse of the $-# reflestions on mountzin siopes in
thal cas»,

As 10 the ground metion, sone general ledtures may be pointed our, The
awnplifivauion an mountain tops, which is svstematically greater for incident
S-wawes than for Pawaves, geacrally decreases as the averzge slope decreaws or
as the aope of ingidence increases, Mnuntan slopes undergo gither amplifie
cation or deamplification depemding on site location, frequency and incidence
angle, hut they always undergs strong diiferentisd muition dues to the latera)
propagation of the scattered waves and thein interference with the pramary
wave, Finaily, all thess effects may be greatly enhanced in the case of com-
plex lopographics, wiich moreover pive rise 10 signilicant prolonsation of
grourd melivn beczuse of the large number of scattered waves,
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132 F£-Y. Bard 2
1 Introdyction

For many years, a great number of authers have pointed sut the impotiasce of site effects in
many stismulepical problems, ranging from source patamsler computalion Lo stisimic Tisk
assessment. These site ellects were at first related to the local sediment cover {resonance ¢f
surface Yayers, sand liguefaction, attenuation of high frequencies, etc.). More recently, how-
evet, pbservations have been made (g, Key 1997 Kuson 19715 Tofwpae & Nudson 1971}
shiowing the inflluence of topography on sutfuce ground moticn,

Besides ficld studies (Davis & West 1973 Grithha & Dollinger 19794, or mode] studjes
{HRogers, Katz & Bennett 1974, lhan, Bond & Spivack [979), the ihcoretical invesligations
have [ocused more on numerical solution rather than on a detafted studyv of the effects of
topography on surface motwon. A lot of numerical methods have been developed to investh
gale the scatiereg far-field (small penturbations: Gilben & Wnopoff 1960; Hudson 3
Knopofl 1907, Hudsom 1967 Maclver 196%; small pertutbations and fite differcace:
Aboudt 1971; Allerman & Aboudi 1971), ot the Jisplacement field over the topagraphy
itself (analviical madels: Trifunac 1973 ; Wong & Trifunac 1973; Singh & Sabina 1977: Minlte
differences; Boore 1972; Altertoan & Nathanicl 19757 llan 1977 Nan ef of. 1979 finite
elements: Smith 1973 discreds wavenumber represeniation: Lamer 1970; Bouchon 1973;
maiched asympilouc expansion: Sabisa & Willis 1973, 1977 integral equations: Wong &
Jennings 1975 Sills 1973, Sanchez-Sesma & Rostnblueth 1979 and boundary methods:
Lngland, Sabina & Harrera 1980). All these theoretical models, involving a two-dimensional
homopensous elastic balf-space with a simple 1opograrhic section {except Singh & Sahina
1977, who conmsider a three-dimensional hemispheric valley), provide results which
quantitatively agreée with one another, and qualitnively confirm the experimental absers
vationy: amplification usually oceurs on convex pans of the ground surface (mountain tops
or valley edges), and deamplification on concave parts and thodow zones. Cur purpose here

is therefore not (o present vet another numerical method, but 10 £y 1o gain a better unders

standing of these topographic effecls, through their dependence on parameters such z
incident wave oype, frequency, incidence apele and anomaly height,

In othe: respects, ali available thecretical resulis s¢em 1o undersstimate the observed
effects of topography on surface motion, as réponed by Davis & West (1973), and Griffiths
& Ballinger (1979). Since the model study values cortoborale those abtained by numerical
methods (Rogers ef af. 1974 an ef 2, 1979), il is beligved that quantitative disagreement
between (theury ané observation js due, 3t least panly, to the complexity of hoth incident
signdl and wpograply. It is therefore another aim of the present paper 1o show how 3 some.
what complicued wepograpliy ean produce greater effecis than isolated ridges or valleys, and
that {he¢ surface motion ar a partiealar sile depends a lut on the topographic leatures ol 3
wide area around. .

We beligve that the Aki-Larner method is the best suited Lo this kind of study, since 14 i3
a very 1taciable and computaticnally cheap method, and hecause the discriete wavenumber
represcntation provides uselul inforraation on the nature of the scattered €lastic field, This
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Figure 1. Gepmrtrica] shape of the mountain mede! introduced by Sills {L97B), and coqrespopding 1o Lhe
cased imvestipaied i Fgy 2-17. The open circles indicale the silcs where the s¥athede sétgmograms of
Figa 2, 3 apd 14 gre computed.
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technique has already been presenied with many details by Laener (1570), Aki & Lamer
(1970} and Bouchon (15737, and Ity rehability caretully discussed. The limitation of gur
investigations to topographic Festures having stopes lower than 40°, and to incident body
waves only, with rather smali incidence angles so as 1o avaid shadow zones. together with
the experimental observatians of Rogers ec gl {1974) and [lan et af, {1979} showing that the
radiation lobex of the diffragted waves are dirccted essentially downwandy, allow us to think
that the Rayleigh ansatz error does not alter the aceuraey of our results too much.

2 Effects of simple topography on in¢ident plane waves — a parameter gudy
2.1 GENERALITIES

Our purpose js 1o evaluate the sucfece displacement and the scattered elastic field produced
by a plane body wave impinging upen a two-dimensional topographic fearere lying aver an
otherwise sotrupic homogeneous elastic hall-space, for vanous topography, half-space and
incident wave characieristics.

Our compulations rely on the same theoretics! lormulation 23 those presented by
Bouchon (1973), except that we do nnt gorrec!t the displacement field for the rasidual
gtresses, sinct we remain well within the validivy limits of the A1 echnigee. Furthzmore,
in order to nvestigate the ground motion in the time domain, we follow the approach
described by Bard & Bouchon (19202%, making the computation at equally spaced
frequencies having an imaginary part equil 10 hall the frequency step, The disturbances
induesed by the siructurs periodicicy £ frequited by the A.L method) are avoided by a sunt-
able choice of both the frequency range and the time window,

Topographic effects then depend on three kinds of parameters;

2 1.1 Topogrphic thaope

This is the most diffteult 1o quontify. For a betler understanding of the diffraction and
amplification/deamplification mechanisms, only simple topographic profiles are considered
at first. The ‘pseudo-realistic™ mountaio madel of Sills (1978} is chosen, defined theough the
equatfon:

PixY=h(l—g) exp(=3a) with o= (/)

this topog:aphy i3 completely defined by its half-width ; and its height h. Its shape s
iflustrated in Eig. 1,

2.1.2 Halfspace clastic parametery

These reduce 1o the shear and vomp ressivnal velocithes, reprectively denoted 45 @ and o, since
the materizl density has no influence.

283 Inetdong wavetield characteristics

These are wave type, incidence angle, azimuth and frequency specteum. Only inciden: plane
waves are considered here, Tor simplicity and because nearfield studies introduce a lot of new
parametess telaced to the source mechanism. Morcover, valy incident body waves are taken
into account. The effect of incident wave azimuth is rol considered: only in plane and out
of plane mutions are investigated.

" The remaining independant dunensionless parameters considered in this paper aie there-
fore: the iopography shape ratio #ff, the Poisson ratio v, the diménsionless rmquency
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n =24k (which is scaled 1o the § wavelength X = 3ff), 2nd the incidence angle 8, measured
from the vertical axis.

For time Jomain stodies, we gencially chovse an inpat signal in foim of 3 Ricker wavelet,
having a time dependence: '

A mla—05yexp(—a}  with  a=[n(r -1 M,
where ¢, 8 the time of maxinm atnplitede, and ¢ the charagledsiic period, We also some-

Limes use 2 cumbination of several Rickear wavelets,

22 GENFHAL CHAKACTERISTICS OF TOROGRAPHIC EIFECTS IN THE YERTICAL
INUIDENCE CASE

.-Ip this section the case of £, 577 and SH plane waves verilcally incident on 1wo topegraphic

fealures is investigaied, a mountan having a shape ratio &/ equal to 0.375, and a symenetric
depression. Materiais with Poisson’s ratie v = 0,25 are congidered until Section 2.5,

221 Time domain study

Fig. 2 illustrates the time history of ground motlen at several sies located over the topo-
graphic elevarjon and some distance apart, for an 1ncident Ricker signal baving a charac-
leristic dimengionless frequency of 7, = 1.83, in each of the three SH, SV and P incident
cases. The wellknown amplification paitern on mountain lops aopears on each of the
three components, bat it is mare important in the cas¢ of ineident S-waves (43 per cent for
SH and 30 per cent for S¥) than in the case of incident Powaves (only 10 pet cent). More-
aver the computed motions do nol exhibit much change in signal waveform vr duration. Cn
the contrary, on mountain slopes, significant alterations appear; while the ground displaca-
ment amplitude is reduced, its duration is increased. The amplitude reduetion is more
important for horizental components (the maximum atlenualion is about 25 per cent for
M, 40 per cent for 51 and only 10 per cent for incident Powaves). [n the 5 case, seismo-
grams away from the topograpky show an oulward propagating signal having roughly the
same shape a5 the incident signa] and an amplilude of gbout 20 per cent at a distance 27
from the mountain top. The phase velocity of this diffracted wave, together with the space
dependence of its amplitude, which fils an ™' decay, ar¢ consisient with a horizontal
SH-wave generaled near the mountatn top. In the P and SV cases, seismoprams exhibit 1
soméwhat greater complication, because oi the outward propagation of two such diffracted
waves. Their phase velocities, verticalhonzontal component ratio, and spatial decay (x™'"?
for the fasiest wave, and neardy constant for the stowest), allow their identifization as &
horizontal Pwave and Rayleigh wave, respeclively, The relative imporiance of these two
waves undergoes great changes with the incident wave Lype. In the 51 case, the herizontal
Powave js the main disturbance apd j= associaled with a horigontal displacement around 20
per cenl of Lhe direet one (measured at the same relerence site x = 2}, whereas in the / case,

Flgure 1. E¢sponae of tha mountgn illustrated in 1Fig. 1 (Rl w §.375) to vertleally incident, respectively,
§H. S1° and P Ricker wavelets of characicristic dimensionlen frequency np = .83 The fraces repressnt
the time history of the doplacement a1 goeface receivens, ppoved from 0 1o 2,51 from the mountain top
(oumbers on the f mepresent the e location in dimensionless values xff) (R the SH @se, anly the
tranyeerye honizontal companent, v, it represenied, while o the P und 53 caecs, hoth horizontal motion
along the x4xp (o, lower trace) ond vertical motion fw, upper et ), are Jepacied . The bollom traces
represent Lhe ground motion for 2 plane frec murface, The dimeapondkss Iength aof 1he Hime window i
1,13 Here w» 15,
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[

the mest important disturbance is the Rayieigh wave, which preduces « vertical displacement
around 25 per cenr of the direct one. The deamplification pattern at the mountaln bass,
reporied by some authors, Joes not show up here, probably hecause the incident signal
has a relatively short duration, so that direct signal and ditfracied waves are well separated
and do not interfere. On the contrary, the crest/flank amphification ratlo reaches rather darpe
values for incident S-waves (3 in the 5/ case, 2.2 in the 517 one), '

The case of P and 51 waves vertically incident on a Jepression is illusirated in Fig, 3. The
battorn of the canyon undergoes deamplification in both cases, the amount of which is
greater on the hodzontal (20 per cent) than on Wie vertical motion 110 per cent), The
synthetic seizmograms on canyon {lanks exhibil only a slight deamplifention in the SV caze,
and no changes as ta sipnal duration and wavetcim. On the contrary, the ground motion at
sites distanl from the valley borders réveals an outward propagation of Jdiflracted waves E
generated ai the valley edges, which themselves underge a ciear ampliflcation (arcund 20
per cent forincident §F-wavea),
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220 Freguency-doniain sitedy

! It is important to get an idea of the Treguency 31 which topegraphic effecls (amplification or
Jeainplification, Jifftaction of scatiersd waves) become sighilicant, Themetical caleulations
of Gilbert & Knopall (1960), Hudsen (1967) and Hudson & Bame (19300 reinte the smpli-
tude of the diffracted wave with the spatial Founer transfonn of (he topographiuc cress-
section, so that this “siarting frequency” depends, for o piven (opographic shape, essentially
on its width {in comparison o the wave velocity), while the shape ratio acts as an amplitude
factor. Furthermore, experimemal observations {Rogem of gl 1974) and theoretical compu-

. tations (Boore 1972; Bouchon 1973) show swpritingly low values lor thess starling
frequencies. On mouantain tops, there appear speciral amplifications greater than 10 per cent
for wavelengths aoowt four times the lolal widih of the topographic fealure. Though our
purpose here was Lol o investicaie in detail the very low [requency domain, we may note
that, for incident P and §5FV-waves 28 well as for S#H-waves, our computations happen {o
confirm these very low values of the *stanting Jrequency”, and its main contrel by the topo-
graphic width (see Fig. &b

However, our interest here is in the *medium freguency” domain, i.e. wavelenglhs between
2 or 3 times the mountain widih, and s height. Fig. 4 represents the ‘raw’ displacement
specira in the SH, SF and P cases cormesponding to Figs 2 and 3 (these are nol the true
displacement specira because they must be corrected for the complex frequency, which
attenuvates the amplitude on elevated sites and lessens the impertance of lste arnvals).
The low-freguency behaviour is consistant with the time domain observalions reported

kgt 5Y wavon

Incident P waves

h'l = JT3

HI L -

Figure 5. Elastic poicntizl chazacterinties for the apographic stracture Qlustrated in Fug, 1, impingsd by
versical Powgves (1eft) and SV owaves (righth. The comprestional (o) and rotational (3} powentials of 1the
ycattered waves, computed ot 2 7 = 0 altitude, are shown 2t 1 fonction of frequency {dimensioniess siep @
030 L is the structere perodicity invalived by the use of the A-L technique. The scale on ihe nght ol the
upper left and botiom fght diagrams representy the amplinude of he lewdent Pour S Vowgves, respectively.
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abave, but higher frequencies give riss to significant changes, assentislly on mountain slopes
and valley edges; these changes lellow an vscillatory pattern, dug to the inleraction between
the direct and diffracted waves, as noted by Rogers er af. {1973). At a given site, the
fregquency spacing of lubes of constructive and destructive inlerference is inversely propor-
tlopal to the time delay belween the direct wave and the main diffracted wave. For instancs,
the frequency spacing at the 12me dite is larger on the horizontal displzcement for incident
S V.waver than on the vertical on# for incident Pwaves, since the former is controlled mainly
by the horizonrally diffracted P-wave, and the latter by the Rayleigh wave. N is thus very
difficult 10 predict whether ampliftcation or deamplification will ogcur systematically at a
given site; nevertheless, a constant fealure is that mountzin slopes always undetgo stcong
differential strains, the amount of which Increases with the frequency (at least within the
frequency range investigaled here).

£in anather hand, these osefllations ¢onverge towards the onset site ef the corresponding
diffracted waves Fig, 4 thuy indicates that the scattered Sif-, & and Ravleich-waves originate
1t mountain tops and valley edges, that is, on convex parts of the topography. Also notice-
abic on this figure are the great high-frequency disturbances appeating in the horizontal

Inciclant 5H wavee

Figure &, Viriationd of the scattered wavefleld clhiracteristica with the shape rafin in the SFf case. The
Jiagrabs represent the zmplinde of Ve waliered waver, computed af a7 = aliade, at 3 function of the

horizontul wavenutmber and of the frequency. These ampitudes are normallicd 10 that of the incident
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displacament field for the canyon case. Thev are due to the Rayleigh ansatz error, which
should be ereatly reduced in more realistic models, where the presence of other intesfaces
would allow the présence of an upgoing diffltacted ficld, However, in this paper, we have
focused our intersst on elevated topographie featires, fur which the Rayleigh ansatz error ia
rathes gmall and lpealized, _

The diagrams in Figs 5 and 6(b} iltustrate the dependence of the scatiered elastic field
{represented by the elastic potentials ¢ and o in the Fand 517 cases, and the displacement in
the 54 case, rach being compuied at 2 = = 0 aliitude) on both hoizontal wavenumber 2nd
frequency. This scatlered Geld is clearly separnied inlo a main venically eflected wave,
homogeneous wives correspanding te the ravs obliquely rellecied on mountain slopes, and
the horizontally diffrazted SH-, P and Rayleigh-waves. Although it i5 very diffieult to distin-
guish between a honzenta] S wave and 2 Rayeligh wave becauss of their small velocity
diflerence, our vpinivn is that orly 2 very small amouni of energy 35 diflracted as a pure
horzontal STowave, since the (fe amplilude rotie, which is about 1.5 for the slowest
branch, fits very well the theoretical Ravleieh curve (147 fur » = 0,253). The amplitudes of
both the vertically reflecicd wave and the oblique ones exhibit & quite sirong dependence on
fiequency, but, tn cacli case, mimma of the vertical waves correspond 1o maxima of the
homogeneout waves. Such 2 paitem supgesis thal the amount of erergy propagating down-
wards remains roughly censtant whatever the frequency. As to the waves difiracted along
the sarface, their amplitude does not depend steongly on the frequengy, except for the
Ravieigh wave in the §¥ in¢ident case, which vamshes for dimensionless lreruencies berween
i.5 and 24, The reasomy {or this disappearanee are not yet clear, but it explains the
weakness of the Rayleigh wave on Fig. 2 in the 51 incident case. Nevertheless, for other
frequencies, the diffracied Rayleigh wave is larger for incident 5+ -waves than for incident
Fowaves, especially in the low-frequency domain. On another hand, the horizental P-wave is
dmost non-existent in 1he P inddent case.

As z parial conclusion, the topepraphic effects may be sumumanzed as Moliows: the
encrgy of the incident plane waves is first focused on convex parts of the surlace *opography
where the displacement amplitude undergoes significant amplification over a rather broad
frequency range. Although a lasge amount of this energy is reflected downwards as vertical
and obligue homogeneous waves, the dirferential motion and strain induced by this loeal
amplification make 1hese convex parts radiate epergy outwards in the form of surface waves
{Rayleigh waves or surfice M- and Pwaves), The fact that the mountain or valley slopes of
1he topegiaphic fcature investigated in this section, remain towes than 30°, mnd thus cannot
reflect 54 and F incldent rays into horizontal waves, which we nevertheless observe,
supports this ides. Funhermore, the large amplitude of the horizonial Pwave in the 5P
incident case may result Mrom the superposition of a classical geametric reflection of incident
Sl waves on mountain slopes, and of this radiation from mountain 1ops. Therelare, txcept
on mountain tops and valley bolttomns where no diffracted waves arrive in the cose of a single
topographic Teature, and where the displacement amplirude is thus mainly controlled by
focusing or defocusing, the amplitude specira are sironply governed by the inlecference
between the direct and diffracied waves.

740 P-Y. Rard

23 EFFECT OF MODUNTAIN HEIGHT

We consider in this section the case of plane SH-waves vertically inzidenl upen two moun-
t3ins having respective shape ratios 0.25 and (.5, and the case of P and 5 Fowaves incident
upon this last mountain, and we compare them with the results obtained in the previous
section (R/f = 0.375). The corresponding horzontal wavenumber frequency disgrams are
shewn in Fig. 6 for the SH case, and Fig. 7 fur the Pand 5V cases (see Fig, 5 lor companison).
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Figure 7. The same as Fig. §, but for 1 higher elevation (A7 = 0.34).

234 Diffracred waveficld

The coupled frequency dependence of vertically and obliquely rellected waves mentioned
above appears o be conteolled by the mountain height: the frequency spacing of adjacent
Iobes gets narrower®as the height increases, This phenomenon is interpreted as an inter.
terence Scheme between vertical or subvertieal waves rellected on tie mountain oy, aad
these reflected on each flat side of the wopograpby, Such 2 hypathesis i3 supported by the
measurement of the frequency spacing, which corresponds to a travel-time difference around
2 hife, where ¢ is the adequate wave velocity (8 for incident Swaves, o for incident P-waves).
This interference pactern has only litte influence on the surface displacement, and has most
effect an the deep underground motion below the topographic feature,

The horizontal diffracted SH-wave clearty sirengihens as mouniain height incraases. lis

amplitude iy about 20-30 per cent larger for the highest slevation than (ar the meddium.
size one. This is vnly slightly lower than would result from a linear nerease. Moreover, this
ratio shows a trend ta incroase with frequency.
" The horizontal Pwave wottered by incident Powaves alyo builds up a5 the shape 1alio
increases, hat the Rayleigh wave sul! remaing the most inportant fearure. On the contrary,
this regular strengthening is non observed.in the 51 incident case. The higiest mauntain
scatters a greater wipount of hosizenlal Pawaves (up 1o 30 per cent more) unly in the fow.
frequency domain, and the phenomenun iy reversed for higher lrequencies (g 3).

The diffracted Rayleigh wave exhibits g bebuviour very similar 1o that of the harizonta
Fwave, In the incident P case, the Rayleiph wave shows 2 signuicant magnification {between
L3 and 43 per vent) ior the Righesl meuntain and this magnification slightly increases wath
the Itequency, On the other hand, for incident 517 waves, the magnification {around 30 per
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cont) appears only at low frequencies (> 1.5}, and the trend bs reversed for 7> 2.5: higher
clevalions scaiter less Rayleigh waves. The vanishing of the Ravleigh wave for dimensionless
frequencies around 2 may be abserved for botl shape retio vaiues. This phenomenon there-
fore does not appear to be connected with the mountain height.

The regular strengthening, especially at high Irequencies, of the wave scattering in bath
JH and P cases thus comirasts with its high-frequency weakening for incident SFowaves,
Singe this weakening does not occur at low frequencies, the reversal may be due. in our
apinion, to the building up of horizontal interierence phtnomena within the mountain as

both frequency and mounlain height tncrease. It thereby miast appear eatlier in 1the ¥ cawe
because of the 5-F reflecrions on mountain slopes.

232 Displgcement fietd

The frequency dependence of the displacement field in the $7f incident casz it shown in
Fig. 8(a) for the three mountain heights. These diagrams bear obvious ressemblance to one
another, except for the osollalory pattern, the amplitude of which is related to the
amplitude of the diffracted SH-wave, The amplitude spectra at four particular sites located
on mountain crest, dope, base and some disiance apart, art detailed on Fig. 8(b). As
noticed abave, Lhe general shape of these spectra degends only slightly on mountain height,
the main effect of which is (o erhanee the amplification ¢r deamplification patterns. For
instance, the maximum amplificalion on the mountam op 1t 36 per cent for the Jowest, 53
per cent for the medium height and 65 per cenit Sor the highest, in each case Jor a dimension-
less frequency zround 1.6, on another hand, the maximun deamplificztion on the mountan
base is, respectively, 20, 30 and 42 per cent for dimensijonless frequencies about 0.6,

It & interesting as well 1o lock at the displacement phase versus frequency curves
(Fig. Bb), For instance, the phuse difiertnce between mountain top (x!! =0} and slope
(x/1 = 0.33) increases significantly for dimensionless frequencies around {8, and this
increase enlarges with increasing mountain height. Such a pheasmenon appesrs in a particu-
latly strong way in the time domain, as shown in Fig, 9; the largest difierential motions are
concentraled arcund the site located a: x/f =033, and. for the highest mountain, the
displacements on each side of this point are almost completely ont of phase. Assuming for
ingtance a 1km wide, 250m high hill, and a shear veloenty of 3kms™, these differential
moHons will act over a length of about 120m iar frequencies of about 6 Hz, that is within
the ftequency hand of inlerest in earthquake engincering. Such differential motions may
therefore be very important (ram an engineering point of view, as they may induce large
torsional strain on big man-made strugtures.

24 SOMF ASPECTS OF THE DEPENDENCE ON THE INCIDENCE ANGLE

Many authers have already investigated in some detail the displacement field gver topo-
graphic leaturss impinged upon by oblique ard grazing SH plane waves {Trifumac 1973:
Wong & Trifunac 1974; Wong & Jennings 1975; Sills 1978: Sanchez-Sesma & Rosenblueth
1979; England er af. 1950}, Fuithermore, a similar therough investigation in the £ and §¥
cases would need 1o be very fine, because of the great sensitivity of P-S17 coupling on the
incidence angle, especially in the SV case. Cur aim here is therelare not o perform an
exhaustive study of sseli a dependence, but only to give soine indications about the quali-
tative and guantitalve changes which may ozour in the diftiacied wavefield and ground
displacement with wvarying incidence anple. We have (hus investigated the elastic field
Watlered by 2 medium-gice mountain (47 = 0.375) illuminated by plane SHowaves with 36°
and 60° incidence angles, and by P~ and §¥F-waves a1 the eritical amgle & = 35 65°. This
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particular vaiue is chosen en the basly of cur preliminary resules {not reported here) which
give evidence of a great enhancement of the forward scattered Rayleigh wave arcund thig
angle in the SV case, thus corroborating theoretical results obtained by Hudson & Knopoff
(1967),

The mos striking feature of the diffracied field is the directivity effect. In the SH case
{Fig. 10}, the farward scattered horizontal SH-wave exhibits an increase with respect to the
vertical incidence case, which is about 100 per cent for & = 307 and reaches 350 per cent for
g = 60°. The # and 5V cases (Eigs 11 and 12) show Lhe same qualitative behaviour for the
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Figure 12, The same a3 Fig. 11. bul for 5 V-w aves incident L the crincal anpie, The scale i the came uin
Fig. 11,

forward scattered Ravieigh wave; at that particular incidence angle, this enhancement is
greatly emphasized in the ST case (Fig. 12), since il icaches one order of magnitude, while
it ranges between 30 and 150 per cent in the P incident case. However, the ratic of the
disturbance induced by the lforward scattered Hayleigh wave to the surface displacement in
the absence of the wpographic feature is roughly the same in the twa cases, Moreower, in
each of the 54, SF snd P cases, high lrequensies seem 1o favour this snhancement of the
forward scattered waves, and we may pechaps infer from the two 56 diagrams (Fig. 1)
that the frequency at which 1his reinforcement stanis 15 greater for large incidence angles.
Finally, for the pacticular 537 case, the 1oeward scattered Rayleigh wave no langer 2xhibits
any vanishing ar significant decrease e any frequency window. We do not obasrve any
forward scatlered Powave in the P incident case.

For the back scatiered field, we still observe 2 similar behaviour in each of the three cases,
but quanlitative values sirongly differ frum one snother. The back scittered horizoatal
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Figure 11, Grourd molion amplitude as & function of frequency and site location. in, respectively,
abligue 5F (1pp dipgram, transverss component v}, S (econd, vertical component w oand thed
digtam, herizantz! component w) and P cases {fourth, w, and fifth, u), The wcident waves propagate in
the positive x-dicection, that is from cight (o beft,

8H-, horizontal £ and Ravleigh-waves are ewsentjally confined to the low-frequency domrain,
and this cut-off frequency seems 10 tessen as Lhe incidence angle increases (n = 3.0 for
6 =30°, and n= 1.2 for 8 = 60°}, Bue, whereas in the 5/ and P cases the amplitude of the
corresponding hack seattered waves is reduced a lot, except m the very lowJrequency
domain (7 < 0.6) whese it is ondv slighthy lower than in the vertics] incidence case, the ampli-
tude of the back scattered waves in the S5 case, for i< 0.6, is 300 per cent greater than in
the vertical incidence case; the decrease with frequency is then very sharp, sinee the waves
almast disappear lor g = 15, '

We may notice Lthat these results are in good agrecment with thase af the small pertue-
bation method: we have used the analydcal formulation of Hudson (19673 to compute the
amplitude of the Rayletgh wave scaktered by the present mountsin impinged by P or S
waves, and these calrulations Jo predict both the strengthening of Lthe forward scatiered
Rayleigh waves together with ihe higl-trequency Lroadening of this scatiering mechanism,
and, concerning the back scattersd Ravleigh wave, its confinemeal to lower fiequencies
together with its reduction in the # case and its smiplification for & Fowaves at eitical angls,
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The strenpthening of e forward seantered Ruyleiph wave in the P case i ol consistent
with expecimental resulls of Rogerg et of, (1974,

Ao For the surlace displacerient Aeld (g, 13, we still observe that (he mwal campli-
cated case is the S one. In both £ apd S8 cases, the pomt of maximun amplification is
slightly shifted away from (he mountain fop towands the “fa” side, The ncar side exhibits
a main deamplificatian pattern, and the ascillition pattern on the far side is cnhanced owing
lo the strenglthening of the forward scallcred waves, Those [catures are conspicupusly
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emphasized in the 51" cave. The dezmplilication patiern on the near side {3 combined with
the preat sensitivity of the surface horirantal displacement on the incidence angle {(that is
with the logcal surface slope), and, gt low Treguencies, with the interference between the back
scatiezed Ravleigh end P-waves and the primary wsve. The mountain top here exhibits a low
lrequency strong deamplification pavesn, and the point of maximum amplification is
located very near the mmiddle of the slope. The vertical displacement 8 masunum near moun-
tain 1op, and slightly geeater on the far side \han on the near one,

Synthetic seismograms in Fig. 14 provide a good illusiratinn of all these features. The
directivity affect appears very clearly for both P and SV cases. For instance, the forward
scattered Rayleiph wave is five rimes larget than the back scatiered one in the SV case, For
incident Powaves, this ratie is greater since the back scatiered Rayleigh is very wesk, On the
contreny, Ftp. 15 shows a very clear back scattered Powave, in this case, while there i3 no
forward scattersd such wave, The maxitnum displacement values underga important changes
aver the toposraphy, for both vertical and horzontal components n the $¥° case, and
mainly for the horizontal component in 1he £ case. As an example, the deamphfication on
the near side reaches 80 par cent In the 517 case for the harizontal motion. An inleresting
feature iz the motion at the mountain top in the 577 case where honizental or vertical eompo.
nents appedr to be complerely decoupled: the horizontal motion is of rather low frequency
while the vertical motion zrtains much higher frequencies, and the apparent amival time of
the &F-wave is dillerent on the 1we components {about 0.4 dimensionless time fater on the
veflical one).

2.5 ASPECTS OF THE INFLUENCE OF THE POISSON RATIO
The vast majority of Earth components have a Poisson ratio very near 0,25, Nevertheless,
this value may be gignificantly greater for some surface matenials, such as poorly consali-

T incidenl P owives Inciden! 5V wrves

h'flc ATS : v: A0
Figure Lb. The @me a5 Flg. 5, for 2 mountain of sme shape bul having o Lucger Poison ratio_ie, » = 0 40,
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dated sediments or artificial flls. tn order to get an idea of the upper of the changes in
the diffraction and amplifieationfdeamplification phiencmena due to the Powson ratio, we
have investgated the ease of & welium size mountan it 3 0.375) having & Poisson ratio of
0.40 {that is a shear @ compressional velocity ratio of 0.41) impinged by vertical P and
SV waves, for a dimensionless frequency up ta 4.5, '

At shown in Figs 16 and 17, these variations ef the Poisson ratio induce significant
variations on the scattered Rayivigh wave. For incident Powaves, its amplitude is much
wnaller for » = 0.40, espacially at high rrequencies: around one-hall for < 2.5, and one-
third for 7= 3. In the 5P inadent case, we observe a stight reduction wo n the Jow
frequency dormain (5 < 1.5} then the Rayleigh wave dusappears, as in the v = 0.25 case, for
dimengonless frequencies between 1.5 and 2.4, and, for hugher frequencies, its amplitude is
similar in both cases, and even a lintle greater for =040,

The horzontally diffragted Powvave is stil] very weak lor incident Powaves, though slightly
greater in the high Poisson ratio case. For incident 5 Vowaves, its amplitude s comparable in
both cases at dimensionless Mrequencies helow 2.5, and it is then significanily lower (around
one-half) in the high Poisson ranio case.

Alses noticeable are a slight decresse in the amplitude of the homogeneous waves fos low-
frequency incident Pwaves, and their opposite small ifncrease for low-frequency incident
SVP-waves. ‘

These variations in the diffrzcted field are gbviously reverberating on the surfzce motion,
Al some distance (rom the topographic featuze, the weiakening of 1he main scatrered waves
{the Pwave for incident S¥-waves, and the Rayleigh one in the F incident case). rogether
with the slight increase in the amphtude of the other difftacted wave {fespectively Rayleigh
and £}, somewhat lessen and disiub the oscillating pattem af the horizontal and verticat
displacernent epectra (Fig. 17).

ncihienl 5 wavad

Incidg P wanay

mA o ATS

v 4D

Figure 17, Displacement ampiitude as 3 fundtion of site location and equency for the large Pomsan
ratio coar e ® 040, aned for addent Pawves (leny and S1ownves triehty. The sap disgramy represent
the vertical companent, and ihe Bediem diggrams ihe horieonal campanent,
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The displacement ficld over the anomaly itsell also exhibits signiftcant variations, On the
mountain top, the overall shape of 1he spectram remains roughby 1he same in both cases for
hath P and SV incident waves, but the higlefrequency Jeamplification in the £ incidenl case
i much more imporant for » =040 (up to T per cent for 7 =4.0), and for ncident -
waves, the amplification is always greater when o = 040, These features may be explained by
the changes in encrgy lacusing, which is smaller in e former case and greater in the latter,
because of rhe variations.in rhe propagation direction of the reflecied SV and Powaves,
respec tively,

On mountain flznks, the spectrum shape of the main cempenent of displacement (j.¢. the
vertical for incident Powaves, and vice versa), remains roughly similar, but differential
motigns are greater, for incident Pwaves, for 0o * 0.25 and, in the ST7 incident case, for
=040 {that 15, the amplificacion is greater on the mountain top, and deamplification
greater near the base). MNevertheless, rthese differential stiaing are in some sense balanced by
the olher component of maotion, which is higher for ¢ =040 in the # incident cazes and vice
versa for incident MTowaves,

3 Topagraphics having 2 more complex geometric thape

The above reporied resulls only deal with isolated topographic features, having s rather
simple and amooth geometric shape. Unfortunately, such cases are met in nature only very
cccasionally, and topographuc fearures most often either present s pranounced three-
dimensional characier, the investipation of which is beyond our present purpose, or, when
raughly two-dimensional, consist of a complex alternation of mountains and vallays of quile
different heights, dopes und widths. Of course, a theoretical study such as the present one
cannot include every pariicular case that may occur in reality; nalwithstanding, it is

In¢icdent SH waves

Fegure 18, Displacement Nicld and wavefield characieriylica (o1 the topographic structure iflusitaed in the
Boltom keft box, and specifed 0 the (est, (23 Thaplacement amplitude 34 2 funcian of site location wnd
frequency. (b) Scatlered maves amplitude as a function of barltonial wavenumber and Dequency.
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intetesting to have fome rough ideas about (he modificalions undergone by the scattered
wavefield and (e Surfage motion when the Lopograplie structire has a somewhat higher
degree of complexity than the above investigars d mountain mude!.

Fig. LB(b} illustrates the SH scatiered fizld of a cosineshapad mountain of shape ratio
A ff,=D.5, flanked on each side by 3 smal| codneshaped depresslon of same thape ratio
kafls. The mountain width & four times the depression width: fff; = 4. Although this
diagram it much more complicated than those shown on Fig. 6, its main charactensts
remains the existence of a horizontally diffracted SH-wave. The great difference is, however,
that its amplitude shows a near dependence on Itequency, combined with a strong intensifi-
cation with respect to the isolated meuntiin case {up to 3.5 times larger). Moreover, the
frequencles at which thess high amplitudes occur correspond {0 integer values of the moun-
tain width'over wavelength ratio 24, fA, thus indicating some kind of lateral résonance eifect,
This greal amplitude honzontal SH-wave has cbvioutly 1 strong influence on the displace.
ment freld (Fig. 18a), and induces sirong differential sizzing on mountain slepes al much
lower [requencies than in the ispltated mountain case (Fig. 8a). Furthermore, the low-
frequency amplificalion on the mountain 109 is greatly enhanced (up to B0 per cent spectral

L
o Fragueng y i +

NNPTAL

Figure 19, Scutiered wives amplitude as o fundlinn af hatizeatal wavenumber and (requency, for the
tapographiv stpuctuse llystrated on boltaom right! cormee when mpmged by SA-waves onder varegus inci-
dence angley, Sec L, 10 and wesl 100 further explinaliors aod conimenty.
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Figurt 20, The rame as Fig. §, bul Tor the topographic structure ilustrated in Fig. 1%,

amnplification for 3 = 2§/} = 2], probably because of 3 greater energy Irapping in the moun-

tain, due 1o the latecal small depressions.

The frequency-dependent strengthening of the diffracted wave has led us 10 investigate
another topographic feature, involving some kind of periodicity in its gtometric shage, Such
a case is nol unrealistic, since same mountain ranges, such a8 for instance the Appalachiar;
mourtains, exhibit a very clear sequence of two-dimensional ridges and valleys having similaz
widihs and heights. We kave chusen 1 series of five cosinc-shaped mountains of the same
shape ratio, Aff w04,

Figs 19 and 20 present the elastic Neld scattered by such a topography for vestical and
oblique SH-waves, and for vertically incident P- and SF-waves, respectively, The resonance
effect mentioned above is now very clear inn each case, and alfects the three diffracted waves
{84, £ and Rayleigh). The cortesponding frequencies are f, = (n + 1) -cf2f {where ¢ is
respectively 3, o and cg = 0.92 3} in the vertical incidence case, They are shified for the S5
oblique incidence cases, according Lo the relation:

fomten L]
N S Yesmg

with m=0,1,2,...

e=— | for the forward scattered wave SHY (f1),
£ =+ for the backward scattered wyve SH,':(}:].
This equation may be derived in a straightforward way from a constructive infecference

Patiern belween waves diffracted a1 the different ridges. 1n the obhgue incidence case, the
backward scattered wave appears therefore al much lower frequencics than the forward

— e T —
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This may perhaps be related with the above mentioned vanishing of the diffracted Rayleigh
wave for dimensionless frequencies belween 1.5 and 2.5,

Finally, as to the dependence of :he diflracted waves buth on wave type and incidence
angie, these diagrams confirm what might be inferred from previous secjons. The SH-
waves still possess the larger scattering power (at least for the fundamental mode), especially
for the diffracied Pwave: it armplitude in the §F case is more than twice that in the Pease,

while the Tu, N
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Figure 11, Response of ithe 1ampgraphic struciure Blustrated in Fig. 19 to vertivelly incident §¢° and F
Racker wavelets of characierbne frequency .93, Avm Fig. 11, the pround modon o compuled anly over
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while the fupdamental Rayleigh wave is 50 per cent larger for incident 517 waves toe, From
another point af view, the amplitude of the backwaid scatiered SiHf-wave diminishes as the
incidence angle increases, and the cuntracy for the forwand scattered wave, One may reasan-
ably think that the diffracted waves follow a similar behaviour for obliquely incident
FPwaves,

The time response of such a topography is illustrated in Fig. 2! for the S cases, and in
Fig. 22 for the # and SV cases, The synthetls seismograms are shown only aver the centrad
hill because the topography perindicity Induces 3 strong pediodicity in the displacement field
(the only difference is that motion lasts somewhat longes om the Tateral hills lhan on the
central one}.

A common striking leature is the 1trong prolongation of the displacement duration. This
property resulss from the arrival of the waves scalicicd at each hill. As seen in Fig. 21, this
prolongation letsens as the incidence anple increzses. neverthelezs, as the resonance
frequencies are considerably shified for obliguely incident waves, we may think that the
duralion may be [ongsr for obligue waves in the case of high.lrequency incident signals.
However, for the particular incident signal investigated here, the main seaciered waves in the
oblique SH cases appear very clearly to be the back scatiered ones.

The displacement amplitude varlations over the topography are still much gredler in the
3 cases than in the F case. In the vertical incidence ¢ase, the amplilication always occurs on

the mourttain top {+33 per cent in the 57/ case, +33 per cent in the 5V case, and +70 per

gent in the P case), but the location of maximom deamplification differs according to the
incident wave type: in the §% and P cases, these are valleys (=37 per cent and — 8 per zenr,
respectively), whereas they are hill slopes in the SH cases (— 25 per cent at mid-slope)l Lo
each case, the differsntial motion §s the most important on monntain slepes, because of the
rapid frequency and amplitude changes in the displacemen fieid. This appears very cleady
in the SH case_

In the case of oblique incidenl waves, the results follow what has been lound For simple
topographies. The near side undegoes increasing deamplification when the incidence angle
Increases, and so does the maximum amplification, shefted on the Tar side, with increasing
Incidence anple.

in conelusion, we think thal the complexity of the topography has fittle effece an the
primary wave ampiitude, Lot it significantly prolongates and complicates the end of 1he
signal because of the number and amplitude of scattered waves, This may be important for
complex and long incidenl signals, for which scattered and direct waves may sirongly
interfere.

Such interferences may explain the consiberable scanier in experimental data, such as
those of Griffiths & Bollinger (1979), for which the surreunding topography (Appalachion
Mountains) actually exhibity some hind o wwo-dimensional penodicity, a3 agsumed here,
Anvhow, our resulis tail to esplan the lnpe amplification vatues they generally observed (or
the cresifbase or crestfslope amphitude ratios in the rime domain,

"4 Conclusion

The Aki-Lamer technigue has been uvsed o pecform, in both the time and frequency
domains, 4 cirenmstantial analysis af the @ffects of two-dimensional topagraphics an ground
motion. Incident plane £, §¢% and Pwaves, having waveisngihs eomparabile with the haori-
zontal and vertical sives of the wepographic feature and longer have been considered, The
respective inlluences at the surface geometry, of the =laskic pasameters of the half-space ang
of the incident wave characteristics, have been investigaied in some detail, 1w get a clear view
of the phyiics of the opographic effects.
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Fasentially 1wn sach effects, buth appeanng at verv lonf waselengths {(abnut four 1imes
the 1opographic widih), show up far the jopngraphic structures jvestigaled in Lhis paper:
the (irst euoncerns the now clessical amplification/deamplification pattein, relaled to the
lncat sueface curvature, and the second consists of a wave diffraction scheme on the convex
parts of the lopography.

The well-known amplification oo mountain top is ohserved in each of the three SH. SF
and £ cases; ils amount is more important forincident S-waves than Tor M waves, which is
congisient with 1he experimental ohservations of Davis & West {1973}, anit Criffiths & Bollinger
{1979). Yer this amplification does not accur systematiczlly, and it is thown 1o depend
sgnificantly on the charasteristics of both the incident waves and 1he topographic siracture.
Although this dependence may vary irom one case to another (and especially for incidemt
S Vowaves), the following {eatures are gencrally observed: the amplilude spectrum exhibits
a rather Hatl maximum for wavelengths comparable with, or shightly sharer than the moun-
tain width, this amplification generally decreasey with mereasing cidence angle {and $¥.
waves inchlent at the crtical angle give rise ¢o a sipnifizant deamplification on mountain
lops), i increases with mowntain height, 2 leaste for the rather smooth Wwpngraphics investi-

pated heie, amd it also shows g signifieant but complex dependence en the Poisson ratis. This .

amplificalion scheme is obviously replzced by a deamplfication one far concave topo-
graphies, but we did not investipate this Taiter case in detail.

The other effect of topagraphic irregutarities is the diffraciion of body and surface waves,
which are geperated on the convex parts of the lepography znd then propagale gurwards
atong the ground surface. The type and the amplilude of these waves depend on Lthe incident
wave type. In the SH case, we ohserve 2 horizoptally diffracted SH-wave, in the P oase we
have mainly a Rayleigh wave, with a weak horizontal Powavein the 5V case, both P- ang
Rayleiph-waves are present gnd their 2mplitude may be very large for some values of the
frequency andfor the incidence angic. [ncident 5 V-waves clearly possess the greatest scatter-
ing power, and seem to be associated with 11w most cornplieated diffraction scheme, Whereas
intuitive reasoning concerning the behaviour of the diffracted waves {strengthening as moun-
tain height increases, rather smooth (reguency dependence, strengthening of the forward
scattered waves and weakening of the back seattered as incidence angies increases) agree quite
weil with lhe compuied results in both SH and P cases, they completely fuil for incident
SP-waves. This particular behaviour, together wilh the large amplitude of the scattered P-
wave in the SV case, should, in our epinion, be related with the importance and the sensiti-
vity of the 5-F reflections, as previously underlined by Houchen (197B) and Bard &
Bouchon (1950b). These scattered waves control the displacement fisld over a wide area
around the lopographic irregularity, and may be of great importance in earthguake engineer-
ing studies. For instance, their lateral propagation alonp mouniain slopes, as well as their
interference with the primary wave, may result in strong differential strain, over distances
and for frequencies in the range of man-made structures, For complex topographies {which
i5 the general case}, the farge number of scatlersd waves may result in 3 significant proiong-
atfon ol the ground motion.

In conclugien, it must be underined that, in spite of the extreme simplicity of the
gromeirical models investigated here, the wpographic effecis exhibit 2 greal complexity dus
to their dependence on the incident wave charagtenstics. From the resulis presented in this
paper, it 15 thus very difficult to inler general rules concerning the displacement field aver
topographic irregularties. Moreover, real 1opugraphies may be affected by other phenomena
than thost tréared in the present study! for instance, steeper lopographies may give rse to a
lateral Tesonance patlern making the lopographic structure oscillate as a whele, In other
respects, the {wo-dimensional assumption, which is only seldom met with in reality, may
lead to an underestimation of the actud topographic effects, especially those affscting the
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primary wave amplitude, Finaily, znathe: important factor may be the presence of layering
undes the topographic struciere, which, in our ppinion, may enhance the amplitude of the
scattered hody SH- ot P-waves by converling them into Love or Rayleigh waves. Such
effects could perhaps explain the quantitative discrepancy which still exists between the
numercus thepretical results and the experimental observations.
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THE EFFECTS OF LOCAL IRREGULARITIES
ON SEISMIC GROUND MOTION

By
Francisco J. Sdnchez-S5esmat

ABSTRACT

The effects of topegrapinical and geclogical irregulari-
ties on seismic ground motion are discussed, A short de-
scription is given of some of the available technigues to
calculgite such effects, Some comments are made on the im-
portance of local conditions in the assessment of seismic
risk.

INTRODUCTION

It has long been recognized that local topograpihiy and
geclogy can significantly affect the ground motion at a
site {Figure 1). The contribution of topography could serve
to explain the high acceleration recorded at the Pacoima Dam
{1.25 g) during the San Fernando, California earthcuake of
February 9, 1971 (Trifuna¢ and Hudson, 1971; Boore, 1%72c).
For the aftersiocks of the same earthquake Davis and West
{1973) in a series of observations nave found significative

local amplifications due@ to topographical relief. In a field
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study in the Appalachian Mountains using distant mine blasts
as gources, average amplitude ratios between mountaintop and
valley sites were determined {(Griffiths and Bellinger, 197%).
These average ratios showed that the seismic wave amplitudes
at the crests were amplified by factors fram 1.7 te 3.4. In
Figure 2 three seismograms for the same avent in the Powell

Mountain area are shown. The positions of recording sites

are also displaved in the figqure.

The effect of soil conditions in ground motion has been
cbsaerved in well-documented earthguakes ({(Sozen 2f af., 1968;
Jennings, 1971) and in regression analyses of strong motion
data. There is significant evidence that subsurface topog-
raphy, {.g. lateral heterogeneities, are related to localized
damage distribution in the SXopje, Yugoslavia earthquake of
July 26, 1963 (Poceski, 1969}. It has been suggested that
focusing of the wave enargy, by irreqular interfaces, gener-
ated large motion amplification in limited zones of the city
{(Jackson, 1971). Damage statistics of buried utility pipes
in the Miyagiken-0ki, Japan earthquake of June 12, 1278 hawva
shown spectacular increase in the number of occurred fajil-
ures near the cut and £ill boundary of a newly devoloped

area (Kubo and Isoyama, 19%B80).

Local conditions can generate large amplifications and im-
portant spatial wvariations of seismic ground motion. These
effects are of particular significance in the assessment of
saismic risk, in studies of mig¢rozonation, in planning and in
the seismic design of important facilities {Esteva, 1977;
Ruiz, 1977). 1In particular, local irregularities can be rel-
evant in calculating the soismic response of long structures
{see Figure 3] like dams, bridges or life-line saystems {(2.g.
Esquivel and Sinchez-Sesma, 1980; Ruiz and Esteva, 1%81).
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As pointed out by Trifunac (15%80), the strong earthguake
shaking of interest in earthguake enginecering falls in the
freguency range from about 0.1 Iz te about 20 H2 and since
the seismic wave velocities near the earth's saurface lie in
the range from about 0.1 km/s to about 3 km/s, it can be
seen that the gorresponding wave lengths are from tens of
meters to tens of kilometers. Thus, the topographical and
geolegical irregularities of dimensions near to this range
will have considerable influznce on the corresponding waves.
It follows that the extent and detail of local conditions
regquired 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 particular 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 or small buildings,

these dimensions gcan be from tens to hundreds of meters.

Althoughl recent work has emphasized the physical under-
standing ©f local effects so that quantitative predictions
can be made, as stated in a recent review by Boore (19B3),
there 1s still lack of criteria for dealing with the probh-
lem taking inteo account source, path and local conditions,
Aetive research is needed to predict more accurately the
local effects, given the source paramaters, Indeed, 1t is
encouraging bthe recent progress on strong motion predicticon
using mathematical moleling technigues (Aki, 1982). Much
of the rescarch is concentrated on the understanding of
fault mechanics and wave propagation in the EBarth. It is
generally accepted that high freguency radiation, which
controls accelerations, comes from very logalized parts of
the fault. A powerful asymptotic theory of high frequency
radiation has been recantly developed (Madariaga, 1583}).
Applications of the theory are coming. Ilowever, it should

be noted tthat the foci of future earthguakes are not known;
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their location, mechanism and amount of released energy can
only be speculated in terms of regicnal seismicity medels
{(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
hign fregquencies. It Is then clear, in view ¢f the men-
tioned uncertainties, that the problem of saismic risk
assassment must be dealc with a probabilistic framework. A
promising approach seems to be.the use of integral measures
of intepnsity such as the Arias' (1970} using stochastic
descriptions of the input and simplified models of the lecal |
irreqularities {Sinchez-Sesma ¢ al., 1933}.

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 g¢ertain input, £{.¢. some
kind of seismic waves., For this purpose the current formu-
lation of the problem, the known analytical solutions and
the available numerical methods are discussed in brief.
This review is by no means comnlete and reflects the par-
ticular trends of the author. Nevertheless, it is hoped
that Lhis work could serve to stimulate Jdiscussion and in-

terest on the problem.
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FORMULATION OF THE PROBLEM

There is nc doubt that the source mechanism governs the
way in whicii the released seismic enerqgy is radiated in
space and time. However, seismic waves, once emitted by the
source, are dependent on the mechanical properties of earth
materials and the heterogeneities encountered in their path.
This is also true dealing with irregular local conditions.
Moderate changes in mechanical impedances or irregularities
with size comparable to incident wave lengths can generate
significant amplifications and spatial variations of ground
motion (Boore, 1872b).,

Plane waves are reflected back and refracted forward as
they arrive at a plane interface. The amounts of reflected
and transmitted energy depend on the mechanical properties
of the media involved. Reflection and refraction in elastic
wave propagation can well be described by gecmetrical means.
Let us call diffraction to every change in the waves' path
that c¢an not be described as reflection or refraction, For
studying diffraction of elastic waves it is necessary to
sclve a boundary value problem for the governing eguations
of linear elasticity f(e.g. Achenbach, 1973; AkI and
Richards, 1980).

To fix ideas, consider an elastic, hompgenepus and iso-
tropiec half-space with an irregular surface. Under inci-
dence of elastic waves the irregularity will diffract the
incident wawves {diffraction is frequently called scatter-
ing). Diffracted waves must satisfy, toghether with jngi-
dent waves, the governing eguations (MNavier eguations) and
the boundary conditions {traction-free surface). Mareover,
the diffracted fields must satisfy the Sommerfeld (1949}
radiation condition at infinity, which means that the dif-
fracted fields must scatter to Infinity; {.z., no energy

- i - e ea e S T — e o —_— —— w——
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may bo radiated from infinity into the irreqular region,
Tne Sommerfeld radiation condition has been extended ko
elastic wave fields by Kupradze (1965}.

ANALYTICAL SOLUTIONS

The simplest problems in elastic wave diffraction are
the two-dimensional SH-wave problems because they can be
analyzed separately from other body waves. The governing
equation for this case is the scalar wave equation. Then,
analytical solutions can be obtained for geometries of the
scatterer whnich allow separation of variables (!low and Paog,
1971): Using this method, exact solutions have heen ob-
tained for the diffraction of Si-waves by canyons and allu-
vial valleys with semi-circular {Trifunac, 1971, 1973} or
gsemi-elliptical shapes {Wong and Trifunac, 1974a, b). Even
with these simple models of local irregularities, compli-
cated interference patterns were found and the obtained
surface displacement fields vary strongly in space (se=
Figqure 4}. They are very sensitive to the incidence angle
and the freguency. Results for alluvial valleys show the
importance of tne two-~dimensional bshaviour which gives much
larger amplifications than those obtazined 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 wave functions developed in classical pnysics
are not separable for the half-space surface due to the cou-
pling of boundary conditicns. Lee (1378, 19B82) overcome
this difficulty for a semi-spherical canyon by sxpanding the
spherical wave functions furthar into a power series which
matched all the boundary conditions successfully. However,
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this appreoach is limited to small freguencies 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 obtainad 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 aof small utility because the acoustic assumption can
nardly be met in real cases. The problem of vertically
incident P-waves upon a semi-ellipsoidal three-dimensiocnal
scatterer has been exactly solved for an elastic medium in
which horizontal displacements are restricted {Sinchez-
Sesma, 1983b}. Results for vertical displacement are in
reasonable agreement with those from more reliable computa-

tions for a truly elastic medium (S&achez-Sesma, 19%983a).

Under the assumption of small-slope irregularities a
perturbation solution has been obtained for the elastic
scattered field by two-dimensional geometries (Gilbert and
Enppoff, 1960). The approximation is based on replacing
the irregularity by aa eguivalenkt stress distribution. An
application of this method by Hudscon (1967} deals with small-
slope three-dimensional scattercrs. With this approach rea-
sonable estimates have been obtained of the scattered
Rayleigh waves as compared with cobservations even in cases
in which slope angles are as large as 25° or, say, 30°
{(Hudson and Boore, 1580).

The method of matched asymptotic expansions has no re-
strictions on the slope aof the irregularity. It is based in
matching the first terms of an outér expansion of the near
field with those of an inner expansion of the far field
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{Sabina and Willis, 1975, 1977}. Althbugh the method is
limited to very small frequencies, results are in qualita-
tive agreement with observations.

NUMERICAIL METHODS

A powerful technigue has been developed by Aki and
Larner {1970} to Lreat scattering of Sid-waves by irregular
Interfaces. 1In the Aki-Larner metiod, 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. Inhomogenecus plane waves are allowed.
The total motion is obtained from integration gver horizon-
'tal wave number. Under the assumption of horizontal peri-
odicity of the irregularity, the integral is replaced by an
infinite sum. Truncation of this sum and application ©f the
inéerfaﬁe conditions of continuity of stress and displace-
ment leads to a system of linear eguations for the complex
scattering coefficients, This method, which is restricted
to small-slope irregularities, has been applied by 3Bouchon
{1373) to study the effects of two-dimensional irregular
topographies on ground motion for incidence of 54, SV and
P waves, An extension of the moethod has been advanced by
Bouchon and aki (1977a, b} to represent with this discrete-
wave-numizcr technigque near seismic source fields in a lay-
ered medium with irreqular intorfaces. hnother extension
of the mothod, now to bime domain calculations, has been
developed to study the seismic response of alluvial valleys
(Bard and Bouchon, 1980a, b) under incidence of SH, P angd
EV wavas, The Aki-Larner technigee has been recently useld
by Bard (1982) to analyze the effects cof two-dimensional
elevated topography on ground motion. The comprehensive
studies by Bard and Bouchon throw light on the subject and
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on the physics of the problem. The method has been usecd to
model the fields generated by real faults {Bouchon, 1%7%;
Campillo, 1583}. It can be used to model ground motion
considering together the effects of scource, path and local
conditions., However, in this case the numerical computa-
tions may become very expensive -if they can be performed-

for many real casas,

The flnite difference method is also a powerful tool in
elastic wave propagation studies {Alterman and Karal, 1968;
Bocore, 1972a). It has been applied to modelate two-dimen-
sional irregular interfaces {(Boore ! af., 1971) and ridges
{Boore, 1%72b] in the SH c¢ase angd also for incident of P and
Sv-waves upon a sedimentary basin {Harmsen and Hérding;
1981} and a step-like topography (Boore ot af., 1931). In-
teresting results have been found concerning the significant
generaticn of Rayleigh surface waves by lateral irregulari-
ties, Tor incidence of P waves upon z surface slot the com-
putations by Ilan and Bond (1%81) give good agreement with
experiments. It was found that the amplitude of the scat-
tered Rayleigh wave is, as expected, dependent on incidence
angle, A finite difference analysis of axisvmmetric topog-
raphical irregularities has been presented to study the ef-

fects of vertically incident shear waves (Zhenpeng ed ai.,

"19B80) . Spectral ratios were obtained and compariscn with

observations gives reasonable agrecment. The finite dif-
ference method is theosretically unlimited to model details
and nonlinear behavicur of materials, but the size of the
problem can easily exceed the capacity ¢f major computing

facilities,

The finite element method alsc allows a detailed descrip-
tion of site topography and layering. It is possible with
this method to caleculate the response of two—-dimensional soil

configurations with truly nonlinear stress-strain relations
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{Streeter e&f af., 1974; Joyner and Chen, 1%75; Joyner,
1975). The major disadvantagg of the metnod is its low-
freguency limit and high cost. Usually, real time analysis
mugt be shortened to avoid the reflections from the artifi-
clal boundaries. The use of different transmitting tech-
nigues can reduce the spurious waves to some extent (e.g.
Smith, 1974, 1975; Ayala and Aranda, 1977; Clayton and
Engguist, 1977; Castellani et af., 1981l; Liac and Wong,
1981}. A successful criterion has been developed for damp-
ing out the unwanted reflections by means of non-uniform
element size (Day, 1977). TFinite elements have been used to
treat problems of irregular layering {Lysmer and bDrake,
1972; Drake, 1372; Aranda and Ayala, 1978) and two-dimen-
sional topographical irreqularities (Castellani ei af.,
1982) under igealized conditions. Nevertheless, a realistic

wave analysis is quite costly.

In recent years boundary methods have gained Encreasing
popularity. This fact is mainly due to the availability of
high speed computers. Boundary methods are well suited to
deal with wave propagation problems because they avoid the
introduction of fictitious boundaries and reduce by one the
dimensionality of the problem. These facts yield numerical
advantages. Moreover, boundary methods can be used together
with the finite elemant method (Zienkiewics of af., 1977},
Then, the region modelated with finite elements can be
smaller (e¢.g. Ayala and GOmez, 1979; Shah et af., 19B2).

There are two main approaches for the formulation of
boundary methods; one is based on the use of boundary inte-
gral eguations {Cruse and Rizzeo, 1968Ba, b; Brebbia, 1978;
cole et af,., 1978; AlarcSin ei af., 1979), and the other,
on the use of complete systems of solutions (Herrera and
Sabina, 1978; Herrera, 1980). The scattering of incident
SH-waves from two-dimensicnal irrequler topographies has
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been formulated with integral equations by Wong and Jennings
(1975) for arbitrarily shaped canyon-like profiles and by
5i1ls {1978} for ridges and mixed shapes. This method has
been applied with success to calculate the effects of a dip-
ping layer of alluvium of an SH-wave source on the surface
(Wong et af., 1977). Results compare favorably with obser-
vations during a full-scale low-amplitude propagation test.
A powerful approach which combines the boundary integral
equation méthod with finite differences in time has been
presented (Cole ¢ af., 1%78) for sclving elastodynamic
problems, The performance cof the method was found to be gaod
in a simple numerical problem. A boundary methed has been
recently developed and applied to solve two-dimensiconal
scattering of harmonic elastic waves by canyons {Sinchez-
Sesma, 1978, 1981; Sabina et al., 1979; S&nchez-Sesma and
Rosenblueth, 197%; Wong, 1%79%, 1982; England 2¢ af., 1980;
Sinchez-Sesma et ﬁf., 1982a), alluvial deposits {Sinchez-
Sesma and Esquiwvel, 197%; Dravinskxi, 1982a, n, 1983 and
ridges {(SSnchez-Sesma and Esquivel, 1980; Sianchez-Sesma

et af,, 1982h) for different types of wavas and shapes of
the scatterers. The method consists of constructing the
scattered filelds with linear combinations of members of a
¢-complete family of wave functions (Herrera and Sabina,
1978). These families of functicns, which are solutions of
the governing egquations of the problem, can be constructed
in a very general way, with single or multipclar sources
having their singularities outside the region of interest,
Coefficients af the linear forms thus constructed are ob-
tained from a least-sguares matching ¢f boundary conditions.,
As pointed out by Wong (1982), the method can be consideregd
as a generalized inverse one, In deoing this, Wong suggested
a procedure which improves the solution numerically. A
general framowork f{or the method is given by a recent alge-
braic theory ¢f boundary value problems {Hearrera, 1979,

1980 a, b}.
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This approach has recently been extended to three-dimen-
sional problems {S4nchez-Sesma, 1983a). The case of inci-
dent elastic waves upon axisymmetric irregularities on the
surface of an elastic half-space was formulated using an
azimuthal decomposition. The diffracted fields were con-
structed with multipolar solutions of the reduced Navier
eguations in spherical coordinates (Takeuchi and Sajito,
1372; Aki and Richards, 1980). For a semi-spherical allu-
vial deposit and vertical incidence of P-waves a very large
amplification was found, as compared with the flat layer

problem.

Using also multipolar expansions the scattering of har-
monle SH-waves by arbitrarily shaped alluvial basins has
been solved (1ze ¢& ef., 1981l). Within the theocretical
framework, a least-squares numerical scheme {(related to

Courant's) is used and it is found to reduce the prder of

the systems of eguations to be solved for the same given ac-

curacy.
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CONCLUDING REMARES

The influence of topographical and geological irreqular-
ities on seismic ground motion has been briefly discussed
and a short description of some of. the available methods to

deal with such e2ffects was made.

There is no doubt that local conditipns play an impor-
tant role in the spatial variation ©f ground shaking and
should be explicitly considered in the design of some impor-
tant facilities, as well as for microzoning. 8But local con-
ditions are not a}ane; the source mechanism and the paths of
seismic waves give alsg their part in the assessment of
seismic risk. Thus, a more complete descriptlon of the prob-

Jem is nesded.

Most of the models of local conditions regquire the defi~
niticn of the types, incidence angles and time variation or
freguency content of the incoming waves. HYowever, there are
at present no generzl criteria for selecting on a physical
basis the characteristics of the input for many practical
situations. SEEh criteria, hopefully, will come from the

research on the source high frequency radiation,
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Seismograms at three stations at the Powell Moun-
tain area and location of the recording sites.
Epicentral distance was about 30 km. Topographic
contour interval is 200 £t {61 m) (After
Griffiths and Bollinger, 1979)

—— - — e ——

————



H

27

Fig. 3 Long structures at irregular
Eites: a) dam; k) bridge; and
c)alife-line system
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Displacement amplitudes at points in the
surface of a semi-~circular canyen. Inci-
dence of harmonic plane SH waves {After
Trifunac, 1971)
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GROUND MOTION AT CANYONS OF ARBITRARY SHAPE
UNDER INCIDENT SH WAVES

FRAMCISCO I, SANCHEZ-5ESMA™ AND FMILID ROSENBLUETHT
Putfivio Je Ingenierio, Unipersidod Maclonal Auidnoma Jd¢ M xice, Mirico

SUMMARY

A method for caleutating the two-dimensional scatlering of ingident 5H waves by canyons of arbitrary shape is
presented. The problem is formutated in terms of a Fredhodm iniezral equation of the first kind with the integration
palh outside the boundzry. Poinl-source discretizalion and a leasl-squares scheme are vsed, Numerical results
are compared with the known analytic solution for 2 semi-cylindrical canyon. Spatial vaciations of surface
ampliludes are computed for friangular and halfcycle sinusoidal canyons as well.

INTRODUCTION

Influsnce of local conditions on ground motion due Lo earthquahes has been recognized as a stgnifizant
feature in stismic design b? Topographic effects can introduce appreciable differences on seismic movements
between neighbouring sites, even when the distance from the active fanlt and predominant incident angles
do net change,

The subject has been treated.in the literature as a problem of elastic-wave diffraction. Anahvtic solutions
for sermi-cylindrical and seru-elhptical canyons under incident SH waves have been obtained * An acoustic
approximation has been used for a similar problem where ooly vertically incident P waves are considered
in detail ® By means of marched asymplotic expansions, expressions for the solution of the SH-wave difrzction
problem have also been abtained.™ This solution is restricted to low frequencies. Another approach assuings
petigdicity of suzface shape and uses discretized imtepral equations 1o describe the movement in the
neighbourhood of topographic irregulzrities with small slopes undar low-lreguency incident waves® The
SH-ware diffraction problem for canyons of arbitrary shape has been formulaled in erras of 3 Fredhalm
integral equaticn of the second hind and applied to 1he study of wopographic effects at Pacoima Canion’,
barge ampiifications and decrements were found in harmonic analysis but computed response fpectra
showed smali differences, suve for Lhe range of high Negquencies. For the same problem a multipols expanston
in terms of Hankel functions aboul the origin and the least-squares mechod have been used® Compansen
of results with some known exact solulions yields very good agreement.

In the present work an altereative method is developed for solving SH-wave diffiraction problems in
arbitrarily shaped canvons. The method makes use of an irtezral representation of scatersd wases as a
simple layer potentiad® apptied at tnierior points thus avelding singularities in the kernel of the inwegral
equatian, The idea is similar to Copley's® for Weber's equalion 2nd has been applied by De Mey!® 1o the
solution of Laplace's interior problem,

The resuliing Fredholoe integrad equation of the Girst Lind is discretized with line sources concentrated at
an inigrior curve. Emphasis is on Geld representation rather than on solution al the inteeral equation tself,
Thus, the Fredholm integral equation serves as an intermiediate stop in the problem formulation and provides
a usclul too! o investigate some of the sinevlaritics of the operator.

Once the bourdary conditions are estzblished, a systemt of equations is obtained which is solved in the
least-squares sense.

* Anodate Frofessor of Fopingering
t Professor of Enguneering.

OI%- 5847779050704 151 1.00 Received 1 August 1978
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The method has been applied to solve seatlering and difraction of P and 5V wuves by canyons'” as well
as pround motion of allusial valieys under incideat SEH waves '®

Questions anise on completeness of the sor of sourers and convergence of the method, We will not deal
with 1hem in this work, [t can be shown that the set of Yine sources lovated on an interior curve 15 complete
50 that no additional sources are required to approximaie the field ewtside the canyan and its boundary,

_The proef is similar to that used by Millar™ to establish 1he completeness of the multipole expansion and its

normal derivatives. Oiven that the set is complele, it can be shown that the Jeast-squares solution, when
applied on the boundary as done here, leads 10 an appraximate solution that canverges uwlommly in the
mean 1o the exact solulion as the number of sources tends 10 infinity.

For the scru-cylindrical canyon numerical resuits obtained by this method are compared with Trilunac's
exact solution.® Convergenee is illustrated showing results for increasing number ol sources. Results are

‘provided alsa for half<yele sinusoidal and trfangolar canyons.

FROBLEM FORMULATION

For the propagation of palarized SH waves, displacements in the 2 directian satisfy the sealar wave equalion
Pu +ﬂ = L% (1)
E AT

where ¢ =(ufp)t is the shear wave velogity, g the shear modulus, and p the mass deasity of the medium.

For harmeonic waves of the lorm wexp{iwt), squation (1) can be traasformed inte the Helmheltz equation

Ay Py .-

et KT . - .

FY% +By’ +k it 0 - . { ]

where k = wfe is the wave number and w the circular frequency,

The traction-free boundary coadition implies that at the free surface

E" -
z==0 )

where n 15 the normal vector to the half-space surface or to the canyon surface (Figure 1).

Figure 1. Canyon geometry
Assume that the solution has the form
o g A ’ (4}

where v is the free-field displacement {without surface irregularities) and u*! the coniribution of the

diffracted waves.
For illustration, consider a plane wave of unit amplitude that propagates towards the half-space surface

th ol =X+ 2
Lt - cxp[lw(i‘ t‘.+f-‘,.):| {5)
where ¢, = ¢/siny, ¢, = ¢fcosy and y is lhe incidence angle {Figur¢ 2). To satisfy the free boundary

conditions at y =0, a reflecied wave must be given by

Cu - HP[““('“%-‘_‘:)] )
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1 L]
!
u 1
« |
ALy Figure 1 Tncident and reflected plane SH waves, frae-field
et i
we \1 Thus the free-field solution is obtained as 1" = 489 §u'", which may be writlen as

‘:[: 1 = 2ros (L:—:r) enp iw{(t — ‘_i')] . (N

Assume that displacement & can be expressed as a simpie layer potential at interior curve C

| wipy - [ (OGP 0, ®)
ation c
‘ where G&C, Pe EudE (Figure 3}, o{(2) is the simple layer density—an unkrown lunction to be determined
(1) from the boundary cenditions—and G(P, Q) is Green's function for a point Q in the half-space, thai is,
) &P, () satisfies
igm. a @ )
alion . (ﬁﬂl-a'ﬁ-k') G(P, O m — B{|F =Ty} . (%)
(2) '
L
’ T - - T
o - - P R I"'I. 4 ¢ R J’
e JE
{:}) - A “E'---#*,,’
. o | c
Figurc ), Deknition of regiom & wnd £ and curves ©, T, and &E
with the free-surface condition . 1
ﬁ'i_“t . aG - -
' ;ﬂi 1 0 atymi (1)
where (-7 is Dirac’s delta function, # the pesition vector of point £ and 1 the position vector of point £,
Green's function iy given by
' G(F, Q) = ;-[H;“{krl} + Hkr ) exp (iwr) (1)
where #7/%'(-) i< Hankel's function of the second kind and order zero, ry = [{x— 3,32+ (p—1,3%), the distance
{4 \ from point Gy, 1) 10 point Flxp) and ry= [(x=x00 4 (3 + 5] is the distance from £ to the image
point of (0 with co-ordinates (g, — p,). I this cquation Hankel's function represents cylindrical SH waves
[ the that propagaie towards infinity with speed ¢ and satisly Sommerfeld’s radiation condition. 1
From equations {4) and {8} cne can whnig
rlace
“ u(P) = W PY+ Lam} G2, NS, {12}
where Pe EUdE,
dary L_prlucing caquation {12} in equation (1) for Pc2E, the resulting Fredholm integral equation ol the frst
- nd s
] .ﬂ} .
r L Ciot %) D |
J-ijg} o 35 o Pl (13)
- i g | . N ey T Sy "y W“HW
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where n,. is the narmal vector 1o boundary #£ at painl P,

To investigate conditions fer which the solution of (13) is nonr-unique, we will look [or non-iriviat
solutions o of the homopeneous problem

j a{( ﬂG{P "'?}1:1::?,.r =0, PsiE (14}
. Lt & be the selution of
el
Y yf Km0’ (15)

in a region R, limited by € and €, (Figure 3). For a point £ outside this region, applying Green's theorem!
we gel '
' ?sm m

Fa
| [_"‘L@.’G[P 0-3(Q) dSy =0 16
Joue,
Let ¢ = 0at Cand 2/#nm 0 at C,; that is, ¢ s an mgcr:i‘unctmn of the prablem

g té

pre] y,-rk‘qﬁ =0 inR
£ . d=0 m1C * (7
% = ﬂ' &l Cl
Funhsrmore, by copstroction -
eGP, )
ho U at Cl [Is]

Then, from equation {16}, for P outside region R we gﬂ @?
J’ MEI"]G (P, 0)dSg = 0 (19

For PeiL, from equation (19) we may write

[ 10126805, g 0
[l mo fﬂp

That is. there are non-trivial solutions o{Q) = &4(0)/tn, when k coincides with the eigenvalues of the
proviem defined by equations (17).

in particular, when R is a semi-circle with radivs 4, the eigenvalues are given by

- i"-ﬂ * 3
ko n a . (20

where j, , is 1he ath root of the equation S, {x} = 0, J(-}is the Bessel lunction of the first hind and order m,
m=0 012 . andr=12...

Given an arbitrary region R, there exists an infinile sequence of eigenvalues & for which the problem of
equations (17) has a continuous solutinn, .

tvevertheless, there may be olher non-trivial solutions of equation (143, The eigenfunctions of the problem
defined by equatians (17) provide only some of them. This suggesis use of a suitable numerical approach
to avord the lack of unigqueness.

We seek a solution in the least-squares sense, that i, one for which the mean squate emor
l‘ .ﬁum!“.l} Elu{dlfp} H

+

Jex| éop fup
is minimum. This criterion and the source-discretization scheme shown below Jead us 10 a method which,
apparenily, does not suffer lack of uniqueness. Thus, emphasis is laid on Reld represeatarion rather than ca
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the solution of the integrnl equation itself, On the other hund, it can be shown that the set of line sources

iv complete if we take a dense subset on it sulfives w select equally spaced points. Uniform convergence
to the exact solutivn in the mean is thus ensured. These ideas parallel thome 10 the work of Millar.™*

SOURCE-DISCRETIZATION AND NUMERICAL SOLUTION
I..:tt. ol £ be of the form

@)= £ ba5(10-0nD) 23)

where & is the number of sources of amplitude &, at points &, €C. Equaticns (12) end (13) can then be
writlen 28 . :

WPy u“'(ﬂ*é‘.lb. GIP.0,) (29)

and
dG(F, Q) _ _ P
b, 2 = 2
-.,l.‘i E‘IP 131 F] - ( 5]
[n order to find the ¥ unknowns &, A= 1,2, ... N, impose Lthe condition from equation (13) at M points
P,, on the boundary of Lhe canyon .

eGP, Q,'] E'um[P }

1, 5, . e M= 1,2, M _ (26}
Equations (25) represent the standard problem of linear algebra of Af equations with & unknowns
[""ma]{hn} = Um]' [27’}

Good results can be oblained when Af = ¥, but this case requires care in the choice of curve C. For
instance, when & coincides with or is very ¢lose to the eigenvalues of the inrerior problem {17), numeriva)
difficulties arise [e.p. vnrealistically large displacements or ill-conditioned operator). Modilying the choice
of curve C chunges (he interior problem and removes the singulurity.

It is convenient, though, to take M > ¥ and solve in the leasi-squares sensel* by means of

(AR TA wal b} = (A7 ITHLL {28)

where TA |7 is the transposed conjugate of the coefficients matrix, The resulting system of equations is of
arder A« v,

Onoce the values of by, # = 1,2, ..., N, arg abtained, cquarioa {24) aliows us to calevlate the displaczrment
at any point of the region £and its boundary. Solution of equation { 2%) is equivalent to oblaining a runimum
for the mcan sguare efror in exprossion (220,

RESULTS

In arder 1o couge the method’s accuracy, displacements at point of 2 semi-cylindrical canyon have been
talculared for several incilence angles ard nurmalized frequencies

ke 2a
n=—=- (29)

u.h.!: re Ais the incident wave lenpth, a the radius of the canyon and Lhus » is the canyon width-to-wave-length
fulbiny,

Yalues of real and imaginary parts of w atsome points are preseated in Table 1 for g = 20 and 3 = 30, 60,
'Y dcgfcce wsing several values al 4 for the caleulation, Comparisun is provided wilth the exact values pisen
by Tritunac’s solutivn.? For the interior curve €, a semicircuralcrence with radias 08¢ znd 99 collocation
puints at the boundary weee wsed.
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Table 1. Comparison of resully to exact solutivn, temi-cylindrical canyon, n = 2-00
[-}r - ]0-] FEN Vi s
xfa A = 10 M =15 M =20 Exact
-1-50 G408 = 1-15704 G744 1131299 0-70317 - 1-12942 070115 —=1-12941
- |00 - 34038y —0-18822 - 348605 —O-3T7223 = 1-4782% -0-42692 - 347834 =D042714
~0-50 1-2E720} O-4R13% 1-25302 O 47594 1- 24098 45159 i-25097 049748
1 241) 1-62731 = |-18459 15974 —1-T6536 1-59831  —1-783812 159841 —1-7G373
30 = 1-19572 20781 - 176972 320801 - I-76131 020617 - 1-76147 O 2066%
1-0d 1-43893 - 38959 = 1-42650 063539 - 1-4139) 0712454 - 1-43407 072470
1:50 —0-12401 204079 = Q05395 206556 - 0-05054 206186 —0-0505%3 206384
{y = 60°) )
xfu M= 10 M= S M o= 20 Exagt
- 1450 —1-83282 2-46628 = 1-76901 2508 = 115450 255361 — |-T64350 2:53553%
- 100 292025 =227 2-B56KF —=2-T42M 2-E0912  —1-A/1366 20493 =2 61559
=50 63131 —=1-3121 2-7I0AT —1-243M 271097 = §-24294 2-73078 - 1-232%%
000 —2-40435 [LZ ) W] -2 dibdd Q14238 = 248132 O-F4559 - 215129 O 14378
0-30 15104 =021799) 51624 — 037815 1-32035 —-0-37156 1-32327  ~0-37135
1-00 0-70M25 047186 047134 —~(-HEIJE 33908 —D089220 03379 —0-891%3
1-50 —0-9413%  —Q-B3631 —Q9S2R0 ~0-74464 - 099287 0-73442 — 099266 —0-73446
[y = 30°] .
xla Ma i M5 M=2 Bxact
= 1-50 — 341897 042424 =340347 -=0-1871 339576 0O 1717 - 339574 =017I74
=100 47041 002172 &£1372% a-191T 31-925385 0271071 39TE%R {27041
050 =331 048741 ~ 348763 — 044017 = 147838 -~ 042708 — 347834 043725
Q-00 2-6012% 004255 266494 Q-13720 2-63154 1-45088 263257 {1495
Q50 = [3158] G61482 - 1-43244 71927 =1-42397 0-1254% - 142407 72483
[R1.1] - 06127 D E9IES =0-01917 O TeELD = {48527 084105 — -0 860 84038
1-50 = 055317 {11408 Q9010 021138 D-99194 024012 059201 O 24020
o T ; T T = D
1 |- pp == =2
Re ["'“} he 041420 = h=-:--\-‘\-___-:_
alH o = - s
a .
- r: ———Sghina and Wills
h] .\V_ ==~ Point Sourtas mthod
- . —ooe |- 'hb“' T w L
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Figure 4, Comparison for real and ima ginary parts of #%1 belween numericel selution and solution obtained wiing matched
AAYMPLatic expansions®' Bl part of the surface of 1he triangular ¢nnyon for g = O lfm
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1 ! ! ! ! l ‘ ! ! !
-2 =1 (v ¥ xfo 2

Figure 5. DHrplacemenl amplitudes ot the wurface of a leangulat canyon with 45* slopes for duferent incidence anglgs ¥
and normalized frequency n = {215

4

>
*

The method slso har been applied to 2 semi-elliptical canyon;'? agreement with the published exact
solutiont is excellent

Real and imaginzry parts of the diffeacied fizld at a portion of the surface of a trnangular canyon for wo
different depehs, incidence angle y = — 45 degrees and normalized lrequency 5 = O 1f= are shown in Figure 4.
The solution is conipared with the one obuined by means of mawched asymptotic expansions.™

'_,_ir ! )
I/l( | _ | | 1

1.

o ! !

) -1 G . ! /0 2

Fode by [:lupl:lccm:nt amplituder at the sorface of a triangular canyon with 45* slopes I'nr diferent incidence angles
and normadized frequency & o= § 3

t
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Both curves show a similar trend. The Fir with the shallow cansun i yuite pond wlereas that for the
deeper ane is less pood althouph one cannat ersure 1hat the matche! asymplotic selutwon s eaacl lor
7 =017 Al any rate we are comparing solulions at the very low frequency range and guantities that are
very small, . .

FiEEﬂ'S 5-7 show displacement amplitudes at the serface of a triangular canvon with 45 depree slopes and
depth @ for three normalized frequencics (=025, 05 1-0) and three incidence angles (y w0, 45,

I | | t [ [ | | |

- =1 1
< i o ifa 2

i

Figure 7, Displacement amplivedes ar the swrface of 3 triangular canyon <ith 45 slopes for differen: incidence angles ¥
and nprmalized frequency 7 = 140

0 I = I | i 1 I ] _l
-2 -1 : o 1 wrg 2

L Figure §. Displacement amplitrdes st the surface of sine-ahuped canyons with different slopes and vertical incidenc:
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80 degrees). Sources were set along lines paradlel to the slopes and separated from them at a distance of
G-07a, Al the houmdary, 99 collocation points were taken. For the calculation, the verten of the canyon has
been smoothed with a segment of citcumference tangent to the slopes.

To show the infleence of the slope on the amplitude spectra, surface amplitudes of sinusoidal and
triangular canyons of diffcrent deprhs were calculated, keeping the ware lengith A = 5k constant for vertical
incidence. Figures ¥ and 9 display the amplitude distribution for different slopes. [n these cases 19 sources
end 99 collocuiion peints were employed, As previously, the triangulur canyon vertex has been smoothed.

a_ ! -1 .} | r J : |

-2 =1 ) 1 2
via

Figure 9. Displacernent ampliludaes at the surface of tritngular canyons with different slopes and vertlsal incidence

. B

. (R
» -

CONCLUSIONS

A method to solve SH wave diffraction problems at atbitrary shaped canyons has been presented. The method
is based on secting a Fredhoim imegral equation of the first kind defined on a curve difTerent from the
boundary, thus petting a regular kernel. Emphasis is laid on the fickd representation rather than on the
solution of the integral equation itseil.

Source-discretization and the feast-squares method lead 1o an efficient numerical scheme which provides
stable, accurate results. The nuember of sources to be used depends on the accuracy desired and is an
inereasing funcucn of Mrequency. '.’..Jm-ct. of curve £ {ollowing the canyon boundary seems to be generally
the best decision. .

Amplificalion phenomena noted for various (opographic features® +%7 also show up for triangular
canyens. Within the range covered here for senical incidence, reductions of about 30-TO per cent and
amplifications of zbout 10-30 per cenl at the edges hate been ebtained.

With incidence angles y = 4% and 90 degrees the canyon acts as a harrier of seismic waves. This feqture
must be considered in hridge or reservoir desipn, as Ivrge differences in 1he support motions can take place.

The infuence of cunyon slope is sipnificant, This effect can ke appreciated in Figures § and 9 where
reductions prow with slope. The barricr effect for oblique incident scismic waves alsa increases with slope;
canyonr borpders near the hali~space surface lend 10 behave ke 2 quarter of spnn:. npemnlly for high
lrequencies which can be associaled with 100 per cent amplification.

Y e L bt ol 5




- 10

450 F. ). SANCHI2-SESMA ANTY F. RUSENBLUETH

ACKNOWLEDGIML NTS

The treatment of the eigenvalue problem presented was sugpested by A. A. Minzoni. Thanke are piven to

LR

Axala, |, Berrera, T, ). Sabinn and 5. K. Singh for their comments and sugpestions, and 10 J. A, Esguivel

for his assistance in various aspecis of this work,

REFCRENCES

. E. Rowoblueth, ‘Soil and reck mechaniky in zarihquake capinesring’. in Bock Dynamice omd Gerophynical Aspects

(Cd G. W, Borm), Frec. DMER 77,0, 360, Karlsruhe, Western Gecmany {1977).

. % Ruiz, ‘Influencia de las condiciones lovales en las caracierniicas de las sivmed’, fasiitutg e frgenieefa, RN AN, T,

Mexico (1877 .

. M. DL Trfenag, “Seanering of plane 5H waves by a semi-cxlindrical canyor’, forthgu. Eng. Struect, Dpa 1, 267-181

(1971},

- H. L. Wong and M. D). Trifunae, ‘Scattening of plape 5H waves by a semi-clliptical canyon”, Eorthgr. Lrp. Siract, Dra,

1, 157-169 {I1974).

. 5. K. Singh and F. I. Sabina, "Ground-maticn amplificalion by topographic depressions for incidem P wave under

acoustic approvimation’, Bull. Xeirm, Joc. Am. 6T, 1452150 (1917)

. M. Bouchen, ‘Effect of toppography on sufuce motuon”, Hell, Seism, Soc, Am, 83, 615632 (1973}
. H. L. Wong and P. €. Jennings, *Liects of canyon topopraphy on strong grodnd mwtion”, Belf. Seitm. Soc, Am, 65,

1391257 (1975),

. A, ), Burian, 'The sotutions of Eclmbolit’ equation in #xdénior domains wsing mvegral squations', MPL Report NAC 3

{1911,

. L. G, Copley, *Integral equasion meihod for radiation [rom vibdrating surfaces’, S Avowss, Soc. A 41, 5G7-F16 (1961).
. G. Ixe Mey, Integral equations for potential problems with the source function not tocated on the boundary,

Campuiers and Structurey, &, 113-115 {1974,

. F. 1. Sabina and J. B, Willis, "Scatiering of 5H waves by a rough half-space of arbitcary slope’, Geaphys. J. R, Astr, Sac

41, 6E3-TQ3 {1975

. A Sommerfeld, Partiaf Difecential Equalionr in Physics, Academic Press, Mew York, 1949 .
. F. 1. Sdncher-5esmaz and E. Rosenblucth, *Movimienta del terreno en depresiones bidimensionales de forma arbirahia

enie inidenvia de ondas 5H plinas’, in Lralvaciia ded Risspo: Lfecios locater, Erapa §, Instituto de Ingenienia, URAM,
Meéxico, 1975,

B. Nohle, Applied Linear Algetra, Prentice-Hall, Englewsod Cills, NI 1949

B, England, F. ], Sabina and 1. Herrera, "Soattering of SH waven by 5urfacc cavilies of arbitrary I-hﬂpt‘ using boundary
methods', Physice of the Farth and Planetary freerfors, in presy (1979,

R. F. Millar, " The Ravleigh hypethesis and & related least-squares solution of scatiering problems fur perigdic surfaces
and olher scaliereny’, Aodie Soience, 8. THI=T96 (1973).

. F. ). Sneher-Scsmz, "Ground moiion amplification due 16 canyons of arburary shape', Froe, Ind fm. Conf. Aficro-

romarfon, San Francsco, Cahfarnia, 1, 139-718 {1973}

- F. I, Sinchez-5esma and J, A, Esquivel, "Ground maotion on alluvial valleyy under incident prane SH waves', Budl

Seizm. Soe. Am. 69, 1107-1120 (1579).

LR p— ‘- .

o v . —




DiIVISION DE EDUCACION CONTINUA
FACULTAD DE INGENIERIA UN.AM.

X CURSDO INTERNACIONAL DE TNGENTERIA SISMICA

ANALISIS DE RIESGD SISNICO

DIFFRACTTONS OF ELASTIC WAVES 8Y THREL-DTHENSIONAL
SURFACE TRRIGULARITILS O
+ -

T

.,
&
-

DR. FRANCISCC SANCHES SESMA

AGOSTO, 19684

Palacio de Mineria Calle 9% Vacuba 3  primes piso Dakeg. Cunublirnoc 08000  Maxico, OF.  Tel: 5214020  Apdo. Postsl M-Z285

-



4

Hullecin of the Rrismubiogical Society ol Amencn, Yol 15 Mo B ppo 162 1-0R6, Dkerermbaer 193]

DIFFRACTION OF ELASTIC WAVES BY THREE-DIMENSIONAL
SURFACE IRREGULARITIES

By Francisco J. SANCHEZ-SESMA

ABSTRACT

A boundary methed is applied to sludy 1he acaliering and didfraclion ol elastic
waves by three-dimensional surface irregulanties on the surtace of a half-spaca.
The melthod makes ude gl the c-compigieness of a family &f wave lunctions in
arder 1o consteuct with hnear comibenations 1he diffracted fields. Boundary con-
ditions are sahishied in a icast-squares sense, For axisymmetnc scaticrers, an
azimuthal decomuositon is presented. Some numerical results for vertical inci-
dince of P waves are reporied,

INTRODUCTION ’

Topographical and peological irresularities can induce large amplifications and
variations in ground molien during earthguakies. The fecustng and scattering of the
energy carried by seismic waves seetn to be the causes of such effects. large
ditferences of metion between nearhy plares moay be signifwant in the response of
important facilities, fike bridpes, dams, and life-ling systems. Amplification caused
by soil depeosits has been recopnized as A subject of paramount importance in
microzanation studies (Esteva, 1977).

Many authors have studied the problem of twe-dimensionas irrepularities lor
various incident wave fields (e.g., Gilbert and Knopoif, 1960, Mclvor, 1965; Baore,
1972; Bouchen, 1973 Waong and Jennings, 1875 Sabing and Willis, 1977; Sills,
1978; Sancher-5esma, 1978; Sdnchez-Sesma and Rosenblucth, 197% Booro of af,
1951; Wang, 1952 Dravinski, 1958%h: Bard, 10582, Sanchez-Sesma of af, 1598%h), Of
particular significance are the analviieal solutions Tor ineident SH-wave ficlds on
semi-cireular (Trifunac, 1971, 1973) and semi-clliplical {Wong and Trifunae, 1574a,
h) irreguianities at the surface of a hall.apace,

Three-dimensional problems have recrived less attention, This is due to the
increased difficules which arise in solving this class of problems, A thearetical
development has been presented (Huodson, 1967) {or three-dimensional small slope
cavitics or inclusions at the surface of ap vlustie hati-space, ip which equivalent
surlice loads are vsed for representing the seattered Melds. With this first-order
perturbation appreach, reasonable estimates have been obtained of the scattered
Haxleigh waves as compared with observations {Hud<on and Hoore, 1950}, A finite
difference analysis of axisgymmetric irregulagities has been presented {Zhenpeng ot
el 10A0) for vertically incident shear waves. Speetral ratios were obtained and
comparison with some observations pives reasonable agreement. With an acoustie
upproximation, the cioct solution has been obtained for s semni-spherical cavity

_under the incidence of P waves {Sinph and Sabina, 1977). However, such sn

approximation can be oapplied in very lew cases. Far the same geometry and
considering an elastic medium, a solution has been presented for incident P and §
waves (Lee, 10973, 1982). The meihnd consists of a very ingenious and laborious
matching of cocfficients of the series cxpansions of the involved wave fielda. 1t
seems, however, that the latter approach i limiled to small frequencies.

In this paper, the seattering and diffraction of elistic waves by 2 three-dimensional
irregularily on the surface are considered. A boundary method recently developed

1621
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for two-dimensional problems (Sanchez-Sesina, 1975, 1931: Sinchez-Sesma and
Rosenblueth, 1979 Sanchez Sesina and Bsguivel, 1979, 1950, Wong, 1970, 1952
Enrland et al., 1950; Prrovinski, 1982, b; Sinchez-Sesma of al., 19822, b) is extended
hers 10 three-dimensional cases, The method consisis of constructing the sealtered
fields with linear combinations of membrers ol a c-complete family of wave lunctions
{(Herreea and Sabina, 1978) which are solutions ef Naxter's cquations. Coellicients
of the linear forms thus consirected are obtained from a collocation, beast-syuares
matrhing of boundary cosditions, As pointed out by Wanpg (1982), the methid can
be considered as a generalized inverse one, In doing this, Wang suprested a procedure
which improves Lhe selulion numerncally.

The lamilies of solutions can be formed in n very general way with sources having
their singularities outside the region af interest and fulilling radiation conditions
if the regiun is inhinite. A yeneral framework for the method is given by a recent
algchraic thenry of bountiry value probilems {Herrera, 1979, 19A80a, b).

It is convenient that the mentivned sidutions satisfy boundary conditions on the
free surfuce of the hall-space leaving only the region of the irrepularity for numerical
treatment. However, in some cases this requirement introduces severe resirictions
in numerical calculations because of the lengthy computotions necded 10 obtain
siuch solutions. It has been found in a8 recent, two-dimensienal analysis of the
scattering of I, 8V and Rovleich waves {Sinchez-Sezma ot al, 19824 that the use
of solutions that aciually do net satisfy free-boundary conditions gives resulis which
azree very well with those of Yyonp (1970, 1982) for a seni-circular canvon. These
soluzions tor the displacement Nelds-were construcled vsing only Hankel and
triganometric functions. {4 course, the numerical _treatment included the free
boundary, However, the computational etfnft T éven with the addition of purt of the
hall-space surface, was greatly reduced, A relatively smuall part of the free surface
{three times the radivs of the canvon at loth sides of i) needed to be considered to
ohtain convergent resulls for the range of frequencies considered; Le, w 3 #3820,
where a = radius and 4 = velocily of shear wavers {Sanchez-Sesma et ol , 1932a).

In this woek. the three-dimensional scattered displacement fields are constructed
with linear combinations of solutions of Navier's equalinns, which are given in
terms ol spherical Hanlel and Bessel Munctions, associated with Legendre and
triponemetric functions ( Tnkewchi and Saito, 1972 Akl ond Richards, 19800, Since
cach of these solutions does not satisfy in iteelf the froe-loundary conditions, the
numerical treatment is extended o part of the hali-space surface, es has already
been mentioned. These solutions have been widely used in seismology to deal, for
example, with the free oseillations of the earth, Here, the origin of the sprherical
coordinate system is on the surface of the hall-space.

In the present approsch, axial svmmetry of the scatterer is assumed in order to
allow azimuthal Zecomposition. Thatl is to say, the proldem is split intoe “two-
dimensional” problema. For normal incidence of P or 5V waves, only one azimuthal
number is required. For nearly ventical incidences or long wavelengths of the
apparent incident surface Meld, only 8 few terms of the azimuthal decomposition
are needed to pive good results.

Some muoacrieal examples are given for vertically incident 2 waves on different
surface irregulanities.

THE PRODBLEM

Consider the elastic hall-spece and a three-dimensional rurface irregularity rep-
resentéd in Figure 1 by regions £ and R, respectively. Let 2 £ and 8, R be the free

e R . D i i mmm dae i m e iR e e e e r—— ———
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boundirics of the repions, and 3,8 = a,8 e the commoen boandary bitween thiein,
Lindee incidence of elastic waves, the rrepulareity penerates difiracied ficlds that
should be superimpased on the free-Leld solution, that 1= 1o say, on the Gelds in
absermoe of irregularity.

Under the assumpion of time dependence given by expiie?}, where i = »"r-_l, w =
circular frequency, and ¢ = tima, the displicement veclor, w, must satisfy the
reduced Navier equation, which in vector form is given by

AT+ (A + g}VV-d + pwli = 0. (1)
. Here &, u = Lamé constants, and p = mass density. These constants should be
pariiculatized for cach medium,
Wo can wrile the (otal fields as

]
™M
I

- uqm + al-: .:2}
- for the region &, and -
liR - ulrl {3]

for region R, In equation {2) 4™ is the displacement vector of the (ree-fietd solution,
In equations 12) and (3}, 1" and &"" represent the scattered and refracted fields in
the hali-space and the irregularity, respectively.

a1 F .

Firi. 1. Defingtion of regions E and / and their boundaries.

The boundary conditions that must be satisfied by the total Hields are given by

Fufy =0 in QE, (4)
Fa")=0 in R, {al
“#{u”) = #a" in &E, and {6)

9% =a% in 4K (N

In these equations, 7 stands for the traction vector assnciated with a particular
displacement field and with the normal vector te the boundary. Assume, for
Gelinitencss, that the nermal vector on the camimon boundary is directed toward R,
The first twe of eguations {4} to {7) are the boundary conditions of free surface,

—— - — -
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while Lhe last two are rombiltons of continuity of tractions and displacements,
respectively, alonge 8,8 = ).

In adidition, ¢"™' must sadisfy the Sommerfcld-Kupradze elastie radintion cond;.
tian at infinity (Sommertield, 1949 Kupradee, 190530 which menans that no energy
may be radiated from infinity of the preseribed singulacities of the field

alernop ofF SoLution

Tet B = {ziz, %, )t .. ], and BY* = Jur,®, ¥, .. .) be c-complete {Herrera and
Sabina, 19781 families of solutions of equatien (1) for the external (£} and internal
{£) regions, respectively. the members of H* satisfy, in addition, the elostic radiation
condilien,

The introduction of the concept of c-completeness nllows construcling systems of
solutions which are complete with respect ra boundary values independently of the
specific region considered {Herrera, 1980b; Herrera and Sabina, 1978).

We ran approximate the seattered and refracied displacements @' and 4" by
linear combinations of members of the families B* and 8%, respectively. Then,
aquations {Z) and (3) can be written in the forms

"

[ .
6= 5"+ ¥ A5 ond {8)
ot - .
M
8" = ¥ AMut. 9
=1

Here, A® and B, are unknown coefficients, and M, N are the crders of the
approgimat ions.

Substituting equations (8] and (3} in equations {4) to {7), a set of equations 19
obtained lor each point on the boundaries. By impeosing that these equations be
satiefied at a Gnite number of points on Lhe boundaries, we obtain a8 sysiem of linear
equations [or the unknown coelficients, in which the independent paris are given
in terms of the free-field solution. IL i# convenient to form an overdetermined
system by choosing the “collocation” points in such a way that we ohtain maore
equaltions than unknewns and solve the svstem in the least-squares sense (Sanchee-
Sesma and Hosenblyeth, 1975). With appropriate weighting laecwors and careful
location of collecation points. this discrete procedure is equivalent to minimizing
the guatlratic error on the boundary condilivns, integrated along the haundaries, in
which the resulting integrals are implicitly caleulated numerically. High arder
integration schemes can be used {e.g., England ot of | 1950) to improve the solulion,
Muoreover, lurther ntmerical improvement can be achieved if the procedure sug-
pested by Woug {1952) is applied. 1t consists of selecting a square matrix of order
N o= N, where N is the number of unknowns, with the maxzimum determinant, and
then cxpress the remaining rows ol the whole system in terms of the previously
selected matrix. Further details can be found in the work by Wong (1982},

THE FREE-FIELD

Assume incidence of plape waves 1n which the normal 10 the plane wave {ront ia
parallel to the zz plane. The elastic half-space occupies the region 2 > {0, and the
free surface lies in the plane z = 0. Consider also a spherical reference system with
coordinates r, 8, ¢ as shown in Figure 2. The unit vectors é,, &, and &, of the
spherical system are also drawn in this figure.

—_— r——— ———- = oy AA e o o e ek e ———— E—t e —— . ———— . e —
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Bt can be shown that the Tree-Niceld solution, for harmonic incdent P, 5V, 5§,
and Havleigh waves, is given in the Cantesian reluerence Irame by expressions which
have the form

Fi2) expliu(t - x/c)] {10}

for displacements and siresses, Here fiz} can have different [orms depending on
the tvpe of wave and component of the feld considervd. In expression (19), ¢ =
apparent phase velocity in the 1 direction {for Raxleigh waves, ¢ = ¢y = velocity of
these wavest, With coordinnte transfurmation, the eompeanents of the free-ficld can
be expresscid in the sphericn] relerence system. It is found that lor in-plans motion
(. 5V, and Ravleigh waves}), displacrments iz, and w. are even whereas u, is odd
with respect 1o the azimuthal angle ¢. The stresses o.,, 0., a,,. andd 0. are also
even; the remaining siresses #,, and o, are odd, with respect to ¢, The siluation is

2

k 2

Fia. 2. Cartesinn and spherical enordinate syptems, and unitare sectars in the apherical system

completely reversed for out-of-plane incident SH waves. These properties of the
plane incident flelds will aliow an azimuthal decomposition.
Now, consider the identity

expl—ily) = i tel— 1) Sl sin ) cos k¢ (11)

k=0

where ¢ = Neumann factor (=1 if k = 0; =2 {f k= @), Ji(-) = Bessel function of
the first kind and ocder &, and ! = wf¢ = horizontal wovenumber. This males it
clear that the “propagation fartor” of the free-field is even with respect 10 .

From equation (11} and the aforementioned coordinate transformation, the even
and odd pans in ¢ of any companent of Lhe field can be written, respoctively, in the
general forma

- 3
E‘ E., £ lcos{{k + 13| + coslik — el {12)
- J’ﬁ "
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and
-\ :1 -
Y orsin| O + ) = sin[ik — S0 (13}
hml =)

Here, A" and g,"" are known functions of r amd 8. To iltustrate this result, lct us
consider the compement a,, of 1he stress lensor of the Tree-Geld under incidenee'of
in-plane wiaves. In this case, the lactors of expression {129} are given by
A = L= irsin )a,, =0, 1, 2 {11)
where
ag = Yo, + o, )sin78 + o,,c08°8

r, . 8in 28

It

[Ia = M:ﬂ'u - U}y}slniﬂl [15]

Here, ... o\, 0., 80d o,, are the nonzere components of the siress lensor of the
iree-feld without the propazzation lactar 777, Clearly, these stresses are all functions
of z and are all known, But as z = rcos §, the siatement that /' are functions of r
und 4 follows fram the snalysis of equations (1.1} and {¥a).

THE SCATTERED FIELD3

The well-known solutinns of MNavier's equation in spherical coordinates which
traditionnlly have been used to siody the free oscillations and surface waves of the
earth (Takeucht and Saito, 1972 Akiand Richards, 1950) are vsed here to constnget
the scaltered Nelds of our prablem.

Independent selutions of the reduced Navier equation are given hy

w’ = ¥ T (8, ¢}, - (15}
W’ = }'u’fr!ﬁ.':tﬂ. &) + ¥ (PS8, ¢), (17}
and
et =y SINAT8, ¢) + »{RE 8, @) {18)
where,
RJ™(8, ) = Y."(8,9)é,, - . (19
) AT T | 7o)
S\ig, 8 = 3t Y s ae and (20)
IR W) AN} fap
Tn {ﬂj ¢'} Sjn ﬂ ﬂ'ﬁ 4 ﬂﬂ E‘ {21]
_'f 'J_ PR YR NPT SO oty A S p— et o ——— —— -
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are the surface vecior harmonics in spherical wurdmnlvﬁ. In these equations

Y"1, 0} = Py"(cos 8)e™ (22)
where 12" (- ) = Lependre function, and m =0, =1, =2,. .., n. The rndml functions
are given by

7 = I;]krf.l}kr]} : T 29
»hiey = %In{.[qr}l ~ gria.1(gr} (24)
r 1 =
yalirl = ;Ii',.Eqr]I {25)
#) = ;I:I—r:[n + Dtk (26)
350t = =00+ DEalhe) + KLy (he)) (27

where £(-) max be either §.{.) = spherical Ressel function of arder 1 {for bounded
regions) or k() = spherical Hankel lunction of the second kind and order n {for
unbounded regions), £ = /i = 5 wavenumber, ¢ = w/ir = F wave {number), f =
“afe is the S-wave selocity, and o = <& + 24)/p is the P-wave velocity. The
notation used by Takeuchi and Saite (1972) is adopled here; the superseripts T, P,
and S Lave been added to mean Loroidal & waves, and spheroidal P and 5 waves,
respectively. :

Expressions of the associated stress components can he found in the literalure
{e.g., Takeuchi and Zaite, 1972; Mm:-' and Pao, 1971; Les, 19832),

Assume that the displaved solutinns form c-complete families of solutions in the
sense imroduced by Herrera (19749, 19804, 13) [vr the internal and external reglons,

The linear lorms of equations (8} and {9) will then be double sums over m and n,
the azimuthai and radial numbers, tespectively, But, as has already been mentioned,
for axisymmetric tcatterers, the azimuthal decompositien applies and the whale
prolilem may be *split” inte (wo-dimensional problems with r::nl} r and # dependence
for each azimulhal number.

THE AzIMUTHAL DDECOMPOSITION

If the shape of the trrezulanity is independent of ¢, that is to say, axisymmetric
with respect 1o the 2 axis, the nithogonality of azimuthal funclions allows a complete
decompasition of the problem in terms of the azimuthal numiber. The eveaness and
oddness propertivs of the free-field solution alse hold for the scaitered [ielda
introduced in the last section by putting cos m or sin mé&, respeclivelv in the place
of ¢™ in equation {22). Moreover, in the case of axisymmetric irregularities,
boundary conditions will also have Lhese properties.

Assume we are deuling with an even boundary condilion which has an associated

JI’......;"'»-* kol A A et cecedi w0 A — -— —

_eeerm—— ..k
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rquation ol the form

D) A....:.E..{r. 81f cos mo = Fiz) exp]{—ilz}. {28)

Here, Ann represents the unknowns, go, the eontributions of the srattered fields,
and Fiz} is some funetion, also even, of the free-field solution. Taking inle account
equations (11} and (12} and 1he azimutha!l enthoegaonalily, an equation is obtained of
the form ’

2
E Annlima = E |fu.-,| + -{2.-1 (29

=8

for each m, where rn = 03, 1, 2, ... The terms on the right-hand side of the equation
are all known, All boundary conditions are decomposed in the same way leading to

. a “iwo-dimensional™ probiem jor each azimuthal number,

For vertically incident plane waves, ie, with oo z dependence, only one azimuthal
nutnber is reguirerd. In this case, fur P waves, only m = 0 is needed; {or SV waves,
it suffices to take m = 1. If the incident fields are nearly wertical, only a few
azimulhal lerms are needed to give pood results. For almost grazing incidences or
for Ravleigh waves in which the horizontal wavenumher i large, Lthis approach
would require many azimuthal numbers, However, even in this entical case, four or
five azimuthal terms can give 8 pood approximation it the horizontal wavelengths
of the incident field are of the order of the mazimum honizental dimension of the
irrezularity. The degree of approximatien of the azimuthal decompaosition can be
estimated with equation (11).

ExaMPLES

In this section, some tesults are presented for vertical incidence of /* waves.
Figures 4 to 7 correspond to the normalized amplitudes of vertical and horizontal
displacements on the suriace of a semi-spherical cavity (Figure 3}, Note that in the
ahsence of irregularity, displacements would be verticil und with relative amplitude
of two. Mormahzed (requencies are given by

ng = o m {30)

where a = radius of the cavity, ¢ = wavenumber, and A, = wavelength of the
incident I* wave, Thus, »_ix the dicmeter-an-wavelengh ratio. A Poisson coeflicient
¢ = 025 wos Laken lor the caleulations, Tesults for g, = (025, 050, 075, and 1.60
are given in Figures 4, 5, 6, and 7. respectively. Fifty to 70 cullocation points were
used, and Lhey were uniformly placed along Lhe boundary of the cavity and in a part
of the flat surface with a length of 1hree radii. The vrders of the expansions used
were 10 [or the Nirst case and 15 for the next three. The behavior of the solnion,
for vertical displacements, is similar to that obtained for SH waves in the two-
dimensional case (e.g., Trifunac, 1973, Figures 6 to B). Note that harizonal displace-
ments are genezaled up to 80 per cent of the amplitude of the incident field and,
according to the svmmeiry af the problem, they are zero at the center of the cavity.
Horizontal displacements also evidence that impartant mode conversion takes place
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.

Fi1G. 3. Semi-sphenical cavity on the hall-gace surface and vertically incident P wave.
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— 3.0
: a
vertical
—
2,0 1
_ 1,0 4
———— hornzontal
. -—--._-—.—..._“______'*___
e —— —
D 1.0 20 30
x/a
Fic. 4. Surlace ampdil udes of vertical snd horizonial duphﬂmtnu Semi-spherical cavily. Normal-
- ied frequuency o, = 025, Poisson ml‘ﬁcwmr-ﬂ.i&‘
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. attheirrepularity. Errers were calenlated in terms of surface teactinns: the maximum

was inferior ta 5 per cent of Lhe vidue of the larpest principal sizess in the free-Neld
slution, '
Figure & shows the amplitudes of vertical and honizontal displacements on Lhe
fiat surface of an alhsvinl depasit ot semi-spherical shape for venical incidence of P
waves with g, = 000, Matenial properties are given by pefue = O3, pu/p- = 0.6 lor
shear modulus and mass density, respectively, The subscripts £ and K denote the
deposit and the hal{-space, respectively. Peisson coelficients were asaumed to be ye
= 0.3 and vy = 0.25. In this case, the collocation points were placed as follows: 20
along the commaon houndary of the deposit and the hall-spiaces 40 on the surface of

.. i T ~—a___ horizontal

.\‘t . --,_________l__-____..-

0 10 z20 3.6
) ' x{a

Fic. 5. Surface amplitudes of vertical and harirontal displacements. Semi-spherical cavity. *Marmal-
ired frvaquency m, = (.00, Poisson coefficient w = (.25,

the hali-space over a lenpth of three radii; and 13 on the free surface of the deposit,
The nrders of the expansions were 15 fur the tweo regions. As can be seen in Fipure
8, the amplification at the center of the deposit is about 170 per cent {as compared
with 1he free-field which gives twol. Horizonlal molion is excited as in the cavity
case and here, al /e = 0.5, is about the 120 per cent of the amplitude of the incident

field. For a flat laver with the same properties and thickness a, the mation would

be amplified &0 per cent {actually, that value is 3.23) whick means that the focusing
generated by difiraction pives, in this case, amplificalion in the centler of about
three times the one caleulated for a single flat layer.

Simiiar results were oblained for an alluvial deposit with the material properties

.- e, .- - .
— e s P T e s B b e - —— -
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of the previous example, hut a different shape. The interface shape is given by the
eguation

z=A[1—382+ 28 0S¢f=S1 (31}

where h = maximum depth of the deposit, £ = 1/2{x* + 3?12, and 20 = maximum
horizontal ditsension of the deposit. In Figure %, the displacement amplitudes are
displayed for & shape factor of Afa = 0.5 and normalized frequency of n, = 1.0. The
number of collocation points and the orders of the expunsions used are equal 10
those of the previous case. Although the normalized frequency is here two times the

4.0 4

vertical

T T 1
D 10 20 i
xfo

Fro. 6. Surlsce amplitudes of vertical and horizonta) displacements. Semi-spherical cavity, lormal.
ired frequency g, = 0.75, Poisson coelfoent » = 10,05

value used lor the Inst example, the depth-tu-wavelength ratio is the aame in hoth
cases. This fact could serve to explain the similarities of Fryoures B and 9. However,
the shapes of the interfaces, the frequency and the propertics of matenals chosen
for the examples ore arbitrary. Any generalization would require o parametric Study
Lo invesligate, for example, the effects of interface depth and curvature, frequency
and type of the cxcitation, and various material properties on ground mation. For
the examples of aljuvial deposils, caleuiated surface tractions are generally less than
5 per cent of the value of the greatest principal siress in the free-field solution.
Differences of interface tractians for the two medio are Jess than 2 per cent of the
mentioned reference value,
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Fia. 7. Surfece pmplitudes af vertical and horizontal displacements. Semi-spherical cavity. Mormal-
1zed (requensy m, @ 1.50. 1"vidson coelficent r = 035
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A ridpe was olso studicd with o shape piven by Ahe negative ol equation {340,
Fipure 11 shows the displacement amplinades for verticn! incidence of £ wives with
a normalized frequency n, = WA Poisson's eoellicient s » = (1.3, Here, ' collocation
points were used distribunied as follows: 30 in the fientious interface; 20 in the
surfnee of the ridee itsell and 40 i part of Lhe free =urluce inoo leneth of So, where
24 = maximum horizontal dimension of the ridge. T orders of expansions were
15 for the ioternal and external regions. Residunl tractions do not exveed 4 per cent
of the reterence value. An ampliheation of vertical motion of G) per ¢ent al the top
of the ridge and a reduction of about 25 per cent near Lhe base can be observed. In
this example, horizontal motion has small relative amplicudes. The rezults far the

6.0 -
—_ ——
_:_;‘ i oo /'/ / T "
. .0 \L////('—— hl
-~ 4.0
o )
3104
20 4 verlical
- 10 - ;/.#ﬁh'\""‘:"—"‘" .
/ e
; S e horzontal
£ - Pttt
D a5 1.0 15 20

x/a

Fiti. 9. Surface spplitodes of vepital and horizontat displacements. Asisvmmerrie allucial depesnt
with hja = 006 Formnlesl I:equl-::;'rg m, = 10 Pojsson caetficanis vy = W0 and o = 0.25. Muterial

Pruperiier weluy = U3 and pefpy =

ridge studied are similar to those obtained for incident S waves on a two-
dimensional ridee (Sills, 1978: Sanchez-Sesma of of, 1932h),

The results presented in Lhis section were oblained from a “trial and error®
procedure to delermine the order ol expansions and the number ond location of
cellocrtion points. This procedure was based upen the error analvsis on houndary
conditions and the siability of the ralculated surfzee fNeld. Typically, when the
residuzal traciions are lexs than, say, 5 per cent of the reference value, the caleulated
displacement Nields of varivur analyses do not present gignificative changes. Addi-
tional research is needed to generate rules for practical assessment of the calculation
parameters,

F1c. 5. Surlace amplivden of vertical and horizonts] dirplacements, Semi-spherical alluvisl deposit
Normatized inrquency g, = 0.5 Poisnon coellicicntn ry = 050 and &, = 0.25. Malerial propertivs ue/ug =
0.3 and gufpg = GG,

e L L e e = a
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Fic, 0. Surface amplitudes of vertical and horiranwal displacements. Avieymmetric ridpe with Afa
w 05 Normalized frequency », m 0.5 Poisson coeffacwnl » = {130

CONCLUSIONS

A houndary method has bren appiied 10 solve the scattering and diffraction of
elastic waves by axisymmetric three-dimensionat surface irregularities. The method
consists af appraxunating the scavtered fields with linear combinations of members
of a r-complete family of wave funclions which are solutions of Navier's equations.

An azimuthal decomposition has been presented which ellows to “split™ the
problem into “twn-ditnensional” ones.

Some examples were salved for vertical incidence of * waves which have shown
A satistactory performance of the method, with smail creors in boundary conditions,
for the set of parameters chosen. Although a mure complele parametric study is
neeided, to deal, Tor example, with the spatinl phaze varidtion of the surface
dizplacement Nelds and the behavior of the solution for long distances from the
scatterer, the vblained results confirm the significance of the problem.
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EFECTOS DE IRREGULARIDADES TOPOGRAFICAS TRIDIMENSIONALES
EN EL MOVIMIENTO SISMICO '

Francigco J. Sinchez-Sesma (I}
Sergic ChAavez-Péraz (11}
Javier fvilés Lépez (II)

PFEUMEX

Se aplica un nétodo de frontera para resolver el problerna
de difraccidn de ondas eldsticas por irregularidades [3;02:a:i
cas tridimensionales en un semiespacio elistico, isdtropo v ho
mogéneo. En dicho método, los ¢appos dlfractacas se consTruyazn
mediante combinnciones iine2les de funciones gue forman una fa
milia conmpleta de soluciones-de la ecuacidn reducida de Navier,
las cuales estin dadas con térnines de funcinne- ss5iéricas de
Bessel y de Mankel conjuntazznce con funciones fTigonooEtrizas
y de Legendre. Los coeficientes inde*erminados de las formas
linrales a=zt Cﬂﬂﬁ*rdldaa, 5o agbtigcnen modiante el método de 2o
locacidn con minizes zvadrados aniicado a les condiciones €2
frontera de la irvegulaeridad vy de wna zona fipita de la supueri]
c¢ie libre del, seziespacio.* -

52 supane simetriavaxial de lag irregularidades, can 2l fin

de trasforoar el problema tridimensional en Biddmonddcnas al
peranitivse Ia descomposiecidn azimucal en las scluciones genera
das,
’ Se estudia o1 caso de incidencia normal de ondas 2 ¥ SV a
dos tipos de irregularidades: valles aluviales y promoentcrias.
Los resultados nugli-icos que se presentan carrespendsan & las in
plitudes de los desplazamientos oo la superficie libre incluyen
do la ivregularidad. -

IvvnonucclIoN
No hay dudas acerwa del izmportante papel que juagaa las

condiniones toeszrifi:as 7 geelépicas leeales en las carac-aris
ticas du los temblores. La rapoegrafia v la estraciarefia en ua

sitio dade pueden haocer que lz variazcidn espaeizl del =mpvicienip
efspicr sel signiiicati.; » Gue Lilepuen a presenliarse granic® an

plificaciones g cierros
la envorgla sizoica.

:gires Jdebidas a la congentraciin do

TTT“fT;vestigadur, lastitvte de !ngenieria, DHAM,
{II) Estudiante, ImstiLute de Ing enicrpfa, UMNaM.
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Se¢ ha superido gue la gran acelerarifn registrada en la
presa Pacoima {1.25g) durante el tembleor de San fermando, Cali
fornia, en 197! se hava debido a efectes topoprdfices (3, 13).
Para las réplicas posteriores a este temblor, Davis y West (3)
encantraron amplificaciones locales significativas generadas
por la topografia. En estudios de campe con explosicnes se
han encontrada amplificaciones en la cima de prozeontorics de
1.7 a 3.4 veces las amplitudes registradas en sitios cercanos

(9.

Hay evidencia de que las betercgeneidades latersles estin
telacionasdas c¢on 13 distribucisn espacial del dafio ocurrido dy
rante el temblor de Skepje, Yugoslavia, en 1963 (15). Parece
geT que las interfases irregulares de la estratigrafia local
generaron focalizacién de las .ondas y, por ende, grandes anpli
ficaciones en zonas limitadas de la ciudad (12).

Los efectos de las condiciones locales son de gingular iz
poTtancia en la estimacidn del riesgo sismiceo, en estudiocs do
planeacidn y microrregionalizacidn y en el disefio sismico de
cbras importantes (B, 16). En particular, las irregularidades
locales doben considerarse al ealeular la respuesta sismica de
estructuras largas couo presas, puentes ¥ lineas wvitales {7, 17},

‘Muchos autores han estudiade el problema de igregularida-
des bidimensionales para varios tipos de ondas incidentes (rp.
ej. 2, &, 23, 27, 29, 30} y elle ha permitido entender ois del
fenfreno de amplificacidn lscal. En contraste, poeos han silde
los estudios que tratan cascs tridimensiorales. Para irrecgula
ridades con pendientes pequefias se ha aplicado con @xitd un mé
todo de perturbaciones de prizer orden (I!). EI caso de una
cavidad sesiesférica en la superficie de un semiespacio se La
resuelto analiticamente bajeoe la hipdtesis de que el medioc =s
aclistico (24}, Sin embargo, esta condicidn es diiicil de encon
trar en la prdctica por lo que los resultados son de utilidad
limitada. Para la misma geometria pere con un medio elastico
Lee (14%) ha obtenideo resultades para incidencia normal y obli-
cua de oncdas P y S8, Este nétode involuera2 un trataniento zuy
ingeniuvse, ¥y laboriese, de lops gpeficientes de los desarrolles
et seric 4o los campes de ondas para satisfacer las condieiones
de {rentera. Parece 5er, sin embarpo, que este método estd li-
mitado a bajas frecucncias.

En este trabaio ge estudia la difraccidn de ondas clistizcas
por icrvepularidades tridimensionales en la superficie de un se-
miespacio. Para ellec se extiends un oétodo de fronrtera desary
llado recientements para preblemas bidimensionales {p. ej. 4,
20, 21, 23, 219). El mictodo c¢consiste en la superposicidn de la
sclucidn Jel problcema en ausencia de irregularidad, llamada da2
canpo libre, ¢on la generada por las ondas difractadas que se
reprasenta mediante combipaciones lineales de solucienes jue for

a
18,
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Cgzan a3 scluciognes de la ec | de las formas

N n
i T T M (2)
jel n=0 w=g 127 370
3 N n :
RN S S T : (3)
jol =0 m=0 30w Jnm

pard las regiones E y R, respecctivamente, En la ec 2, -( ) o
vector de desplazamientos de campo libre v - elementc del
conjunte completo de soluciomes de 1la ec | in E que satisface
la condicidn de irradiacién al infinite. En la eec 3, wi *
elementa del conjunte complecto de¢ soluciones de la ec 1788 Rr.
Al y BN son coeficientes indcterminados ¥ N es el orden de

135 aprnﬁ?rac1nnes.

& partir de las ecs 2 y 3 y las condiciones de frontera se
gbtiencn ecvaciones para cada punto de la froatera {3 en 3;E a
318 o 6 ¢n 3z:E = 3;R). Imponiendo dichas condiciones en un ni-
mero suficiente de puntos de ceofecacddn y buscando gue el :ft?i
cuadrtdtico a lo largo de la frontera sea minimo se obtienen los
coeficientes de las ecs 2 y 3}, Este criterio de calocacidn ¥

minimos cuadrados ha sido probado en proeblemas bidimensicnales
(20, 22, 23).

CAMPO LIBRE Y CAMPOS DIFRACTADOS

Puede demostrarse (19} que los campos libres y difractados
admiten represcutacion en series de Fourier con respoceteo a ta
coordenada azimutal 9, que aparece en lIa Fig 2 donde se muestra
el gistenms de coordenadas esféricas. En el caso del campo 1i-
bre la rteprescentacidn se abtiene a partir del desarrolle del
facteor.de propacacién exponencial en upa serie de funcisnes de
Bessel y cosecnos de maltiplos de ©. Por otra parte, los campos
difractades son de tres tipos: esferoidales de ondas P y § v to
roidales de ondas 5 y son, en genersl!, vectores de la forca B

-m
£ (r) FT (8, 4) (4)

dondea fn{r} = funcidn escalar que se expresa en sus difarentes
formas mediante funciones esflricas de Bessel o de Hankel
Fp « funcidn vectorial que se expresa con funciones Lrigonond-
tricas de 9 y la funcidn

m n imd

Yn (0, &) = F“ {cos 8) e (5)

. . m :

¥ tus primeras derivadas, En la e¢c 5 [ (.) = funcidn de Legen
dre con m = 0, = |, = 2, .[.,, 2 n. Puyede verse que también pa-
ra los campos difractades sc tienen expresiones en donde apare-
cen separadamente s5¢00s ¥y cesenos de nd, donde m = pfimerc aziou
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tal. Si el difractor es awxisimltrico se encuentra que la orto-
gonalidad de las funciones trigonomécricas del dngulo azimutal

$ permite resolver el problema come bidiminsdional, para cada ni

meTo azimutal. Para incidencia vertical de ondas P ¢ 5 basta
topar w = O § 1, respectivamence.

RESULTADODS MNUMERICODS

S5e presentan resultados numéricos para el caso de inciden
cia normal de ondas 3¥ y P a dos tipos de irregularidades tfopo
gréficas: wvalles aluviales y promontorios., Las ondas inciden
tes, asi como las difractadas, son funcidn de las frecuencias
noroalizadas

L% ]

ka 2a a a
M e = o, o o= dd. (6)
K q a
k q
dande i, , ﬂq = longitud de las ondas incidentes SV y P, respec
tivamente, a = semianche de la irregularidad, k, q = nimere de
onda de¢ cortante y compresidén, Tespechtivamente y ok, N, = fre-
cuencia normalizada de cortante ¥ compresidn, respectivamente,
Todaos los resultados que se prescntan ¢drresponden a ondas inel

dentes con frecucencia normalizada A O Hq igual a 1.0,

il

Para derarninar el orden de los desavrollps asi comoa el o
mere y la pesicidn de los puntos de colocacidon se émplea un ar
cedimiento de plulha y erresn., Diche procedimiento se basa on
el an2lisis del error em las condicigones de frontera w de fa es
tabilidad del campo de superficie libre. Para los caiculos, el
orden de los desarrolleos fue de O v ¢l niuers de puntes de ¢ce-
locacion de 30 distribuides uniformexzente en R, 3;R y una per
cidn de 3,FE con lonpitud de 2a, con lo cual se obtuvieron tfrac-

8

ciones Tesiduales que no etcedierom el HX del mixime esfuerzo en

ia solucién de campo libre.

Fr la Fig 3 se prescntan resultados para el case de inciden

cia de aundas P a un promentorig definide pov

Piid |

e =h [1 -35% +28"), 028 <t (7)
donde b = miaxina altura o proefundidad de la irregularidad v

§ = (x* + y®)!l/2/a. ias amplitudes de los despiazamientos cg-
rresponden a una relacién de aspacto, hfa, igual a 1.0 y un ad-
dulo de Peisson, ve, igual 2 0.25. Para ¢! aisne ejemplo, pero
para incidencia de ondas 5V se obtuvieron los resultados que se
muestran en la Fig 4. En anbos ¢asos se prosentan amplificacio
neg importantes <on Ardenes wmiuimos da ) para ondzs P y 2.5 pa-
ra sy,

En lag Fiy 5 y Fip & se presentan rosulbuados para un valle
aluvial, definido por la ¢¢ 7, cuando incilen ondas P y §Y, rus
pectivazente. En ambos casos los pardmetross son hfa = 0.3, -
HRIFE = 0.25% opfpz = 075, vy o 2.20 y v - DL2E, En este ti
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po de irregularidad tambidn se presentan amplificaciones i=por
tantes, con &rdenes mixines de 2.0 para ondas P y J.0 para 5V.

Para la frecuencia adirensional considerada, en el pronen
toric seo encontraron importantes auplificaciones y reduccionas
de las anmplitudes de los desplazamientos, mientras gque en el
vaslle g0lo ze encontrarcon amplificacionas.

CONCLUSIONES

Se ha aplicade un método de frontera para resolver el pro
blema de difraccifn de gndas elisticas por irregularidades to-
pogptificas tridimemsienales. Las resultades obtenides musstran
la gencracion de anmplificacicnes importantes en la superiicie
libre de las irregularidades, psr lo que la influencia de estas
en ¢l movimientes sismico puede ser sigrnificativa en disefio.

En este trabajo se estudiaron irregularidades axisizétri-

cas ¢ incidencia vertical. Es iwmpertante estudizr los ¢zs5cs de
incidencia oblicua de ondas de cuerpo asi como de ondas superfi
ciales, Es de esperarse que los e¢fectos de cambios del iungule

de ipcidencia sean significativos.

En andlisis posteriecres seri juportante estudiar la varia
cifn de los resultados para un rango de frecuencias suficiente
mente amplic,
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BAYESIAY ANALYSIS OF SEISHIC HAZARD:
AN UPDATING OF CONCEPTS, CRITERIA AND MODELS

' _ L. Esteva¥*

INTRODUCTION

Probabilistic models of hazard and risk constitute the
basis for raticonal engineering decisions in the face of
uncertainty. Thay provide a framework for the defini-
tion of guantitative criteria and rules for measuring
safety, for balancing it with costs .(both, initial and
maintenance) and benefits, for making decisions relative
to maximum tolerable risks and for stating policies with
regards to desirable marginal expenditures aimed at pro-

tecting human lives,.

Prnhabilities are usually deermad as properties of nature.
According to this concepticn, evaluating them is a natter

of observing a phenomenon a large number of times, guansg |
tifying the corresponding ovtcormes and plotting their
histograms; Lf the number of observations is small, the
probabilistic model itself is sald to be uncertain or
else the validity of a probabilistic formulation of th
decision making process is denied. Consistently with the
bayasian approach, the uncertainty about a probabilistic -
model of nature can be assimiiated to the uncertalnties

intrinsic to that model** and used together with the

* Tustituke of Engineering, Hational University of Mexico.

** What we understand by {RiS{ns{C here deponds on the variables
thay we use Lo describe the model: a large portion of the uncer-
tainty {afiardie to the gemeration of carthguakes along a fault
deserilan] by ita size and rate of alip would ba dispelled if we
had a4 time Lhistary of the state of stresses throughout a raglon
ineluding the fault, That part of the uncertainty wodld now be
ascribed to Lhe model adopted, while the remaining portion would
be called dnluinsdc.
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latter with the aim of making decisions based on what

we know and how well we know it. Thus, probabillity ia
not a property of nature (or not only, at least), but of
our uncertainty about its past, present and future. The
probability distributions that we would determine on the
exclusive basis of direct statistical cbservations are
conventionally branded as objective probabilities, while
the uncertainty that arises from the practical difficui-
ties to collect enough objeesfive information constitutes
the realm of subjective probabilities,

The arguments favoring and detracting the validity of
subjective probabilities for making .0f engineering deci-
sions have been discussed in extenso elsewhere (1, 2}).
Those arguﬁents support the adoption of a bayesian frame-
work for assimilating information and marxing decisions
for hazardous environments. Rather than repeating theose
arguments, this paper concentrates on recent developments
and criteria which have resulted f{rom the experience
gained in practical applications. The followling concepts

are given special attention:

a} Recent discoveries which contradict widely accepted

assumptions about the shape of magnitude-recurrence

curves.

b} Improved criteria for precessing statistical informa-
tion from seismic sources similar to those of interest
when trying to proposc prior probakility distributions

of the forms and pararmcters of seismicity models.

c) Study of simplified seismicity models reprosented by

stochastic processes other than Poisson,
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d} Discussion of decision criteria related to safety
levels and analysis of the implications of bayesian
uncertainty.

MAGHNITUDE-RECURREKRCE CURVES

Statistical studies about the occurrence of earthguakes
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 focllowing form:

=0 ' , M3 oM,

Here, X (M) is the mean number of earthguakes with magni-
tude larger than M occuring per unit time iIn a given
{unit) volume of the earth's crust within a given seismip
source, Mu is the upper bound to the magnitudes that can
be genarated in the seismic scurce of interest, and o,

B, Y are parameters obtained by statistical curve fitting.
n and 8 determine A for small values of M, and if the pa-
renthesis in the second member of eg. 1 is taken as unity
{£.¢. if vy is taken as infinity), we obtain the well
known Gutenberg-Richter exponential expression, vhich
providas the peossibility of estimating an upper bound to
the expected rates of occurrence of large magnitude earth-
quakes on the basis of the statistical information abouc
small magnitudes.

Careful studies recently developed show that at least in
some regions eg. 1 does not hold., For-instance, ref. 3
reports the results of analyzing the catalogues of NOAA
Hypocentral Data File and @f Preliminary Determination

of Epicenters from 1963 to 1981 related to the Hexican
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subductioh zone (H £ 65 km; fig. 2}. Figure 3 shows some
results of the analysis for the Oaxaca portion of the
subduction zone: solid squares represent numbers of
earthquakes having body-wave magnitudes {mb} larger

than given values, while the s0lid circles correspond to
surface-wave magnitudes [Hs}; hollow squares and circles
correspond to numbers of earthguakes 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-
nitudés lead to a bulge in the range of large values of
the latter; this bulge precludes the possibility of
extrapolating magnitude-recurrence statistics from small
te large magnitude intervals. Similar situations have
been found elsewhere (5-7). When m_ values are used

o
this effect is concealed because of saturation.

An explanation for the bulge in the l{Ms] curve for the
Qaxaca seismicprovince can be provided by a model similar
to that proposed in ref. 4. The plate interface in the

region can be subdivided intoc a few large simple fault

zones (40 to 100 km in length), the lateral boundaries of

~which terminate in barriers imposed by geometry or by

abruot strength variaticens. Each fault ruptures cycli-
cally over its cntire dimension without giving rise to
smaller events in the manner redquired by eg. 1. The
aftershocks, the background seismicity, and the fore-
shocks, taken together, follow £g. 1, but the maximum
magnitudes of these seguences are well below the main-

shock magnitude.

For the purpose of seismic hazard analysis, the following
cquation is used to represent Ragnitude-recurrgnce curves

as shown in fig. 4:

M{M) = a{e-EM - e"ﬂm} v &1 - oYM - ”“}} (2)

-k e
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The first and second terms in this eguation represent the
background and mainshock activities, respectively: each
of them must be taken egual to zero 1f M 2 M; or M 2 1,
respectively. According to the observaticns, M can be
substantially lower than Hu, but when trying to fit the
parameters of eg. 2 to a set of data, practically equal
results are obtained if M, is made egual to Mu, thus

reducing by one the number of paramgters to be estimated.

For the purpose of bayesian estimation of the parameters
of A{M) in eqgqs. 1 and 2, it is necessary t¢ propose prior
joint probability distributions of those parameters.

This is hetter achieved if a change of variables is per-
formed, such that the new parameters ¢an 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
gquantitative models of the process of energy accurulatian

and releasc at seismic sources similarp to that of interest,

when eg. 1 is applicable, the requirements in the fore-
going paragraph are nearly satisfied L£f A(M) 18 expressed
in terms of Eo,, £, ¥ and M, where E; is the energy dis-
sipated per unit time by generation of earthguakes with
magnitude larger than a thresheld magnitude My, , and the
other parameters were defined above. The prior marginal
probability density functions of Eg, B and Mu can be
postulated independently; those of E; and Hu may ba based
on both physical considerations and cobservations in
similar reglons, whereas that of 2 will in general bhe
based exclusively on the latter type of cencepts, and
very little can be said a prigri about y. If the natural
logarithm of the energy dissipated by a shock of magnitude
M is expressed as A + B, then Ey is given as follows:




1My eklﬂu k:M, _ ekzﬂu

Eq = Dy I:Ek ] + Bz e

where D, = ~age® k, ' , Dz = ~uly - B]eA -

k;, =B - & e kz =B -8B + v

From eg. 3, a can be obtained as a function of Eo, £, v,
M . for any specified Mg.

similarly, if eq. 2 is applicabkle, and it is decided to
take M; = Mu, it may be convenlent to take as independent
parameters E,;, u, B, v and Hu, where y is the ratieo of
the energies édissipated by the first and second processes
considered by eq. 1. These energieé are, respectively,

Eoy = Dy {eNMu o oKaltie, {4a)
Eo2 = D, (eF+Mu . oKeMo) (41)
whare Dy = —uﬁah kg-l ;, Dy = —Tﬁeh - TM“ ku-l
ky = B - B ;s ke =B + -
Given Eq, ¥, B, ¥ and Mu, it 1= easy to obtain o and .

MULTI-PARAMETER BAYESIAN SEISMIC HAZARD ANALYSIS

The assessment of seismic hazard in nractice is based as
a rule on information about concepts of different pnature,
including, among others, statistical data about the ac-
tivity of seismic sources and qualitative or guantitative
descriptions of the geotectonic environment. The latter
information is usually taken by beolegists and geophysic-
ists as the basis for making estimates of maximum magni-
tudes that can be generated at given sources. These

estimates are obtained by extrapolation of magnitudes
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observed in other regions with comparable geotectonic
conditions; they include significant Euhjective compo-
nents, such as selecting the sources from which extra-
polations are made, or deciding about the maximum length
of a particular fault that can rupture during the largest
possible earthquake. The estimates mentioned tend system-—
atically to err on the safe side, which is reasonable
under minimax decision rules: risk to facilities should

be kept to a minimum, regardless of cost.

If degisions are to account for a proper bhalance hetwesen
costs, bencfits and risk, the latter must be expressed in
quantitative rerms, This entails assigning guatitative
measures to uncertainties tied to hazard estimates (maxi-
mum passibie magnitude, rate of activity) based on geology,
and defining probabilisti¢c models capable of assimilating
the menticned uncertainties with those attached to pre-
dicting the seismic history on the basis of maximum pos-
sible magnitude and rate of activity. All this can be
achieved through bavyesian analysis, which is not a substi-
tute for geotectonlc and statistical information, but an
efficient tool for processing available kpnowledge consist-
ently. A well founded criticism which can be made to the
subijective assignment of probabilities by individual ex-
perts to alternate hypotheses concerning the nature and
parameters of seismotectonic processes 1s the possibility
of arriving at prior bayesian distributions which do nﬂf
reflect the levels 0f uncertainty implied by the available
information., In fact, we even lack a criterion for judg-
ing akout the consistency between that information and the
assigned preobabilities. Under some consitions, the analy-
sis of statistical data for a number of seismotectonic
regions similar to that of interest may serve to gage the
consistency in question, as shown below. In other, we
shall have to pursue consistency by a mechanism permiting

the analysis by a group of cxperts of the subjective
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probabil ities assi{igned (including, of course, the basgis
for those assignments) by a number of independent experts

Oor groups of experts.

In this gection and in the following, we consider that
the seismicity of a given scurce is defined by its acti-
vity rate ia{i), and therefore we deal with the problem of
making bayvesian estimates of the parameters of L(M) in
egs. 1 and 2. This section is devoted to the practical
application of Bayes theorem, while next section concen-
trates on the formulation of the prior distribution of

the menticned parameters.

Let ¢ be the vector of parameters that determine X (M)

{for instaﬁce, if we work with eg. 1, E:T:=[u B Y My1}. If

H represents the chserved seismic history, Bayes theorem

states that

£y (eln) = RE {e)plile) {5}

where £ ' and Eé'are respectively prior and posterior joint
bayesian probability density functions of ¢, pl(Hle) is the

likelihood of H given e and K is a normalizing constant
such that the multiple integral of fé‘(elH} over the
region of definition of ¢ equals unigy.

In general, H will consist of the magnitudes and times

(M, ti: i=1, , W) of carthguakes cccurred during
1
time intorval t.

process of cccurrence of carthguakes above the threshold

If H is apn observed realization cf the

value M,, and it is assumed tC be a Poisson praecess with

all magnitudes identically distributed and mutually inde-

pendent, then

ThdE SSICHEEE | (6)

piile) = &
1

I ==

— el ———
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where x' = 4d)/dM. An eguation similar teo eq. 6 is ¢iven
in ref. 1 for the case In which seiemicity is expressed

by the rate of exceedance of different intensity values

at a given site,

The determination of K in eq. 5 implies carrying out a
multifold integration, unless f; can be factorized. Other-
wige, in practical applications we may have to recourse

to numerical integration, Monte Carlo simulation or dis-
crete distribution technigues (8}). In some cases, and
provided the conditiconal probability density function of
magnitudes given the occurrence of a random event iIs in-
depandent of time and previous history, it may prove
advantageous to split the parameter estimation process

in two steﬁs: first, estimating the parameters of the
conditional distribution of !, and second, estimating a
parameter proportional to the enerqy dissipated per unit:
time. If egq. 1 is adopted, this is tantamount to ob-
taining initially the joint hayesian p.d.f. of 8, Y and

M

of these parameters. For the first part, and startinsc

4r and then the conditional p.d.£f. of a for given values

for instance from aeg. 1,-one obtains that the conditional

p.d.f. of M given that an earthquake occurs is as follows:

Bm -Y{M, - m)

f, (m] = -he " [B + (Y-0])e ] {7}

P Y (M, ~ Mg) -1

1 . The likelihood
function to be used in eg. 5 is given by eq. 8.

where A [1 - e

N
p(ile) = T £, tmy: B, ¥, M) {8}
1 1

For the purpose of updating the conditional distribution

of o for given values of B, Y and !,, we can use as statist-

e

ical information the number of earthguakes with macgnitudes

greater than the thresheld value M occurred during time
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interval ¢, If we substitute M, for M in eq. 1 and then
express the latter In the form A (Mp) = aG{8, Y, M,), the
conditional distribution of o can be readlly obtained
from that of A{Mp): updating of the latter distribution
on the basis of the statistical information is straight-
forward (9). ‘

The criterion described by egs. 5-8 is applied in the
following to a flctitious example represented by a simu-
lated record of earthguake magnitudes. A hypothetical
source with f,(m) given by egq. 7 with B = 2, v = 3,

My = 5.5, M, = 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 8, ¥
and M, , considering successively the complete set of
simulated magnitudes and two subsets of sizes 50 and 104,
These simulated magnitude values are shown in a cumula-
tive magnitude-recurrence plot in fig. 7 together with
the theoretical A (M} curve from which the simulated
record was obtained. The bayesian probability distribu-
tions of 3, ¥ and Mu were supposed to be discretized at
all combinations of the following feasible values.of
each parameter: 8 = 1.8, 2.6; Y = 0.5, 2, 4; ¥, = 7.3, 8,
The feasible values assumed for ¥ were obtained by ins-
pection from the simulatcd records of fig. ?:'thnse for v
were arbitrarily adopted, and the value M, = 7.3 was
proposcd frowm the condition that it sheuld have to be
greater than the maximum simulated value, £.e2., 7-18.
Thus, the domain of the multiparameter bayesian distri-
bution considered is that of the twelve gases included
in Table 1. fThe prior bavesian probabilities are 1/12
for each gase. The posterior distributions derived

from application of egs. 5-8 to the three sample sizes
(2 = 50, 100, 150) are shown in the same table. Table 2

- m e—— —— —nm - e A m——— . — -—. e iy —t — = - - - -
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summarizes the means and variation coefficients of 8, Y,
M, as well as of the complementary cumulative magnitude
distributions, Fy{m). The corresponding deterministic
values are shown for comparison 1n 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 £, Y and M, are mare pro-
nounced than those affecting Fy(m). Similar statements
can bé made about the systematic decraase Iin the varia-~
tion coefficients with increasing sample size. Further
analysis of fig. 7 and of the results of similar cases
shows that adopticon of discretized distributions ¢f the
seismicity parameters must be done with caution, consi-

dering, among others, the following problems,

a) In some cases the statistical information may warrant
posterior probability distributions havinﬁ a pronauna-
ed peak in the vicinitv of one ¢or more parameters (for
instance, those cases in which £ is very well defined).
Such a peak rcannot be reproduced unless the discrete
mesh adopted a priori includes one or more points suf-
ficlently close to its maximum; otherwise, the poste-
rior distribution will overestimate uncertainty with

respect to the mentioned parameters.

b} In regions where the slopos of the likelihood function
<f the seismicity parameters given the'sample are larqe
the posteior bayesian probability masses may concentra-—
te excessively on one or few points, failing to repre-
sent the uncertainty determined‘hy the ¢ontinuous poste-

rior distribution corresponding to the rigorous solution.

Bayesian analysis of seismicity under assumptions more
general than Poisson process is a topic practically un-
¢xplored, in spite of the significantly more sophisticat-
ed models which have been developed (10-12), capable of
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representing Effects as complex and as relevant as SYS—
tematic varlation of hazard with time, aftershock seguen-
ces and more general types of clustering. This omission
results from the complexities arising from having to cope
simultanecusly with too many parameters as well as from
the difficulties Involved In cbtaining likelihood func-

tians.

If fore- and aftershocks are ignored, one can think of
adopting renewal process models other than Poisson.

Reference 9 deals with the bayesian analysis of a renewal
process with inter-arrival times (T} distributed in ac-
cordance with a gamma function:

v 1 =Vt

k -
L e S F )

f
where v and k are the parameters to be estimated. Only
very simple casecs are covered, assuming k Known., If is
obtained, for instance, that if the prior p.d.f. of Vv is
garma with parameters 0 and W, and if H 15 expressed as
the time T, elapsed between n+ 1 consecutive events, then
the posterior p.d.f, of Vv Is5 also gamma, now with para-
meters 2+ nk and Y+ t,;. In the latter case, only a por-
tion of the ralevant statistical Iinformation is used. In
most cases, Specially if seismic activity has been low
during the observation Interval, sigqnificant information
is provided by the durations of the intervals elapsed from
the initiation of obsarvations to the first of the n+ 1
events considered and from the last of those events to the
crnd of the observation Interval. Here, the posterior
p-é.f. of v has to be chtained by application of ea. 5
with the following likelihood Eunctian}

p{H[ei = f ey s L e -e) - -Fole -t )] (10)

n-1

T

e m— e o e mm a P - - — - _ I .. . —_——
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The first factor in the sccond member of this eguation

is the probability density function of the walting time
to the first (delayed) event. T, can be tzken as the
excess life in a renewal process at an arbitrary value
of time that tends tp infinity and 1its p.4a.f. can ba
obtained as ._T:-L__11 - F {t) |, where T is the random time
betwean consecutive events, FT is its curnulative proba-
bility distribution function and T is its expected

value (13}. The second factor is the probability density
function of the time hetween events 1 and n, evaluated at
n-tir and e in the tast factor is the end of the ob-
servation interval. For the particular case where the

t

statistical record reports nc events during the time
interval {p, tfl, the second member of eqg. 10 must be
replaced with p {T, 2t,}. This particular case is typic-
al of seismic gaps, and is studied in ref. 9. The results
show that the posterior expected value of T;, the waitina
time to the first event, conditional to neo Eccurrence of
events up to instant t may start decreasing as t grows,
in accordance with the behaviour of cordinary renewal
processes; howaver, as time goes on and no events occcur,
the statistical evidence makes the estimated risk to
dacrease, and therefore the conditional expected value

of T; £t¢ increase with t. The smailer the value 0f k in
eg. 9, the faster the decreasing of risk estimates.

A summary is presented in ref. 2 of the results of an
analysis of the influence of K on the ratio of the preéent
value af expoecred failure costs for gamma and Peoisson
processes.  The structures consicdered have deterministic
properties, Because the coefflicient of variation of the
walting time betwecn events Iis inversely propertional to
the square root of kX, the greater k the lesser the un-
certainty about the walting time to next event., The

ratio of ecxpected fallure costs for gamma and Poisson

processcs is smaller than unity for 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 functicon as given by eq. 10 is meaningful

if we define as e¢vents all earthquakes with magnitudes
larger than a given valueg; if we assuyme that the distri-
bution ¢f 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 egq. 8 together with application of eqg. 10 for
&1l earthquakes with magnitudes larger than Mg; but the
assumption of independent selaction is iInconsistent with
the concept that the times reguired- for the accumulatiocn
of the energy amount necessary to produce shocks of given
magnitude51shau1d grow with'those'maqnitudes, and that
the time elapsed since the occurrence of a small magni-
tude earthgquake should not affect significantly the
energy available for large shocks. If we could filter
out fore- and aftershocks (which 1z much more easily said
than done), it would be reasonable to conceive the ogur-
rence of earthquakes above a given magnitude My, as a re-
newal process with parameter % dependent on Mp. A low
value of M; 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 avallable
for future shocks, and the assumption of Polsson process
(k = 1) would be warranted. For large M; values this as-
sumption is untenable; thérefcre, 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 sclection. The problem is solved if we relate
the hazard at any instant with the previous history of
énergy dissipation. For this purpese we adopt an extend-

ed version of a seismicity model proposed in ref. 10.
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Supposg firat that the seismic record doee not contain
any fore- or aftersheck. Represent that record by a
Markov process with system states specified by the
values of the hazard function A (1}, where A{t)dt is the
conditional probability that there will be one earth-
guzke (of any magnitude) during time interval ¢, t + dt
gilven 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
Alt) decreases sharply every time there is an earthguake
and that the size of the discontinuity can be determin-
istically related to the energy of the earthquake pro-

ducing 1t, in terms of parameters to be estimated.

A typical éample of the process (where, of course, the values
¢f )} are non-ohservable variables) is shown in fig. 5.
If A 1z deterministically related to the strain energy
stored in the system, and 1f this energy increases at
constant rate during time intervals between shocks, it
follows that all segments of the A{(t) curve can be obh-
tained by translation of the initial hazard function.
Also, the size of each discontinuity can be determined
from the corresponding earthquake enerqgy by considering
that the time origin of the *{t) curve is translated an
amount eqﬁal to the length of time required to store the

mentioned encrgy:

Lo+ 1 k = Ek+lfm

Here, E. is the energy liberated by the i{-th shock and
w is the rate of energy ac¢umulation. The latter is one

of the paramcters to be estimated.
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Before talking about the problem of bayesian estimation
of parameters, let us discuss a possible family of

hazard functions and their application when trying to -

relate E with jumps in A. A particular case of the Wei-
bull distribution corresponds to the following p.d.f. (13):

t. k-1

£lx) = & (5 exp {-{5)%) {11)

"t » <
oo

o
2 B a

If the waiting time between earthgquakes is assumed to
possess this distribution, the hazard function is:

ok ogke /
Aie) 5 {U} {12)
If x = 1, one has Poisson process with iA{t).= 1/v, For

other wvalues of k one gets the types of hazard function

shown in fig. 6.

[t us take for simplicity A = k{uk, A =%k«1, Then

y = acth, Immediately prior to the {(x+ 1)th shﬂék, the
hazard function is~.1‘k = ntk, and just after a shock with
. . L= A 1
encrgy E it is 3, = Alt - E/w} . Thus, hk+1 can be
expressed in terms of A'k:
l'k 1/8 L]
My = A - E,,, fu.r]

Suppose Ap, A and A were known. Then time'history {t:,
Eyi t2, Ezi ... e, B} would detcrmine A{t) for any t.
The only function we need in order to complete the model
is the conditicnal p.d.f. of energy for any shock. This
may havae for instance a form consistent with eg. 1. It
will be represented as f_le; e}, where ¢ Is a vector of

paransters Lo be estimated.
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If egq. 1 applies, e = {a B Y Hu}. Given BT & {Xs A n £ u}
{the vector of parameteré to be estimated) one can obtain
their likelihood. Once this is done, the problem of
bayesian updating of the prosed seismicity model 18 solved
(at least in theory). The mentioned likelihood is obtain-

ed as follows:

L{ti, t2, «x, &5 €1, €2, --., ¢ |Te, A, 2, £, W) =
n
jf1 fT{tj - rj_1]fEtEj}{1 - Fpit, - Tn}j

where tj is the time of occurrence of the j-th earth-

¢ is the end of the ohservation interval, fT is

the probability density function of the walting time from

éuake, t

the fictitious time origin of the hazard function (see
fig. 5}, fE the p.d4.f. of the energy liberated by a ran-
domly selected earthguake, Ej the enerqgy liberated by
the j-th earthguake; because Tj iz a deterministic func-
wr S k=1,

.++, n, the second member in the last egquation is a

tion of 1y, A, %, and all observed values ¢
function of the variables in vector B defined above.

ON THE CONSISTENCY OF PRIOR BAYESIAXN 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 exparts can make concerning
those parameters before looking at the local seismic
record. That distribution should account for all avalla-
ble knowledge absout the local geoclogic structures and
tectonic processes, as well as for the seismicity pat-
terns observed at other regions with similar geoleooic

and Lectonic charactcri;tics. Also, that distribution
summarizes the extrapolations that a éapable tean of ex-

perts in the geophysical sciences can make on the basis

O S S — ——— . — e — A — = —m— —_— a —



18,

of observations throughout the glohe; therefore, 1t must
reflect the degree of uncertainty tied to thogse extrapo-
lations. A simple way of expressing that uncertainty is
by formulating a comprehensive and mutually exclusive

set of hypotheses about the possible models of the seis-
mic process at a source and assigning to each hypothesis
a weight, taken by definition as proportional to the
hayeslan 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-
varse of all possible models, we understand by "the
correct representation of the natural process®™ that model
within the set which best represents naturel. But nao
unigquelly determined criteria have been proposed capable
of transforming information other than direct statisti-
cal data into prior bavyesian probabllity distributions:
no doukt, 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 neasure, what consistency rules
should it satisfy and how well founded are his deqgreas of
belief. This kind of problems reguires immediate attan-
tion by those interested in decision making on the basis
of guantitative risk informatien. A partial solution can
be provided by having groups of experts assigning, eva-
luating and correcting probability values and calibrating
the final decisions with those that would be cbhtained by
a raticnal analysis of the mentioned preobabilities. In
some cases the adequacy of given probability distribu-
tions of seismicity paramcters assiqgned on the basis of |
the information available for a number of companable

regions can be judged by contrasting them with the statis-

tics obscrved on those regions. The eoncepts and criteria

which may be used for such evaluations are exemplified in

the sequel.

— v cem T am A mmams — 2 e -~ T—— —— A o —— - - - —_— = -
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Take a set of potential seismic sources corresponding to
regions with similar geoclogic and tectonic characteris-
tics. They may differ in some guantitative aspects,

guch as size ©of faults, intensity of faulting {cross area
of faults per square kilometer of ground surface} or rate
of grust deformation or fault slip; they may, instead, he
undistinguishable as far as the mentioned features are
concerned., In the first case the statistical seismicity
information can be used to estimatre the parameters of a
predictive model of expected selsmic activity in sources
of the type considered in terms of guantitative measures
of the geoleogic and tectonic structures and processes.

In the second case all the regions may be considered to
be samples cbtalned from a population characterized by
the probability distribution of the seismicity parameters
of a randomly selected region. This distribution, 1If
known, might be taken as the prior bayesian probability
distribution of the mentioned parameter for a new reqion
of interest, assumed to beleong to the same population.
Thus, the regions included in the original set shall be
called auxiliary negdons and the collective statistical
information available for them shall be used as the basis
for stating a prior probability distribution for the
seismicity parameters of the new region. The statistical
information for the latter should then he combined with
the mentioned prior probability distribution in order to
obtain the corresponding posterior dis;ributicn through

use of eqs, 5-8.

Returning te the set of auxiliary regions, let £;, i =1,

..+, N, be the vaoctor of parameters of an expression sim-

ilar to the second member of eqs. 1 or 2, that is, of a

given magnitude-recurrence expresion, i (m; €.), valid
e|m} be the

elut m)

bayesian p.d.f. of vecter € for a randomly selected

for the {-{h auxiliary region. Let f
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region, and p the parameters determining that p.d.f.’
Because p 1s uncertain we have to solve the problem of
obtaining its bayesian probability distribution fu{m};
for this purpose we shall recocurse to the obhserved seis-
mic history h at all the regilons. 1If this information
were sufficient to permit obtaining accurate estimates
of ¢; for { =1, ..., N, the bayesian estimation of fu{m}
would be formulated as follows:

;IE (m|e) = Klfll{m]fcfuie]ml (15)

Here, (e|m) is the likelihood function of y = m

£
efu , )
conditioned to ¢ = e, K; is a normalizing constant and

fL ¢ LIE' are respectively prior and posterior baveslan
density functions of u. As a rule, h dees not suffice
for making sufficiently accurate estimates of ¢. In
other warﬁs, £ is not observable and thercfore og. 15
cannot be applied directly. We must instead try to ob-
tain a posterior distribution of u conditiened to the
observed seismic history: H = h., This is expressed as

follows:

{h|m) (16}

fidr{tmlh} = Kzfl:{m}pﬁlu

where K; 1is a normalizing constant, fL and fllH are

prior and postoerior distributions and, in aceordance with

the rules of conditional probabilities,

pH[u{hlm} = pHIE{h]e]felu{elm}de (17}

The marginal posterior p.d.f. of ¢ for a randomly select-

ad region is, thercfore,

EE!H {ejh) = [ fclu{e|m}quEi(m|h}dm {18}

—————— —————— A ma - — [ —— - - P —— s -
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The latter p.d.f. would be taken as the prior p.d.f. of
€ for a new seismic region assumed to belong to the sate
population as the ariginal set.

~
The team of experts analyzing the characteristics of the
different regions may assume a priori a certain degree of

correlaticon among vectors €5 and Ej. This assumption
will be reflected in fEIuEe!m}. Thus, if e, and £, are
independent,
. N -
£ felm) = T £ {e. [m) (19}
elu (=1 ei]u i

while in a more general case the correlation matrix may
form part of y. Either for practical reasons or on the
grounds of geophysical similarity, it may be justified to
assume at least some parameters of the correlation matrix.
In the extreme case when all regions are 0 similar that
they are assumed to possass the same e, we cohtain the .
condition of perfect correlation, which is tantamnuﬁt to
taking together all the regions and all the statistical
information and using it as a single blcecck in the astima-

tion of the vector e valid throughout all regions.

The use of egs. 15-18 is illustrated in the following for
a hypothetical set of twe regicns. For simplicity, it is
assumed that wa are interested only in the rate of activi-
ty above a given threshold value, and therefore vectors €5
will have only one componant each, the correspondinc rate
li' t =1, 2. The complete set of seismicity parameters
is therefore ¢! = [x122]. The observed history is des-

cribed by N, and E; v i =1, 2, the number of events ob-

i
served and the duration of the agbservation interval for

cach region. The following values are assumed here:
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Ny = 3, ¢t = 50 years, N = 3, t; = 80 years; the corres-
paonding estimates of li are therefore 0.06 and 04.0375, !
respectively.

s
A; and 1; are assumed Iindependent, with their bayesian
distributions discretized at three points. The vector yu
of parameters of the bayesian distributions of i: and X,
is ut = [E(x:}, Blrz}, V(), V(i:}], where E{-) denotes
expectation and V{-) variation ceoefficient.

The distribution of o is discretized in the following
values: E(i ) = 0.02, 0.08; v{xi} = 0.2, 0.6; 1 =1, 2.
The prior distribution of v assigns equal values to each
of the possible combinaticns of these parameter values,
Table 3 summarizes the probability mass function of €5
for each Eili} and V{li}.

The likelihood functions for each p = m are obtained as

follows:

pulu{h|m] = LI p(nlL,, zj} plis = L., Xp = Ejim}

ij

and because the prior distribution of v is uniform, the

posterior distribytion is propertional to the likelihood

function:
m: Ti' vy pih|m) p"{mlh)
1
0.0z, 0.2 8.209 x 10 ° 0,217
0.02, 0.6 6.435 x 107° 0.170
0.08, 0,2 1,269 x 10 ¢ 0.363

0.08, 0.6 9.416 x 107 °? 0.249

-———
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The marginal probability mass function of € is, there-
fore,

| . - =
Py (alts I = 72,

n h
; i1u{£i|mj}P uiﬂtmjl }

which leads to:

£i p“iﬂi]h)

0.01 0.03989 E"(x.) = 0.0567
0.02 0.4200 ’

0.08 : 0.47989 Vi (i) = 0.633
0.16 D.0595 *

The foregoing analysis assumed ); independent from ;.

An alternate assumption might have considered o= TR
with r. and X independent and the distribution of r,
prescribed. Considering this case, taking the distribu-
tion of r as discretlzed at points 0.7 and 1.3 with egual
probabilities, and the prior distribution of % as dis-
cretized at points0.02 and 0.08, also with equal probabi-
lities, we obtain the following postericr distributioen of
A phfﬂ.ﬂz} = 0,332, plfD.ﬁBJ = 0.668, From this distri-
bution and that of r we obtain for 3 the following pos-
terior distribution:

Ei pltﬂi}
0.014 0.166 E“{li} = (J,06
0.026 0.166 Ve (i ) = 0.576
- 1
Q.056 B,.332
0.104 0,332

If rj is taken deterministically equal to unity,_
E"(A,) = 0.057 and U“{l;} = 0.503.
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DECISION MAKING UNDER UNCERTAIN RISK

Several criteria have been proposed for declsion making
under risk conditions (2, 14-18). The,sinplest are hased
an a conventional cost-benefit approach aimed at optimiz-
ing an obiective function made by the algebraic sum of
initial construction costs, expected benefits and ex-
pected c¢osts of damage (14); these criteria fail to ac-
count for failure consequences which cannot be easily
translated into a common scale of values {(for Instance,

a monetary scale). Feremost among alternate decision
criteria are those which optimize a utility function under
acceptable risk restrictions and those which coptimize a
utility function that accounts for those losses which can
easily he franslated into utilities and then make deci-
sions about additiconal investments for decreasing risk
related to consequences not covered by the ohjective
function, such as human lives, government prestige or
panic [15-18). These criteria represent better than cost-
benefit models the real human attitudes in the face of
rigsk. Their application in practice is conditioned to

the possibility of making numerical estimates of risk &s
well as of defining acceptable risk levels or adeguate
marginal investments oriented to risk reduction. These
are vory difficult problems even when risk Ls wall deter-
mined {in the sense that a stochastic model of the fai;ure
process is available with precisely known form and para-
mators); they lead to much wider difficulties when un-
gortainty abogt hazard estimates is recognirzed and eva-
luated, and visk is oxproassed in terms of a bayesian dis-
tribution of the form and parameters of the random process

of failure events.

A very sinple case is adopted in the followino for the
purpose of discussing the implications of bavesian uncer-

tainty on the sclection of the iIntensity of the design
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earthguake for an engineering system. Let Yo be that
intensity, and assume that the resulting system is deter-
ministic and has only one failure mode; that is, it re-
mains undamaged under the action of any intensity smaller
than Yo but fails ctherwise. Suppose also that seilsmicg
activity is a Poisson process and that the mean rate of
occurrence of earthguakes with intensities equal to or
greater than ¥ is given by the eguation wviy) = Ky-r,
where K and r are determined from a seismic hazard anal-
ysis, and that the present value of the expected cost of
failures is cbhtained under the assumed poliecy that the
system will be rebuilt immediately after each failure,

under specifications identical to the original ones.

The preﬁeni value of the expected failure cost Is then
D = Dwiypl /8, where D, is the nominal cost of failure in
case it takes place and 0 Is the present value discount
coefficient {effective interest rate). If the initial
pr the
value of Yo that optimizes the conventional cost-benefis
obijective function is

FD_¥K -

r+1
fn = l:_z :I .

The failure risk corresponding to this design intensity

- =r
1s v, = KY,

If the adopted decision criterion imposes
an upper bkound v, on the allowable risk, then the design
value must be the largest of {Kfua}1fr and the value

given by og. 20.

Making decisions when Vo is uncertalin, that is, when either
K or r or hoth ar¢ imperfectly known, is far more compli-
cated, in particular when risk aversion considerations {of
which the spacification of an upper bound to allowable

risk is a particuiar case) are relevant.
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If all risk aversion considerations can be neglected,
conventional cost-benefit analysis can be applied, but
taking the present value cof expected failure costs equal
to DCE{uIyDJJJE, whare Ef{+*) is the expectation with res-
pect to the bayesian distributicn of K 2nd r. For the
particular case when r is known and K has a gamma distri-
bution with variation coefficient ?k = p_1f2, the marginal
distribution of the number of events during a given time
interval is negative binomial {19), such that the proba-
bility of occurrence of at least one earthguake with
intensity greater than Y, during time interval t is

equal to

p
Pp = 1 - [E_{UIYDJ'}r.+G

)P (21)

The values obtained from this expression are compared 1n
Table 4 with those of EF, which result from the assump-

tion of a Poisson process with a mean rate equal to E{u!yD]}.

In all cases the failure probabilities which account for
uncertainty in utyn} are smaller than those which neglect
it. The effect is more pronounced for the longer time

intervals,

The writer is not aware of any attempt to obtain a formal
solution for the case when risk aversion is important and
risk is uncertain. In fact, there may be no solution when
an upper hound v, to allowable risk is specified, because
in general we will find a non-zero probability that the
actual rTisk u{yD} be greater than v, - Therefore, we must
accept to formulate Jdecisions on the basis of a specified
probability that u{yuj axceeds v,i but this reguires that
decision makers develop the feeling required to specify
that probability. Besides, proper consideration should be
given to the differences betwoen nominal, real and perceiv-
e risk;: we are far from posscssing the necessary criteria

and tools,
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If adeuate risk aversion_ functions expressed in terms of
nominal risk were available, we could approach the problem
within the framework of a conventional cost-benefit anal-
ysis where the present value of expected failure costs
would incorporate a risk dependent factn;.

Assume, for instance, that the present value of the ex-
pected failure cost is obtained multiplying D by a risk

aversion function

Plviy,)) =1+ cw’ ‘ (223

where W = u{yD]fE{u(yD}}; ¢ and n are adequate shape
parameters, y, is a reference intensity value and E{-} is
the expected value with respect to the bayesian distri-
bution ﬁf v. BSeveral sample ¢ curves are shown in fig. 8.
If viy) = Ky“r, with r known and K uncertain, and the
initial constructlion copst is C = A, + Azyn, the objective

function to be minimized is

1
U= g EDvlypdemiyn] ¢ A+ Rayy (23}

In non-dimensional form, eg. 23 can be expressed as

1]
DcElu[yﬂ}}

E{xn " {l+ecn M3) +a; +a,n {24}

D | s

where X = /K, n = y /y,, a1 = B/(D_E(viy))) and
a, = hzynf{DcE{U{Yﬂ}}]. If ¥ has a lognermal distribu-
tion with wvariation coefficient V.. the value of n which

optimizes og. 24 satisfies the equation

1
= r -Irn r+j
n ['_"aze {1+ An ]']. _ {253}

-t —— - _ —
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nin+1}
with A = c{n+1)(1+VI}" 2 . If A =0, eq. 25 is equiv-
alent to eg. 20, the sclution for the case when risk
aversion is neglected. If.n1 = yntfyﬂ is the solution
of eq. 25 for this case, we can obtain the ratio n/n; of
the design intensities for both cases considered:

1

% a {1+An-rn]r+1 {26}
1

This ratio can bhe use@ as the basis for the calibration
procedure which is necessary in order to aobtain the risk
aversion functions implicit in conventicral intuitive
decisions in the face of uncertain risk conditions.
Probably, a more appealing parameter to be used in this
calibration procedure is the ratio of the mean values of
the failure rates which correspond te n and t,. From
eq. 25, this ratic i1s a function of n,; it.is tabulated
in Table 5 as a function of A&, n and n, for r = 2, and
Table 6 as a function of Vk for ¢ = 8.0, n =2, v = 2
and n, = 0.01. The sensitivity to the various parameters
is evident. In particular, it is seen that variation
coafficients of 0.5 in the bayesian distribution of u{yDl
(which are far from excepticonal in practical cases) may
lead to values of about 2.5 In the ratic of the design
intensities obtained considering and neglecting risk
aversion, or of 1.25 in the ratio of the corresponding

cxpected values of the failure rate.
These conclusions give only an indication of the correc-

tive factors to be expected from the use of more refined

representations of the w(y) functicn.
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CONCLUODING REMARLKS

So called "deterministic” ¢riteria for assessment of
gseismic hazard are not in fact deterministic. They em-
phasize the assessment of maximum possible events on the
basis of geophysical and seismoclogical information as
well as on extrapclations of knowledge derived from other
seismic sources. These criteria are called deterministic,
not because they are devoid of uncertainty, but because
they circumvent uncer;ainty analysis by stressing the
determination of conservative earthgquake intensities for
design. They try to minimize risk, but they are not con-
cerned about providing guantitative measures of it. The
ralations between cost and risk are only vaguely and in-
tuitively accounted for.

Bayesian criteria emphasize guantitative analysis of
hazard and risk. Their sources of information deo not
differ from those utilized by deterministic criteria, but
bavesian analysis permits dealing explicitly with uncer-
tainties attached to apalysis of statistical data, to
interpretation of geophysical information and to extra-
polation of knowledage derived from other seisnic sources.
These griteria rocoanize that the avallable information,
or that which can be collected at a reasonable expense
{gecphysical and seismological), is not sufficient, as a
rule, to determine unigue model of nature to be used with-
out guesticon for making risk related decisions. They
formulate decision making criteria in terms of a compre-
hensive (within reasonable simplifications)] set of feasible
models of the seismic ictivity srocess, and they permit the
study of the concepts and algorithms necessary for testing
the consistency of relative weights, or probabilities, as-
signed to altarnate assumptions about adequate models of

nature. One important asset of bayesian criteria is their
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ability to produce seismicity estimates with different
degrees of uncertainty, on the basis of different amounts
of informaticon, and to assess the value of additional
studies by considering the potential reduction of uncer-
tainties and the expected impact of that reduction on

the expected costs, benefits and risks tied to the ulti-

mate decisicn.

Bayesian criteria also provide a framework for rational
decision making. Introducing probabilistic models to re-
present the state of knowledge of a decision maker serves
to foster the search for rational decision rules, as wall
as to develop the models and plan the studies required
for obtaining the information having the highest value

for the decision at hand.

Several alternate criteria for formal decision making
under seismic risk have been developed In the last few

years. They make use ¢f concepts related to cost-benefit

studies, maximum tolerable risks and marginal expenditures

per human life saved. They all require probakilistic mo-
dels of risk that account for objective and subjective
uncertainty, and they all assume the availability of
scales of values adequate for expressing the conseguen-
ces of structural damage or failure. Because the latter
are still far from well developed, decisions for seismig
risk problems in the next few years will probably not be
made exclusively on the basis of the formal criteria a&-
vocated In this paper. But the limitations o0f informal
decisions, devoid of quantitative probabilistic descrip-
tions of hazard and risk, support the recommendation that
informal methoads should not be applied without the guid-~

ance of gquantitative measures of likeliheod and uwncertain-

ty- It is very likely that 2n interaction hetween formal

g pm———
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and informal criteria will improve our knowledge and 'un-
derstanding of the scales of values and decision rules
that best serve the interests and geals of the human
groups to be affected by the decisions under discussicn.
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TABLE 1. Postenion bagesian probabifities fon thnree

sample adlzes

34

cua:jaumptian Probabili{ties
8 | v | Mu | N=50 | 100 150
1 (1.8 lo.5 |7.3 [o.0407 (06.0383 {0.255¢
? / |8.0 |o.0083 [0.0021 |0.0154
3 2 |7.3 [p.0039 .0.0093 0.0266
4 v 8.0 10.0010 g 0.0004
5 4 {7.3 [0.0013 [0.0001 {0.0052
6 /o l5.0 {6.0007 0 6.0001
7 |26 jo.s {7.3 [a.2037 0 1331 {o.001s
g /8.0 fo.1767 10.1539 [g_0141
g ? 7.3 lo. 1820 (0.2439 [(0.7205
10 /o {8.0 lo.1207 {0.1179 [0_0880
T 4 (7.3 lo.1529 (0.2138 |0.4297
| 12 /_ [8.0 (6.1081 |0.0979 |0.0635 |
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TABLE 2. Means and coefficients of vaniation of seis-
micity paramelens and cf complementary cumu-
fative magnitude distrl{bulions

Parameten | E(X) vix) Determindstic

X e sol 100 | 150 ine sal 100 | 150 values

B 2.5 |2.57 12.34 |o0.072 (o.062 lo.135 i

¥ 1,85 {2.14 [2.57 |0.752 |0.456 |0.592 3

M, 1.5¢ |7.56 17.41 lo.o45 lo.047 lo.035 7.5
?h[a.ﬂl 0.257 |0.259 {0.288 |o.110 |o.088 [0.113 0.3
?hié.S# 0.067 |0.063 j0.078 |0.253 [0.194 o0.217 p.13
?5:5.151 0:029 |0.030 |0.036 |0.346 {0.281 |0.257 0.077
?h‘?'“]' |0.0¢12 |a.arz D.01¢ 10.477 |u.371 |a.335 0.03%

TARLE 3, Disernete bayesian distrlbutions of A, fox each
F[li} and U[l-f.]
A.
EH{:} U[lil 1 L
i 0.01 0.0z [0.08 0. 18
0.02 0.1 Gd.0219 |0.973 f.003% ¢
8.6 p.2957 | 0,740 g0.8343 d
0.0 g.¢ ¢ .0305 10.947 §.02¢79
l 0.6 o 0.2743 |o0.5%0 6.2057

— — s
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TABLE &,  Values of pr py
. ; —
Elvit |y P r 3 T7o
0.00! 0.9950 |o.9983 [0.9995 |p.9%98 1.0
. 0.01 $.9533 10,9838 [0.9957 1¢.9984 |0.9995
0.1 10,7037 |0.8689 10,9553 |0.9845 |0.9953
1.0 0.3373 lo.s5830 jo0.7910 l0.97146 Jo.9721
TABLE 5. Values of E(u!yﬂ]] / E(uhjm]} fon n = 72
] j n
A n 1, | —[ ——
: i e.s 0.2 9.1 6.05 10.02 lp.01
1 .
| 2 1o 1.0 1.0 0.999 10,990 [0.799 l0.465
4 |1.0 2.0 0.977 [0.589 {0.235 [0.0431 [0.0754
10t ) 2 lo.99s lo.e1e fo.sie o257 [0.120 0.0425 |o.0193
5 4 lo.994 lo.m13s jo.2713 lo.0808 [n.uzea |0.0078 |0.0029
TARBLE 6., Vvalues of E{uiyﬂ]') / E(utgfwl] and n/n; gon
e =001, n=12, a=12, n; =0.10]
v, g lo.10 ];.za 0.30 [a.sa 0.70 (1.0
& | 1
E(u!gﬂl}IE{u[Uﬂrl)[U.lqi 0.18% [0.185 (0.178 |0.159 (0.137 (0,107
n/n, [2.253 .300 [2.325 12.370 2.508 [2.707 3,057




Curve Y My
1 o
2 10 6.5
3 5 6.5
4 2 6.5
5 Q.5 6.5
& (14] B.s
T 5 8.5
8 2 5.5
"] 0.5 B.3

I I|IIII

| I|t|lt

F T
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Katiunal [wrmulalion of engineering decisions in seismic preat yeepilres
quanlitative dewriplions of seismicity. Those descriptinns sinvfd conform
with thear inteded applications: i sgomne instances, smolionmaps inbensities
during vach cartheguske have Lo b prodicied ab several beentions, while 1n
others it gaflice to make independent evalumlinne af the probabie effec of
ewrihoprakes al vach of [hase 1o ationg,

The weond muwle] s sdequate Ior the slestion of detion paramelers of
individial components of & ngional system dlhe siructures in a TefIcn or
Cauitry b wlien ne sigmaficant jnleraction exiils belwesn prsponse ar daspage
of severul such individual componeniy, or telween any of Hien end Lhe
fnilem s a whole, In other wonls, iU applics when Lhe damage — ar ueatine
vlhility = inflicted upon the syslem by an earlhoueke can be aken siapby ae
the addilion of the losges in Lhe individual enmponoents.

The havarily belween monelary vatues and utililies iogilwet jm the secogal
rcdel i not alwavs appleable, Such s the case, foe insbuce, when g sigs
nlieant portion of tiv pational wealth ar of e predociion syslem = vone
cenliated i3 a melabvely oaraw area, or when Ealuge of e Fne companents
ay disrupt eroergency and meliel aclions jusl afier @ eapthguate, Fralua-
Lt ol rnisk for the whale egional syslem has Lhwn 1o 5e Saees] on seamnion s
mowiels Al Lhe Tirst Lepe, thal o, moedels that oredet simmdbmenus iondeons s
wd several loealwns dunng vorh evenl: [or the parese of dhec miacr masin,
noGimeanty belwesn monelary valucs and utilities ean b aveotatid Ied Ly
means of adeguele soale 1tRanklosrmaions. These: mocdels sre alse of Filerect 10
ineraner eommanices, whoen the predab ity distribuiwon of the maximun pa
LA ivenl resion dusing s griven Lime interval i 1001 eslimme led,

Whatever the entegory to which a eeismic risk prob'ent Lo, o roguenes
the prediclion of probability distribndtions of certain gruund motien char-
acteristic: fsuch at poak grownd aiceleralion or welocity, spoclial dectidy,
Feppeannie o Fourier speeioa, dorabionnh ab @ given sibe during o sTngie sl or
of maximum yalues of some of Lhose characteristn's jn earthquaies oecurnn:
duning given tine islervids, When the referenee wlorval fead s 1o infinily, 1ie
prolinbilty sistribution of the maximum value of o dven characterstiz o
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proshes Wist of its maximum pesarble vaboe, Hecause differcstl systems or
aubsystems arc gensillve Lo JilTerl grovnd et ion cbanwletiztics, e lerm
internty characterintie il be wsed thrnugbenst s cBagler Lo amen & pure-
ular parameter or sel of parameters of an earthruake motion, in Terms of
which the response g 0 be predicied, Thus, when dealing withs the Tuilure
prdsalolity of a sirucbore, julensgy wan te aleroalively measumd — wilh
different degrevs of vorrelation with siructural pesponse == by Lhe oodinute of
Lhe repatue specirum for the correapamding peried and damplag, U peak
ground sceckeration, of U peak ground selncity.

[o generml, local instrumental information doex pol saffiee for estimatiog
the probability disicibutions of masimum intensity characloriatics, amd wse
has ta be made of dela on sabjoctive messures of inlcaabies of past carlh-
quakes, of models of focel meisenreef, amd of expressions eelaliog claru feciae
Lca with magnitude snd slte-to-scurce distanee. Models of local seivaicity
cnnsisl, al brasl, of exprssions relating mragnitides ol varthrpabes gengraled
i i vodumies of the eorlls’s ceust winh Llseir retuns peres s, Mo oftan
than not, a mome deladed deseniption of local seismicly s roequired, inciad-
ng wimales of the maximum mamiteds thal cam b penerated i these
yolumes, as well as probalilistic (gochastic processt puadels of e possibhe
historuws of seismic reents (delined by mapnitodes aml cogrdinates).

This chaptrer tealy with the various steps wo b followed in the eviluation
al seiimic ritk al pites whers information other than direetl instrumental
tecords of intensities bas 1o be used: wlentilying pountil sources of ac-
Livity near the site, formuobuting mathematical nwdels of Tocal seismicity for
wach swres, Gblaining the conlribution of each praroe Lo seigmic risk at the
site and adding wp contributinns 0f Lhe variows sourres and combining -
foonation ohiuined frem Iocal seiseicity ol sourees near Wee site with data
on ins rumenlal or whiective inlensitics oheernved gt the xite.

The frregoing sups consaler use of infarmation stemming from sounes of
ebiffurenl patore. Cuiantitabive volues detived thoerseTrem wre onlinarily Lied o
wilt uncerianly margins. Hence Ly demand prebatnlistic evaluation, even
thowgh they cannal always be interpreted in terms of relative froquencies of
wutcinmes Sf given eaperinenis, Thos, peodogista kool e masnmaan mag-
mitiede that can be grneraled in a given area, ssessed by looking al Lhe di-
mensions of Lhe genlogical accidents aml by exteapalaling the olnervations
of otwr remons whith available cvidemee allows e brand as sinilic Lo Lhe
ane of inlerest: the estimiales prodoced are abviously uncertain, amnl the
deyree of unerrtainty should be expressed together with the mest pruhable
valur. Following nearly paralel lines, some geophy it estimabe the euergy
that <an e hbemmted by a single shock in a given arca by making guantitative
azsumplions khoul powrcs dimensions, Jiddoecation amplitude and slress drop,
consislent with tectunic models of the region and, again, with compunsans
with Areas of similar teclonic characterisues.

Urw ertainlivs attpehed Lo estimates of Lhe type just described arn in et
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erd ey lremely langre: some studics relating fauit rupture area, stress drop,
il magntyde (irane, T3 slhow Lwt, corsidering not umtis0ally high
sdiess alpoges, 1L duoes ol take very langs source dumensions La @ 0 omagniludes
.0 angd greater, and those stodics are practicslly restrn led to Lhe simplsl
Lypre of Taudl displicemient, 1t s ot ebear, there e, that nealistic b
ran A ways be assigowd bo polontial magnitudes In g@nen aread or that, when
this & feasibibe, these bounids are suificientty tow, su thal desipning street ures
ter withebanul the corpespanding intensitie is ceon iy saumd, parlicglars
by when ocguimense ull thase intennlies ia it very likely in the near fuiure.
Bevanwe upecrtainlivs in maximwm feasilsle magmludes aned in olher param:-
clers ddefining magnitude-recarrener Jaws ean e s siginficar as (heir mean
valurs when trying W make rabansl seiunic design decitions, those uncer
Liistivs hawie o by 1rapdi by reerpinaeet] alal aceounted Tor Ly mvans of
alequate prohabilitie eriterta, A corollary is thal grophysicably based et
mates ol sepanivily parametess shiouk] ta serompanesd with correspnncing
LN SIS L RN I AN T

Sersmic sk estimales are often based anly on statistical information (ol
served magmitudes and By pocentral voordinates), When this s e, o weg'th
ull relevant peophysical infiemation s neglected, while the probabitisic e-
dictivn of the future is made to rely op g sample that = oftey small ang of
hittle value, perticularly il Lhe sampling period is short as compared wik the
desirulidle mven perined afl the evenls capable of severcly dumaging o given
Ey soam,

The cuterion advocater) here intends Lo unily the foregoing approaches
and mlionally to assimiloe the correspunding picecs of jnfurmation, [
philosguphy tonsists in using the geclogical. grophysicsl, and all ather gvpil-
able nonstatistical evidence for producing 4 sob of allemate sscumgions
conrerning o mal Remationl fstoehiaslic processt mode] of seasmbeily inoaLiven
EOUCY aled. AN Nl probahilily distribution is 2sg,med 1a the sez of ke
petheses, andd vhe stalastical information s then used to ingrave thae pueot.aiib
ity muadgnmment, The coocrion is based on agrliondion ol Lovet theoreer, alsn
ralled ihe theorem of the probebifities af hypothates, Sinee esumides of
rish hepenet Targely an comcepteal mudels of e gevthvaieal o vnes in-
wilued, and thess are koown wilh diffeeent degrees of unecrindy in differ.
enl zones of the earth’s crust, thoee cstimates will be derived frem sten, aslic
process models with uneertain furms or parameters. he depmes o whels
these uncertmnlics ¢an be reduced depends of Lhe hmitations of the states
of the art of geophysical sciences and on the efforl that can oe put mio
compilation wid interpretation of gecphysical and sratistical infermakion,
This is an economical probbem Lhat should be handied, formyly or informad
iy, by the erileriu of declsion making wunder untertainty,
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8 2 INTENSITY ATTENUATION

Availalile chderia {or the evahiation of dthe contrilwtiun of potential sois.
niie waners Lo the risk al A sile make use of InfERELEy afica B2 LR exptessions
that relate iobensiy cherscteristios with magnitode and distanee from sita o
source. Depending on the application envisaged, the inlensity characleristic
ko be predicted can be exprossed In a2 number of manners, rarging from a
subjective index, glich as the Moclified Afrcaliy i ty, o aocorbirtion of
ehe ar mare quantitative measures of ground shaking (ve Chapler 1)

A ouinber of expressions for aitenustion af various inleasity charaeters-
tis with distance have been theveloped, but Lhere 3a Ltle agroctnent smong
moust of hem fAmbzascys, 1973). This B due in part o discrepancies in the
definitions of some paranieters, in Lhe ranges of values ghalyged, in the ac-
lual wave propagation propertics of the gerologival formations [ying 1y {ween
source arid site, in the dominaling shnek mechanisma, and in the Torms of
the anslytical ex pfessons adojed A prin,

Mnst intensity-allenyation studies concers Lhe prediciion of earthdguake
characteriatics on rck or fm grownd , and gssume that Lhese characterstics,
preperly modificd in terms of frequeny dependent wodl amplification facs
tors, shoauld comtitule the basls for eolimating their coninlarparls on sgolt
ground. Uheenvatiung alout the influrnee of soil properlios on earthquake
damage suppurt Lhe assumiiion of a elren? encrrlation btwoen Lype of local
grouned and tenaly anoa given ek, Allempis oo aonlytically prediet Lhe
characteristivs of motiona on soil given thuse on fim groung of on bedrock
have nol been too soccessfifl, howeker (Crouse, 1973; udson and Udwndia,
973 Halt, 19743, with the exceplion of some pecutiar cases, like Mexico
City (Herrorw ot al, 1965, whoere local condilions favor the fulfiilment
of Lhe mpumptiona implicd by usual analytical models, The following prara:
graphs cuncenuate on priadiclion op inlepsities on fem ground: the influence
of Lowal 3ai] 18 disciissod 10 Chapler 4.

.

6.2.1 fntennty aficnuation on fira ground

‘When isowismaly ilines joining sites showing eyual intensitv) of a given
shoch are Lased only on imensiiics ohserviv] an homogepeous grewmal con-
dition such as firm grcirnf jeompact souls) or bedrock, they are toughly
cliptical aml the ancntations of Lhe carrrtponding axes are aften enrrelated
with local ar tegional geolagical lrends (Fags. 68.1-6.3). In some oegions — for
inslance oear ma ke fuulis in the wentern United Siates — Lhose tremds are well
defined and the correlations are clear enpugh as 10 pormit prediction of in-
tensity in the near and far ficlds in terins of mognitude and distance W che
generating fault or Lo dhe centroit of the energy liberating vetumme, In other
regions, kuch s the castern Uniled States and mosl of Yexicn, soseiamals
sem to elongale sydematicaliy in w direction that is a function of ihe epi-
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Fig. 8.1. Tmeinrels of an easthquahe in Mening, (A e Figuerea, 1961 )

cenleal coondinates (ollinger, 1073 Figueroa, 10641, In thal case, intensity
shoubd be expressed a8 a function of magmitwle and coordinales of sougce
and ale. For most areas in e world, inlemsay has o be poedicted i eers
of simplr = and cruder = expressions that depoand only on magnitude and
distance fram site Lo inttrumental iy pocenter. This stems from inadequate
krowleds 21 pesleclanic eonditinne and from hmited formation cons
verning thae veslype whiere cnetey iz Lhoepsted i cach shock,

A eomparisn of the mates of avteadabion of inleasitics on fiem goynd {or
shocke un wrslerm and castern ¥orth Americd has Jdisclosed systematic dif-
ferences betworn these radrs (3 hiloe aad Davepport, 1963, This is Lhe soures
of a basic, but often unavoidable | weskness of most intensid y-attenuglion ax-
pressions, because they are based on heterogtneous data, recorded in (il
ferent 2anez, and the vory nalure of their applications uophet thai the less
ktwown about possible systemalic devialions in a given Zone, a3 & conse-
fuence of the meagemest of local information, the grezter waight s given
to predictions with respect 1o olbse rrations.

6.2.1.1 Modified Mercalli intensities
An analysia of the Mod fed Mercalli intensities on Tirm ground reported
far earthquakes oocurring in Mexico ln the Lasl few decades leads bo the Fol-
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lowing expression relating mapnitude M, hypocentral dislance & (in kilo-
treters p aiwd o bensity | Fstevi, L964);
= lASM —57lg R+74 {6.1)

The prediction error, defined as the differener between obsorved and
cunmuted intensity, & roughly normally distribuoted, wath a standard devia-
tion of 2.04, which means that there s 2 prebalality of 50%% thoat an b

served intensily s more than one degree greatey or amaller Lhan it pre-
divted value.

&5.0.1. 2 Pl ground googrations gad welocities

A few of the aveilable expressions will be described. Ther compansan will
show how cauliously a designet mbvicding tn use them shoall prseeed.

Houstier studied the atlenuation of peak ground accelersiions in seyeral
regions of the Uniled States and prosented his results graphically [1969) i
Lermie of faull length (in teen o functics of magnitude), shapes of isoscisrmals
and areaa #xperiencing intensé bies groater than given values (Fig, 6.4 end 6.5). .
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Fig. 6.3, lunmernale in Califoenia, (AN er Bolt, 1970,

He showed thel Intensities attenuate fasler with distamer on the wes] coast
than in the rest of the countey, [his comparsoen s i arecment with Misg
atel Davenport {10689), whi perfprmed a similar analysis Tor Canada., From
obtervalions of sirong earthguakes io California and in Brilish Columbia,
they developedd the following «x pression for g, Lhe pesk groun! accelepation,
4 & (racllon of gravily:

afg = 00063 e 2YH1.1 o W+ BT (6.2}

Here, K is epleentirol distance in kilomdters. 'The accelrration saries
roughly as e* **¥ -2 for larpe R, and as €® **VY where R approaches zero.
This raflects to sume oxtent the fact Lhat energy is released not ol a single
peint but from a finite volume. A later study by Davenporl [1972) lod him
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o propos: Lhe expitsdion:
nlfg - ﬂlz'}'l_] t.'.'ll.“r-nl-ﬁl [ﬁ.fﬂ

The statiilical vrror of this equation was studiad by fitting a lognormal
probability distntaalion to the @tios af ubsroved Lo computed acceierations.,
A slandard deviation of T3 was found 0 the patural fogarivhms of Lhose
ratios.

Falexa and Villaverde (1973]), on the basis of aceelerations reporied by
Hudson (1971, 197 2aby), derived expressions for peak ground aceeleralionz
and velociles, 28 lotlows:

ajp BT MR R . 0yR 165.4)

v 32K - 2507 (6.5}

Hete i js peak grownd selucily in cmfese amnd the other symiwis mean the
gme ax abave, The starddard devigtion ¢f the natural loganthm of Lhe mtie
pi abseried o predicted inkonsily is Q.61 for acccleratinns and 074 (or
velocities. IT judpzed Ly this paemeler, eqs. 6.3 ond 6.4 wom equelly niliabie,
However, a8 shown by Fig. 6.5, their mean values diffr signifcntly in sume
FANEUE.

With the exception uwl eq. 6.2, all the [oregoing attenuation expressions
are products of a funciion of K and a function of M. This lorn, which s ac-
ceptoble when the dimensions of the energy libecating source are 3ol com-
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& .
pard wilk §7 is madeguate when dealing » ih carlbrpiaior pouboes wysie
dirmensions are 0f the order of mederale Ty pocentral dstaoes, and ofbn
greatee Lhue them, Adlhouagh eoua jon errors | peababdlily fdesinbaitioae of
ratio af obaererd L prede ol snlensiliesd Bave been ov2luaied by Do engert
(1872 andd Faleva pnd Villaverde {19730 1hidt Aopondence onSfaod 7 hasnnt
v analyzed, Heeause seisoic Tisk esbumales are wely sensibive b the al-
trnualion expressions in the range of large magnuides apd shert distanees,
mut detailed studics shouwld be underiaken, aiining al improving Lhoie ex-
pms:iuns in Uthe montionet range, an at evadyatme tae inflaenee of 3 wind R
oh equation errof. Infgrmalion on strong wation recerds will protahly be
canly fof thoze studies, and hence they wil! have W lse lariely ooased
analytical or physical models of Lhe generation and propagation of seismic
waves. Although significanl progress has been lately atlained in this durection
(Trifunae, 1873 the resulis from such models have handly inflvenced the
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practicen uf sismic risk estimation because They have temained mther un-
known to or imperfeclly approciated by enginecrs in charpe of the cor-
resporsling decissons.

§.2.1.3 Rapaner specira

Peak ground acccleralion and displacement are fairly pood indientors of
the response of alructures possessing respecUvely very high socd very staall
Ralural frequeneses. Prak selocily s correlalod willh the sesponse of inwe-
mecliate-pericad systems, bul Lhe correlation is less precise than Lhat tying the
former pazarmetiers: hence, it i natural Lo formdate seismic risk evaluntion
and engineering design criteria in Lerms ul speclral ondinates,

Hesponse spectrum prediclion for given magnitude and hypoventral or
site-Lo-faubl dislye wseally onlails 3 dwo-mbep proocees, acedrding 1o wlich
peak pround acovlerstion, velocity amd displacement are joitially estimated
Aot then vresl o releremee sadines Tor peale Gon of e orfies of e me
iponse dpecirom. Let Uhe second sbop in the process be oopresented by 1he
nprration ¥, = a3, . where ¥, U an ordinaile of Lhe response spectrum for a
given natural period aml dampug m@tio, and ¥, i3 8 paraneter (such as punk
grourd acceleTabion ur velociiy) that van be directly obtained from the time
histery revord of 3 given shock regardless of Lhe dynamic Peoperiies of Lhe
sy slems whuse remponse s to be predicled. For given M and 1, ¥, i random
and g0 is ¥, fy, = a:the mean and standard deviatlon of ¥, «Jepend un those
of y, anl & and vn the coclficient of cormlation of the Inller variablics. As
shown above, ¥, can only be predicted within wide uneettainly lomits, oflen
wiler than those td Loy, (Hsteva and Villaverde, 19737, [ coe[Tivienl of
variation of ¥ goren M and A can be smalive than 1hat of ¥, only if & gnd
¥y are Negativeiy correlated, which woolben the caes: whe gooater the Joviae
tivn of an olsererd valur of 3, with respect 1o its expeclation for given M
and K. e lowet is likely to be a. [n other words, jL serms Lhat in the jnrer-
medhate range of natural pecods Lhe expected valuey of spectral onlinawes for
¥iven damping ralios can be predicld directly in terms of magnivede and
foral distance with narrower (nr at most rguall margns of uncerlanty than
thuee tied Lo predicied peak ground velocites. For the rnpes of very shord
or very leng natural periods, peak amplitudes of ground motion aml speciral
onlinaled apprach each other and their standand errors are thezelore nearly
pejual.

McGuire (1974) has derned atlenualion expressions for the conditionsl
walugs (given M oand A7) of the mean and af various percentiles of the prob-
abilily distnibutions of the ordinales of the response spectra Tor given natural
poriods arad damping mties. Those expressions have the same furm as oqs.
B4 and 6.5, but Lhewr parameters show Lhat Lhe rates of altenaition of spec-
tral ordinates differ tignificanily from those of peak ground accelerations or
¥elociteer. For instance, MeGuire finds that peak ground velocity sticiuates
in propertion to (7 + 25)7 "2 while the mean of the pseudevelacity for a

ru
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patural pericd of 1 s and a damping ratio of 2% eltennales in propetion
W (7 + 23179 % These results stom from the way that fregueiney corh il
changes wilh & and lead Lo the conclusion that the ratio of speetiai velouoiy
ghould e ke os a fonelpon of A a~t 7.

Talsle Rl summarizes Bofiuine’s ativnuation expressions anid their coefs
Licients af varialion [er ardinales of U preudovelocily tpecira prd for peas
pround aceslegalion, velocily and displacemeat. Similsr expresuions wome
duerived by Erleva and Villaverde (33731, Lol Loy ace Soteorbed to peed el
oniy the maxima of Lhe expecled aeceieraton and velocity spocira. regani-
Ivss of the periods associated wilh those maxima, No analyip has been
perfnrmed of Lhe relative validity of McGuire's and Beteve mnd Villaverste's
Faprossinns for various ranges of M and K.

£.3 LICAL SEISMICITY [ )

The term locod sefemiiciiy will be uscd here Lo designate the degrie of
sismiae metivity in 2 given volume ol Lhe £arbiv’'s czwsl] il van be quantilutively
describl according Lo varous criberia, each providing 2 diffevent emount of
informalion. Most usual criteria are based on_upper buounds to the mag-
nitudes uf earthquakes that can onginate in a fiven rismic source, on the
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smount of energy liberted by shocks per unit volume ad per anit tine oy
on more detailol statistical descriplions of the process,

6.1 Mognetudr-regumence cxpressions

{iuh-nbﬂrg and Richler {1931) oblained oxpressions relatiag carthguake
magnitudes with their rates of ovcorrence for teveral zones of the eartih.
Thair treulis can b put in Lthe form:

W =ae M (6.5
where A 15 Lhe moan number of varthquakes per uait vedome od por it
time having magnitude preater than M and o and § are rune goepemdent con-
Kants; o varies widely Lom poiol to point, as evidenew] oy the map of
rpiconiers shown in Fig. BT, while § remains within 4 relatively nrrow
range, ot shown in Fig. 4.8, Eyustion A6 implics a distribution of the en-
erey hherated per shook which is very gimilar Lo that olserved in Lhe process
of micrefracturing of laboratory spucimen of several Lypaes of pock sulipecied
tr graduaily mcreasing comprersive o Tending strain (Mogi, 1162, Scholz,
1963). The valurs of @ determined in the laboratory ane of the same orcler
g Lhote ablained fmoem wismic events, and have Ieeen shown to depend on
the helersgencity of the specinwns and an their ability to yield locally.
Thus, in hetetugencous specimens made of brittle materials wmany small
thocks precede a major fracture, while in homogeneous or plastic materials
U number of sinall shocks s pelatively smadl, These cuses coreespoad L
lurge amt amadl dvalues, respectively. No geoer] relationship is known to Lhe
wrnies between 3 and geolectonic features of sesmic proviness: complenily
of crusal struciure and o[ stres Eradiimts ||::'-|:'[|_||,].|gs k‘h“dﬂﬂml ey of Lol
ntutory resulis: and statlstical reconds Tor relativly small gaoes of Lhe earth
are pol, a5 2 e adequate [or establishing local valoes of 1. Figure 6.8
shows that for wvery high magnitudes 1he observed frequency of events is
brwer than prdicled by og G300 bnadeilion, Boaeabloeth (1960 Las shown
that i cunncl e smaller than 346, since thal woulkd imply aninfinite
amount af caergy Lberaliad per unit tane, However, Fig. G.8 shows Lhat the
valwes af J which result from Glling expressiony of tae Teon GG Lo obsarve!
slata are smailer than 3.-45; hence, for wvery high values of M [atwave T, ap-
proximatety} the curve should bepd down, in sceordanes with stalislieal
ovidenur,

Expreasions aliernative to eq. 8.8 hawe besn proposed, atlompting Lo oeps
msent more adequalcely the obsrrved magnitude recurrence dula |[Heosen-
blueth, 1964 Merz and Cornel!, 1973) Most of these eajiressions alsu il Lo
nognize the existence af an upper hound to the magitude that can be geas
erated in a3 given source, Alhough po proecise eslimates af this upper boupd
can yet be ablained, recogrilion oF i existence and of its dependence an
the probectonic characleristics of Lhe soursy is inesrapahle, Indecd, Lhe prac-
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Lice nl seismic zoning in the Boviet Union has been based on Uds coneeplt
Lrmovsky, 19620 Anoqan ot al, TUEA} sl in many counlries desipn speetra
for very important siocwnes, such as nuclear reaclors oz darge dams, are
usually depved frpm the assumplion of 2 maxbnum cralible inleasity al a
site; Lhal intensily is ordinsrily obtained by loking the maximum of U
intrnsilivrs thal resuit at lhe Sile when ot pach of the potentiad ssgrces an
varthguake with mapnilude equal o the masimwgm feasible value for that
kotiree i1 Eeneraded ab e Akt wnfuvowrable location within the gume
waaree. Arhen this coikenon i applied no attention is usazlly poid W the
uncertainiy in the masimum leawble magmitwde nor L the nrobability Lhac
an earthuake with that mapnitude will occur Juring s given time period.
The aremd Lo Inpmulate seismie-risk-relabed decitlony that account bath for
upper bounds to magnitudes ard for Lher probabifities of oecurmence sog;
geste adojiion of magnitude recurtence expressions af the fornm:

A=A GHM Tor M & M€ My
=),  for A<M,
-0 for M > My (6.7)

where My, = lowest magnitude whose contributicn bo rigk is sigmificant, My
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= maximum feasible magnilude, and G={M) = complermneniary cumulative
probabilily distribulion of magailodes every Linoe thal an evend (3 = M:)
accurs. A particular form of G*{A) that lends itself Lo analytical derivations
is: i

MY = Apg + A exp(—fM] — A, exp[~(F— 8,1M] (6.5)
where!

Ag ™ AB, exp|=fATy — ML)

Ay = AP F oy expdAM)

Az = Ay expi=f,Afy + M)

A = 11—~ expl=fyiat, — MOT |, 11 = oapl @3, — M) 1

As M Londs to 8 from above, ¢g. B.7 approaches en. 6.6. Adoplion of
ichimqunte values of My nnd [ permits satisfyng 1wo additinnal conclitions:
the maximum leasila b magnilude and Lthe rate of varation of & in s vicinity,
When 8 -+, pq. 68 wnds Lo an capression propased by Comell and
Yanmarcke (1964),

Yegulalp and Kue (1974) have applidd the theary of extreme vulldes Ly
estimaling the probabilities that given magnitudes are excecded in given Lime
intervals. They assume those probabnliies to fit an extrems type [l dis.
triliotion given by

Fity, [Mit) = exp[—CiMy =AD" L]  for AT < My
=0 for M > A, © on £6.9)

Here Fop | TMINY indicates the pralatnhity that the mecimun mnagnilyde oi-
semved dn f years is amaller than M, My has e same meaning as alagow, and
Coandl K wre zone-tependenl parameters. This dulplation s cansistent
will: the assumgplion Lhat carlhguzkes with magniludes goeater than W ozie
pla.v in acevrdanee with 3 Poiston process with mean rae X equal ta G2y
=AM Egquanog G produses magmitude cecurrene e curves Uial i £ leeely
the slalistical dala op which Ly are bass) for magniludes slwee 5.2 andd
return periods from 1 to S0 years, sven thouch the salues af My that
result froaw pure slalpslical pnalysis ore ool peliahle ymedsancs of the upper
bound o magnitudes, sinee in many cases they turn out snadmussibly bich.

For low magnitides, only g Mractien of the numbser of shocks that w2ke
place j5 detected. A% o conkequoenoe, h-values hase! on staiistieal infurime
tive lie below Lhose compuled aceutding Lo cgs. B9 aind 6.8 for M siniller
than about 5.5 In widition, Fig. 6.9, taken from Yeguialp anrt Kuo (1874,
shows that the numbners of detecled shoeks fit Lthe eatreme tyne 121 in ). R
belter than the extreme type-I distribulion implied Ly eq. 6.6, coupled with
the assumptinn al Poisson distribution of the nwnter of events. 1% i5 mot
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1974,

char what portion of the deviation frem the extreme type-T distrivulion is
thue Loy tha bow values of the detectabibly wvels and what portion comes
Mrom differendes belween Lhe actual form of variavion of b with M and that
givea by e, 6.6, The problem deserves attention hovatse estimates of ex pect
el Jasses Jue b nouslructund damage may bo sensitive to e values of 3 for
smadl magniludes =2y below 5.5) and becanw the evaluation of the level of
=ismic activity ina region it oflen made to depend on the recarded sumbers of
small magnilnla shocks and oo asswmed delectalsility levels, Le. ol ralios of
tumbers of detecled and gecumrad earthguakes (Kaila and Narain 1971;
Kaila et al,, 1972, 1974, .

Nane of the eapressions Jur h presentsd in this chapler poswess Hw dosies
able property that i applivabdlity over 2 numler of non-overlapping rigicas
of Lhe earth's ofukt imples Lhe validity of an exprezginn ol the same form
over Lhe addition of those regions, wiless some testeictions are impasiad oo
the parzmeters of vach 3. For inslance. the addition of expressions like 6.6
gives place to an expresaon of the same form only if 3 i the same lor al]
terma in the sum. Similar objeclions tan be made to eq. 6.8, In what fullows
those forns will be preserved, however, a6 their acouracy i consistont with
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L ameand of nvanladalee mTermation aacl (heir atopiion offers significant
wlvanLages in Uhe cvatuation of regional seigmicity, as shown kter.

B 5.2 Varfalion with depth

Deplh of prevalling seismic activity in a repion depends on its teclonic
structure, For instanece, most of the aclivity in (he western coasl of the
Fhilesd Stales and Vanacha consists of shucks with hypocentral depths in the
range of 20=30 km. 1 other arcas, such s the wuthern coast of Mexico,
Eismic fvents can be proupod into two ensemblos: one of smadl shallow
rhocks and ape of earthquakes with magnitudes comprised in a wide range,
sl with depths whose mean value incresswes wilh distance from the shoreline
fFig. 6.070. Mgueee 611 shows the depth distribution of carthgualies with
magnatimde ahve 5% For the whaole circun: Pacific Tatt.

A.3 3 Stachesiic models of mariiguake oocurrence

Muoan oxcealunce mles of givet macniludes are e pecteed averages durning
long time ntenals. For decision-making purposes the Gmes of curfhuake
cueurenr are alse fgmnificant. AL present those Limes can unly e peeckclid
within a prolabilislic conlest.

Let &, b =1, ., ) 1w Lhe unbpown times of occirrenes of carthouahes
generatet] in a goven volume of Lhe earth's crust sluring a given time intorval,
ard et ML e Uae eocresponding mragniludes. For (e meement it will be gy

oosumed that the risk is uniformly distribtod Lhreughboot the pivenn volime,

and hence no allention will be padd to the Tocal oordmMes of each shock.
tlassical mowthinds of time-serice analyis have beer agpliod by Jiffogent -

res-archers atlempting to devise anatytical models for random earthgquake

sqquences. The [ellowing approacives are olen Found in the Literaturee:

tal Metling of histograms of waiting tunes heiweep shocks T Knopaif,
TaG: Ak 1062,

tby Kvalualion of Folsson™s imdex ol dipersion, thal i of the ratio of Lhe
sumple variance of the numiber of shocks L s eaperted salue ¥ ero-denes,
1070; Bhlwn aml Tokatz, 19700 "Uhis index equala waity for Posson pro-
cvsaes, 15 kmaller fue nearly penodic sequences, aml G grealer than ohe when
events Uened to cluster. )

{v] Detoeminubion af autecovagiance functions, that is, of funclions rep-
reeenting the covariance wf the pumbers of events obeened in gonen Lime
intervals, sxpressd In terms of the time elapsed hetween Lthose inlervals
{Veredoney, 1870 Shlicn and Tokstz, 1970). The autocevarianee [unetjoda
of 4 Poisson process is a Dirac delta function. This fealure is characternstic
far the Poisson model since it does not hald for any diher stochastic provess.

(d} The hazard function &), Jefined so thal A6 d! I the cundilional
probabuity that an event will take place {n the interval {I, { + di} given that
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no evenis have oocurred befare &I Fit) s the cumulative probability dis-
tribution of the time bebwean events:

Rty = fieyd(1 — Fiil| {6.10})
whera (1) = aF{r) AL,
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Fig. 6.1}, Yariuwwen of wolsmicily with depth, CirewmePaefie Belt, (After Newmark aad
Rosenblucihk, 1971}

For the Poisson model, fiF) in a constanl equal to the mean yate of Lhe pro-
[ b

§.3.3.0 Poisssn modred

st commonly applied ilochastic models of seismicily sssume Lhat tie
rvinls af earthquake occurrence contitute 8 Poisson process and Lhat the
M s are independent and idenbcally distribuled. This assumgtion umplics
that the probabilily of having & earthquakes with magnitude excesding A
during e inleral (O, 1] equale;

P = Fenpl—ig i, ¥ N G111

where vy is the mean rate of excerdance of mognitwle M in the goon ol
upwe. JT A 35 tohen equil bo zern in e, 5011, one oblaing thal the prohahilisy
distobution of the maximtum magnitude duting time interval | s equal 10
expi =~y tL If vy is given by oq. GG, the extreme Lype-l Jistribulion i3 ob-
Laitusl,

Some weaknesses of Lhis model beepme ovident in Lhe lxht of ¢talistocal
informaution and of an analysis of the physical processes involved: the Pois-
son assumpdion implice that the distribution of Lthe waiting time to the next
evenl is nol modificd by the knowledge of the time elapsed sipce the last
wnt, while jhysical models of gradually accumulated and suddeniy relgasal
enetgy call fur a mome general eenewal process sach phat, unlike what hap-
pens In the Poson process, Lhe expected time Lo the next event decreases 3%
time goes on (Esleva, 1974). Statistical data show that the Poissan agsump-

ke
=
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Lon miv be acceplable when dealing with Jarge shocks throughoul the
world (Ben:-Mepzheps, 19601, implying Inck of corelation bebween weismici -
tirs of dilfernt egions; however, whin congidering stotail volumes of the
earih. of the arder of those Lhal can significantly contribule o seismic risk
al a site. ot oflen contradicl Poisson®s model, usually becaune of clustering
of wmarthquakes i lime: the ohsereed nuoibers of shoel infeevals htwern
cvenls are significantly higher thao predicled Ly Lhe exponential distrila.
tion, and vahies of PoMson’s index of dispersion an well above unily (Figs,
&.12 and 6.13). In some inBlanees, however, devialions in the oppasile direc.
tian have been obsopeel waling thnes tend te e more early periodie,
foimson's ndex of dispersion iz smaller than ooe, ad the provess can e
rpresenied by a repewal model. This condilion has besn reporicd, for
instance, in e southern coasl of Mexivo (Fsteva, 19743, am! in the Kam.-
chntke and Famir—Hindu Kush regions (Gasky, 1966 aad 1IT} The msd-
i1 upder discussion olse [ail to aceounl Tor cluswring in space (Twloi,
1958; Gajande and Lommitz, 19601, for e eveluticn of seismicily wilh
tme, and for the syslematic shifting of active soulees along grologic ac-
cidents (Allen, Chapler 3 of this book), (O account ef its simplicity, how-
ever, the Poisson process model provides a valuable Lool for the [ormulstion
of some srigmie-risk-relatrd decisinns, particulacly of those Lhat are sersitive
only to magnitudes ol evenls having very hang return periods,

& 3.3.2 Frigmer modvls

Suabystical mnalysis of waiting Limes wiween carthquakes does not favor
the mioption of the Poisson model of of other Torms af reocwal prod csees,
such as those that asgume thal wyiting times are myoally elependent with
lognormal or gamma distributions (Shlier and Toksdz, 1970}, Aitenatoe
mixiels have heen doveloped, most of them of the "Lrgger type’ (Vefe-dones,
19701, ie. the overall process of earthquake gencration is congldeeed as Lhe
superposition of a number of time serira, vach having a different origing,
where Lhe prigin times are the ¢vents of 3 Poisson process. In general, lel
be the number of events thal Lake piace during time intervai 10, 1), 7.0 = ori-

. pin time of the mih series, W {1, 7., the correspohding pumber of eeents

ap to instand £, and A, the tkcdom rumber of tine gRTeE jodddated dp tle
interval (9, ¢, The talal nurmber of evenis lhal occur belode instant ! is Lhon :

tay
EEDIE RTE N {6.12)
Ly | .
1f origin times are Jistributed secording Lo & homopenegus Poisson process
with mean rale &, and &1 W s are identically distnbuled stochaslic processss

wilh respect 1o (f == Ta b, it can be ghown (Parzen, 1962) that the mean and
yvariance of & ewn be oliteined [rom:

[}
E{N}-vfﬁ'{“r‘{t, ) ]dr .15
1]
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VAL (M) = f;:[ W3t rillr (6.14)
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_ Pu':.nn (1962 pives a_]m an gxpreasion for the probahility generating func-
Hon vy (23 ) of the disizibation of N in terms of gy {Z:¢, 1), Lhe ErNETt-
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ing function of each of the componant procetses:

L
bk Zity = exp [~wt +v [ poiZie, ridr) (6.15)
1]
where:
SwlZit r) = E,, Z" P{Wit, r} = n} {6.16}

and the probability mas function of ¥ can be obtained from vy (Z; ¢) by
mecalling that:

I Zit)w 23 (N = n)

=0
cxpanding §. In power geries of Z, and taking PLN = 7] equal Lo the coet-
ficient of Z7 in that expunsion. For instanee, if it it of interest Lo compute
FiN = 0, expansion of P, {Z; {j in a Taylor’s series with respoct te Z = Q1
leads ru:

T
Wl Zi 1) m e (03 4] ¢ 2 (05 63 +§;,¢e;m; (4. (B.17)

where the pnume signilive derivative wilh respect to Z. From the delinition of
WL PN =00 =g, 105 10,

Because the component processed of “tAgRer -Ly po {ime SeTWCs appear syer-
lapped in sample histories, their analybica! representalion usually entails
Sixly ol a number of altemative models, estimation of their parameters, and
vomperson of model and sample prapecties — often socond -ordet propertics
{Cax and Lewin, 1965},

Viere Jones models, Applicability of some general ‘trgger’ models (o rep-

rm

mm

Pl Tei] selgoieity processes was discussed inoa comgechensive paper by
Vopedonion | TU70), wlio calilratod thein mainl g ngainst revords of scsmie ac-
twity in New Zealand. Tn sthhilion Lo simple and compeund Poissan pro-
crges [FParzen, 19621 he consbleremd Neyman Seolt and Bartlett-Lewis mond -
tla, Doth of which assume Lhat eadheuakes occur in clusiers and Lhat the
nimbier of events noeech rluster is slocastically independent oS ity origin
time- In the Neyman Seott model, the process of clusters i3 assumed wation-
ary and Veisson, wiek each cluater is defined by py | the probakility mas
functing of its munkber of events, and A}, the comulative distribution fune-
tiwn of the dime of an evenl corresponding to 2 given cluster, measured from
the cluster origin. The Bartkelt-Lewis model is & siecial case of the farmer,
wlhers facly cluster is o renewul process thal cncds after a finite nuetber of
renewals. In Lhise modsls Lthe vonditional probability of en evenl taking
place durng the interval {8 £ + df), given thal Lhe Cusler conass of &
shocks, is rqual to Nhiekdr, whero 308 = 3500 fag,

PBerause clustes overlap Uy time they covoot easily e idenbilied and
separaled. Estimation of process parsmeters is acoomplithed by awaming
thfferent s ol thow parameters and rvalpaling the correspomding goed nrss
of fit wilh observed data.

Various eliemalive fonms of Neyman-Scatls model were compared by
VerewJones wilh ohserved date on the hasis of Dist- and second-prder statis-
ticy; hazard funclions, interval distnbutions (in the lorm of power specisa)
wnd variavoeo time curves. The statistieal record comprises about one Lthuu-
saw] Mew Jealund varthguekes with magnitudes greater than 4.5, recocdind
frem 1942 w0 1961, Figures 6.13—6.15 shaw results of the analysis for shal.
low New Lealand shocks as well as the comparison of observad daky wjth sev-
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Fig. &.14, Emooihed periodogram for New Dealand shallow shocks. (Afer YersJooes,
1964.}
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eral altemative models. The process of cluster ariging i Possoen in all vasd,
bul Lhe distributions of cluster sides (& and of dnnes of eventls within cfus-
Lers diffec amang e Warious instances: in the Polson model no cluatering
takes place [Lhe distribulion of v it a Dirac delta funvtion conlened st & = 1)
witlle an Lhe cxpunential gl in ihe power-law meadels the disipution of & e
extremely shewed Lowards & = 1, and A{!} is Laken respectively as 1 — e~
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Fig- 6.16. Rupiure cones sod epaeonier of Lerge shallow Muddle American rarthagushen of
this tentury, | Afvee Kelleher ot sl 1873
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ard | — Jefie v 23" Tox {2 0, and as sepo far § < 0, where &, ¢, are® § are
prasiln e patanetees, I Figs, G.13-015. 8 = 025 ¢ = 2.3 days, anwe) b =
(LN shgeksfday, The siwnifiewaes of custenng is evideneed by the high
valur ol Poitson’s dispervion index in Fig. 6,13, while no sinificant period-
ity can b ioferred frem Fig, .14, Jaah Migures slaw al the power-law
mmlel peavidiss tie Best e te the statedics of the ssmpdes. A simider analysis
far New Zealand’s doecp thocks shews mueh less clystering: Foisson s efjsper-
giond imdex erjuals 2, awl the hagard function is nearly constanl with (me.

Still, data reported by Gaisky {1967 have hazard funetions thal syppest
mocdels wihwre the clusier origing as well as the clutlers theanselves may be
repvseated by pemewal proocesss, Mean reluen perveds are of Lhe opder of
several monkhs, and hente thewe processes ool gorfespood, ot least in the
time grale, 40 the process of alternate perisals of aelivily and quirscense of
soanwe peolondieal strendufes vitnd by Belleher el al, (10733, which have Lad ta
the cunpeepd of "lemporal seismie gaps”, discussed below,

Sergrdeficad fraggree paondafs. Shitien and Toksidz (10T propossl a simede
particular case of e Neyman-Sentl process; ey lomped Llogethoee all eatihe
quakes tmking lace during non-orerlapping Line alessalz of ooeeen bt o
tlefined] e i edusrers Tor which ¢y wes a Divae el fanelion, Working
with oncday intervals, ey assumod Lthe number of cvente et closter to
Lo disbriliaml im aceorchenee wilde the chisoredes Fared e i aml agedpel @ noosg-
nutn-pkelilwswd criterion to the information consisling of 35000 rarh-
guaks reported by the USCGS from January 1971 o Appust 1IGE. The
mede] prroprosed repeesents reasonably well Doth the distribmtint af the num-
ber of carthqhakes in gneday intervals and Lhe dispersion index, lHoweer,
owing (o Lhe assymplion Lhot pe cluster [asts maore han one day, the ek
fads to represcnt the auwcarmelation function of Lhe daily numbers of
shocks for small time lags. The degrer of clustering is shown to e & regional
functian, s tn diminish with the magoilude Creshold yahoe amd with the
focal deplh .

Aftorshockt segoraces. The trider roeesses desemlaed Dane leen brapchsd
ax reasonable representaipns ol regiondl Eeisatie acbvily, even when ofier-
shovk sequences aml rerthyuake swarms am suppresscd from siatislical
roconds, however afabrary thul suppresston may be, “The most sigofant
instanees of clustering are relalisd, however, Lo afletshock sequenres which
often follow shalow shocks and only tarely intermediate and deep moents,
Prersistenee of Parge numbers of aflesshocks for a fow dyys o weeks has
propitialed he detadled stotisticst anaiyeis of Lhose sequentes since Jagl
crntury, Omori (1304) poinled eul the decay i the meap rate of afiere
SPCR oeeu TR e willk £ Lhe Lne elapsed sinee Lthe main shoek; he expressed
that raly as inversely pruportional to &+ g, where g il’lﬂ empincal ganstant.
Utreu (1961} propossd & more generml expression, proportionsl Lo (¢ + ¢)°F
where § s a constant: Utau’y proposal is consistent with the powerdaw ex-
pression for Add) presented ahove.
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Lomnritz and Flax (100} propmsel 2 clusieringe nuwiel 1o Fa el oalop.
hock sequencss) i is a modifisd version of Neyenan aml Seell’s mwdel,
where the process of cluster uriging is non-homogenvous Taisson with nosm
ratz deezyving in areordance with Opror’s law, e number of eoeils in varch
clusier has a Poisson distribution, and A7) s exponential, Al The results
ol melhods of analysis Jeseniluad iy Vere-dones {15707 far Lhe statianory
preecess of cluster origins can be applied La the nonstationary cass thenugh a
Lransfonnation of the Lme scale. Fitting of parmmelers 1o four aftorghck
Equenoet w accomptizhed through e of e second-onder information of
the sampie defined on a Lransformed tine scale, By applyitg this cnteoen o
earthguake wls having magnitudes above different threshoid values it was
poticed thal e degree of clustering decreases as Lhe Lhivshol! value in-
rrean,

The mamnitade af the main chock influences the numlbeer of aflerehecks
andd the distribution of Lheir mognicwdes anel, althonph U mte of aclivily
decreases with e, the distnbation of magniludes remaing stalde throough-
oul &b squence {(Lomnilz, 19686: Lo, 19632, Drakopoutos, 1971, Egua-
tion § 6 ropresenie Fairly well Lhe distribotion of magndades ghserved i

mast pflershock squences, Vatwes of § ranpge from 0.9 te 3.9 and deeniase-

a Lhe depeh nereases. Sinee values of § for reputar (maim) carthquakes are
wsunlly  estimatel from  eelulisely siall numbers oF shocks @eneraled
throughout erast volumes much wider than those oelive during allershock
sequrmroes, na telation has been cilabliched amung 3 vaives for serivs of bolh
types of events. The parametons of Lso™s expeession for (he ceeay of ulter.
shock aciivity with time have been eslimaled for several sequepces, fur in-
slancy thowe fallowing the Aivutian eartbquake of March #, 1957, (e Cen-
trat Alaska earilueguoke of April 7, 196K, and the Southeastern Alaska varth-
quzhe of July I, [958 (Utsu, 1962, with magnitedes rqual e 8.3, 7.3,
wnd T4, respectively; ¢ {in days) was 0,37, 040, and 001, while § was 1.05,
1.03 apd 1.13, respectively. The relationship of the ol numlat of after-
hocks whose magnibude excemls a given valoe with the magnitude ol the
main shock was shidied by Drakopoulos (1971 (o 149 altershoek se-
qunees in Greeee from 1912 to 1968, His resuils can be capressed Ly
S e A e pl=diFy, where MM is the tolad number af altershurks with
magrtude greater than A, and A s a function of M., the magnitude of the
main sthock:

A=eap( 362 F+ 1,00, = 2.46) 6.18)

Formulstion of stochastic proces models for given earlhquake sequences is
feasible once this relationship and the activity decay law are aeailable Tor the
spurce of interest. For selsmicrisk estifnation at a mven site the tpatial dis-
wibution of aftershocks may be as significant a5 the distribulion of mag-
niludes and Lhe time varjation of wctivily, particularly for sources of rels-
tiveiy large Jimensions.

TCA

G 3 1A floncreal procees maodels

The trigger modlefs described are based on information aboul earthnuakey
witl g tudes whove rebalively low thresholds recorded Joming time inter-
vala ul al most Len years. The degriees of custening ohserverl and Lhe dis.
rihutions of Limes betwesn chisters cannot be extrapolated to higher mag-
nilude Ul eshalds wnd tenger time intervals without Turther study,

Available information shows beyord douht that significant clustering 1s
the 1dle, at jeast when Jealing with shallow shocks, Hewever, there is cone
siderable ground for discussion on Lhe nature af Uwe process of cluster orimins
during intervals of the order of one erntury or lergeor, While jack of slalisti-
cal Whita hinders the Forsaabation of sedsmicily ndels valid over lung time
inletvils, qualitative consideration of the physical processes of carthquake
Eenetation may puint o models which at rast are constslont o ith the staze
of khnwledge of geophysical keieroes. Thus, i strmin epery stonad in @ e
ExHY W n 2 more or Jess ayslemalic inanner, the hatanl fupction should
prow with the 1ime Ql.'lpsrr{] sliver Lhar Jast cvont, grd Aol temain constant as
the 'risson assumpiion {mphics. Thi concopl of 8 growing hazaol fpactiun is
conmstent with the conclusions of Kelleler et al, (1973} concerning the
theory ol peticdic aclivation of seimmic gaps. This theory is partia’ly sup.
punicd by results of nearly qualitative analysis of the magration of scianic
activity along a number of gerlogics] struclares. An instance is provoieg by
Lthe souathern cossl of Mexico, ene of U most active regions o the world,
Large shallow shocks are generalod probably by Lhe interaction of the con.
tinetlel mass aael the subdoctive ofcanic Cocod plale that anebertiorosts 1.
ancl by compressive or Aexural [allure of the 1alier (Chapter 2), Seismalogi=
cal fdata show sighificant gaps of activily along the coast during the pres=ni
contury and oot much i knuwn alewat previous hstary (Fad, G060 Along
thesr gaps, seimnie-risk ostimales based solely an ohserved intensitier are
quits law, although no sipnificant difference is evideal in the grelogizal
structere of thede tegions wilth respeet (o Lhe eest of e coast, save snme
trangvrrse faulla which divige Lhe rontinenlal formaticn no seceral Dlocks,
Without looking 4t the statisticul revords a geopliysicist would aesipn eqal
rsk throughgul the arcg, Gn Lhe basg of seismicily data, Belicher e al, have
conchuloed Lhat activity migrales along the region, in socl & manser that lorse
earlhyuakes tend to ovour st scismic g, bhus implying that the hagard
funclion grows with time smot Lhe sl earthguake, Similar phenomena kave
bewn wbserved in ather regions; of parlicular interest s the North Anatohan
Taull wiwre activily has shifted swstemalically along it Irom easd to weal Jur-
ing the last forty yeara [Allen, 1969).

Cunclusionz retative 1o activation of geis™mic paps ane controversial Iveaose
the observation Deriods have pot exceeded one cycle of vach process. Never-
theless, thote conclusions peint to the formulation of stochastic models of
seismicity hat meflect plavgible features af the grophysical proceees.

These consideralions supgest the wse of renewalprocess modols o ep-
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resenl soquenees of imdividuad stowks o GO clieders . Such gualcls ane char-
acterited  twcause Umes eLwecn eweptk ore mdepeichent gl i{lq-niu-:.”_-,r
duistridnited, “Phe Matson process is 8 parlicolac renewal nudnl for whicl e
distibution of he wailing time i exponential. Widvr groerality is achiewal,
wilbout much lss of mathematical tractahilily, il jnper-openl Limee aee SUjI-
pused o be distriliubiad in accorlance with 4 gamma funelion:

fritim -t ¥=1 o 16.19}

which becamws the exponential distribution when k = 1 If & < 1, shorl in.
tervaby afe more freuent ynd the voeffivienl of varintion is grealer than in
the Pougon meodel; if £ 5 1, the peverse 38 trae, Shlien and Toksoz (1970)
found Lhat gamrma models were unable W& represenl Wie sequences of ine
dividual shocks Thiy analyeed; il these authors handlol tine inteevals at
least an onder of magsdude thorter than thase referread Loin this geeLiom.

Om the baxs of haswrd funclivn estimated from sequences nf small shocks
in the Hindu-Kush, Vers-dones (10701 didoees the walelity of ‘anching
rerewal process’ models, in which the indervals between cluster cetilers, as
wall a3 Lhose beln ecn clusier Membert, conslitule ronewal processes,

Oming to the scarcity of sakisthenl information, relialite conyparisons be-
tween alternate mesdels will have Lo rest parlially on simulalion of Lhe pro-
orss Of storage and Liberation of sirain energy {Burridge and Knopell, 1967,
Venezimne and Comell, 1971).

B.3.4 faflurnee of Lhe selsmicily moxlef g seismic risk

sombnal values of investnients macde at & given ipstant increase with Lime
when placing them at compound inlerest rates, i, when rapitalizing then,
Their mal value — amd pol ouly Lhe nomiaet] one — will also grow, provided

© the interedt pwe oveshadows inflation. Coovensely, for the purpose of mak.

ing design decisions, nomingt values of expected viilities and cosls inflcted
upsin 0 Lhe fulure have to s converled inbe proeseot or actualized values,
whith can be dircetly companad with initiel expa-ndibures. Descriplions of
sepsnic rak at # #ite are insulficient for that purpose uhbess the peobnbility
distributions of the linws of vecurrenee ol dilfrrend nbensitics — or mag.
mrrriee at reighbouring sourees — are sijpuiated; this entails more than sum-
ple magnilide-fecurrenes gruphs or even than masimuain feasitde magnilude
estirmates.

immediately after the occuttence of a large earthquake, seisimije risk is ab-
normally high due to afterehock acdwity aiad to the probability Lhat damage

*ownflicted by the main gdwek may have weakened netural of man-made stroce-

Lures if ~Miergency reeasures abc not laken in time. When aflershock aclivity
has ceaseul and damaged sysirms have beon repajne, 3 nermal riak lovol is
allained, which depends on Lhe probability-density Tunclions of Lhe wailing
times Lo the enpuing damaging rarthquakes.

F{1 )

For the purpose of ifustration, e il e assunasd that o fixed and deler
minislically known domage 8, vocurs wheotser a magnilule above a given
value is geacrated @t a given spurce. |f f{{] is the prolebilty-dengity funchion
of the waiing Lime tu the securtence of tv dumnging event, and if the risk
lewed is sulficiently low hat only the first faiture is of correm, the expecled
value nf Lhe aclualized cost of damage is tsoe {hapler 9);

-

b=, [ eiinat {6.20
a

whrere y s Uhe discounsl for compound intersst) coofficpetl gnd e gverhar
destes expickaiion. If the process i3 Poisson wilh mean male ¥, then fie)is
expueneniial and 2z 84 pfy howeser, i damaging events 1ake place in
elanters anil gest of e damags produceed by cach viuster VOITE Ml 5 Len L
fist rvenl, Lthe computation nf B should make use of U ean rate & core
resproidyag to the clustiers, insdend of Chat ayloealle o dividual events.,
Tahle Gl shows u comparisnn of sermie sk determined umler Uw stefna-
tive wssumplions of & Moisson snd 3 gamma model 1k = 2), holh with e
sane IRCAR Feturn Perial, e (Esteva, 19741 'Theee sleseriplions ol risk e
presenild us funclions af the time 1y clapsed since the Last damagng event:
Ty. the expected time 1o the next event, measarcd from mstanl £, the cx-
peeted value of the present cosb of Tailure computed from oq. G20, and ke
hazard funcliva (or mean failure rate). Since clastering s neglected, Tisk of
aflershock occurrence must be rither inchided in J7; of superimposcd un
that displayed intle table,

This table shows very significant dilfrrentes among risk lesels for hoth
provesses. At small values of 1y, Aisk is lower for the gamma process, hut it

TABLE &.11 Lt
] )

Comparison uf Foison and gamma procrsses

fawrk Ty wk Poimonproces, k=1 khiv T, Wk Gaonne proceas, k= 2 hlkgae
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grows wilh time, inatil it outrides Lhal for the Poisson proosss, which remains
constant. 'The dillerenees shown cloarly alTect enganencing dodigions.

.4 ASSESSMENT OF LOCAL SEISMICTTY

Only eaceptionally van |11:1,!-:ni1m!|~-rm'1|rnrm v orilativns Tor sanadl yolumes
af the earth't crust and stolisticd] coerpelabion funclions of Lhe procesd of
carthgjuake grocration be derived exclusively frem statistival analyss of
recotthod shorks. Tnoinest cases this informotion 8 e himitmd Toc that e
pase and il dovs nel always reflect peolegical evidence. Binee Lhe Taller, ok
will as s coppeclinn wilh eeismicily, 1 Desel with wile unoqriamly mar-
pins, information of different natuee has to be evalanbal, il uneerbiunty
mnalyiml. and canclusions reached consistent with all pieors of information.
A prabubilistic critvrinn that accomplishes this is presenbd herel on the
hasie of peolactoniv data and of conceplual molcls of the physical processes
svolvedd, a wel of aliemate psumptions can e made coneerning the fong-
tions hu questicm (magnitude revumencee, tane, and gpaee cofoelation ] and an
idisl  probalility  distribution  tasignesd] thesctod statizlbeal inlormalicn
is usd to judpe the likelihood of cach assumplion, and a pestezion preb-
aliity distribution is okiained. ow statistical informalion contibules Lo the
posleriwor probabilities of the alternate asumplions depends on the extent of
that information ami on the degree of wneerainty impliced! by the inilial
probabilitics. Vhas, il geological evidenes supports confidence in o particular
azuiiption or range of asumptions, statistical information shoukd not
greatly modify the initial probabilities. IL on the other hand, a long and
trlintle statistical pecord s availabde, it practicably defermines the [orm and
parameters of the malhematical maodel sciected Lo represent local srismivity.

§.4.1 Bovesign estimation uf seiBmicity

Bayesian slodislas provide a fmnework for proladalistic infurence that
scrounts Tor prior probabilities assigredd booa scl of altersate bypolhel lcal
imudels of a given phenomenon as well 2 for statistical samples of cvenls re-
lated L thal phenomenon. Unlike conventional melheds of staustical in-
ference, Bayesizn methods give weight 1o probabilily measores oblned
from samples ar from other susiees, number, coonlinates and magmitndes
of varthquakes olsered in given Umwe inlervals setve Lo ascerlain the prab-
ablv vatidity of eavh of Lhe alternative models of loral srismicily that can be
postulated on the groumds of geelogical evidence, Any critefion intendaed Lo
weiph information of different nature and differeni degrees af uncertainly
should lear to probabilistic conchsions consistent with the degree ol con-
fidence atlached to wach sowrce of informatioa. This s sccamplished by
Bayesisn methods.

al 12}

1ot FE i = 1. ..., n} bea compreheasive sel of mutually exclusive assump-
Lns clmernnng a given, inperfectly known phenomrnon and let A e the
ubteryed vuteome of #ach 8 phenamenen, Belorne gbserviog ouleame A e
amign an imitial pmibability B} 1o each hypothesia. T AR ) 15 the
peehudaility of A imoease hypothesin £F; is toie, then Bayes” theorem | Raiffa
and Schlaifer, Y968 stales thal:

- i PAlLY
ALY i Az (6.21}

-

Rl

The first member in this sgquatinn i the {pwstenior) probability that
assumplicen MR Leaae, given Uie obsenos] outcome 4,

In the evaluation of seismic risk, Kayes® theusem can be ynnl (o PjEoye
inilial eelimates of A a0y and s variation wilh dignh in o grven area as weil ag
those of the parameters that define L shape of AM ) or, equivalentiy, U
cmditional distriution of mapnibwles given Lhe ococurrence of an earth-
ruake, Fur ol paerpaese, Take A0 a5 the preduet of o rate Danction b, =
MUY by a shope Tupclion 24 M equal 1o the condilional compuenen-
ary dirtnbution of magniteles given the ocourrenee of an carlthguake with
Mo AL wher M D tee magnitiele Lireshaold of the sel ol slatistical data
usnd in the estimalion, amd fi s e veclor of (uncerlain) parsmetens B, ..,
fi, vhat deBGne the shape of AiM). For inslance, il A(M) s taken as gnen Ly
eq. 6.8, 7 it a vector al three elements eyual respectively to f, Jp, wnid Ay
if egg. 6.9 is adopred, B s defined by & amd M.

The iniial distribution of seismicity is in this case expressed by Lthe inital
yoint probability densily function of ky, snd A: f{3 ), B). The observed out-
come A can be expressd By the magtiiudes of all earthrjueakes genorziod inoa
Quven goupee duting a given tune inteeval, For insfance, suppose that % earth-
guakes were obeervid during time interval ¢ oand Lhat their magnitudes »wen
L, e, Py Bayes” expression takes the form:

* - '“lml- My, 0 Moy Ii}'p E]
Pph —_ LR e TN =
Flihg, Bmy . omyth r”"'HJJIPIM..mz. Y bl f T oiHE
\G L2y
where [T} it the posterior probabilily denzity funclion, and ! and b are
dumby varialifes Wt stard for ol valaes that may be taken by by 2nd B,
respeciively, stimation of A, can usually be formulated independentiy of
that of the other paratneters. The vheerwed fact 1s then exprisssd by Ny, The
number of enrthgunkues wilils magnaitude above M, during dme &, and the
following ex pression ik oblained, ax a Dicst step in the esumation of MM

. , FIN | 1AL .
£ WL O = L O E = Ty vl _ (623}

B.4.1.1 Initial probatulilies of hypolthelival mudeig
Where sialistical information is gcarce, seismivily estimates will be wery

.
=



a1y

sensitive 19 nitial prrababilitics assigoed 10 aheamtve by potheles) ool
the opinisns uf geodipisls amd geophysici-ts about probgbie models, sl
the parameters of these moudels, and the commesponding margms of Uneertain-
ty shoukd be adoguately tterpreted aml eagrewset in teems 6f a funclion £,
83 requifed by erualinmns similar Lo G.22 and 623, Ldeally, thess oginions
should be Tased on the formulation of putental carthyizake seuries and 1n
their eomparisos with possibly siesilar geotectonic structures. This is wsually
dune by profepists, mene quehtatively than quantilalively, when they esti.
mate M. Inltial estimiles of &y are seldamn male, despiie (he seenifcanee of
this parameter for the design of medletately imporant stractures (uee Chape
ter 9).

Analysis of grological infortation must congider loea] details as well as
#eacral atructure and svolulion. In sorne areas it 16 clar Uiat all potential
earthguake spurces can b wlonbifiod Dy eoefaee Taults, anet Wieir ebisplage-
mrats i fecent geologieal Limes measarsd, When mean digplacements per
unil Lime van be celimaed, the arder of magnitmle uf cpeap and of cnerge
Llsoratesd by shocks il hewee of U Beeurmonee indervals of Fivern Mraznn-
tides ran be estailishol (WWallace, JU7D; Davies and Irune, 19718, the cor-
respaniling uncertainty evaluated, amd 8nomitial probalidity distribution ds-
sizoed. e facl thal magnithide-recustence relations are only weakly oor
telatani wilii the gze of revenl displacements is rellecled in larpe anceriain:
Lies | Merrushevsky, 106G),

Applicativn of the vrilerion descritl jn the [eregoing paragraph can be
unfeasibie or inwleguate in many problems, asin aras where e abupdance
of faulls of different sizes, pges, and activity, amd the insufficieny aocuvacy
wilh which focal vnordinates are delemuinmd preclinle a differentiation of all
kourced. Heglonal seismicily may then be evaluated under he assumption
that a{ least part of the seismic activity is dislribuled in 8 given volume
tathet thah convenlrated in faults of different imporiance, The same siluae
tirn wouwld Be Facet) whoen dealing wilh active zones where there is no surfare
evidence of motiont. llence, canskieralion of the overall behavior of com-
Mo prologies] stractures is ofken nooe significant than the study of locad
detils,

Kot mach work has bwwen done in the aaalysie of the overall Lehavioe of
large geological structuees with respect Lo the energy that can ba pxpecbsd
Ww be liberatrd per unil valum# and et unit Lime i0 given porlions of thoese
srectures. lmporiabt ressarch and ppplications shouald e oxpeclod, how.
ever, §nce, i85 a resufl of Lhe contribulion af plale-leclonics throry 1o Lhe
urderstanding of lae-scale Leclonic processes, the aumerical values ef some
nf the vatialilve cortelatved wilh erergy liberalion afe being determined, and
can be used at least to obtain orders of magnitude of expected wetivity alony
plate boundaries. Far lesa well understood pre U occurrence of shovks in
apparently inactive regions af continenlal shields and the behavior of com-
plex continental blocks or regions of intense folding. bul even Lhere tome
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prreagrens 30 expeehsd e Lhe study ol iecgmilation of stressos in ke +rust,

knawlitge ol the gralogic 2] straclure o8 serve 0o Tormubale indtial pral-
ablity disttibutivns of seismicity =ven whin guanatitative use of grophvsical
inffrmation seems beyosd reach, Initiol prabatiiity dsinhulions of loes
ssnicily pRrameters Ay, B oin the spall volumes of the enrth's crust Chat
rordriltbe significactly to seismic rive al a site, can be assigned by com-
Iarson with the average seismicily observed in wider nreas of similar tog-
tauic charnclerislics, or where the extenl aod ¢ompleleness of stanjstica)
inlonnation warrant teliable eslimates of magmiludereciimeace ynoes
{Estevn, 1863). [n Whis manetT we can. fur tnslance, use the information
alvwaul the dverage distnbation of e depths of carhquakes of diffeien)
magnitudes throughout 4 erismic proviore te eslimale the correspond ing
distrlanion In an arca of that provines, whore oelbvicy las Doen Low during
the whservation intereal, fuen though there michl by no apparent argphysical
reazan to accrunl for the differenec e, Similarly, the ox poctosd yalue aned coefTis
chenl of varbaling of 2y i a gived arca of moclerate of low seismicily (us 4 cons
tinental shivkly can b abigined from the stalistics of the Riotions GrInaLEd
at all the supposnlly stabde i areismie reend in (he world,

The sighificance of mitial probatyhties in seiwmir risk estimates, agaim!
the weight given to purely statistical information, becomes mident in i
example of Fig. 5,10 Kellehsr's Uy absout aclivation of seismie E3PE La
Lrue, rith 15 freator at Lhe gaps than anywhere else along the coail; if Poisson
models are deemod representativie of the process of eneegy liberalion, tiw ex.
tenl of statistical infurmation is encugh to substantiale the hypothesis of
tediced risk 2t gapa. Borause hoth models are still contrawersial. and rep-
rescnd at most lwe Txbeme Positions concerning bhe properties of Uie
astual process, risk estimates will neceunrily reflect subjective opintons,

G.4.0.2 Stnyfionnee of stalistice! informaltion

Lsimetion of b . Applieation of vq, 6.23 Lo oMimate &y wulepemlely
ol piher packtocters will be Dot discussed, Decans: L is a relatively simple
prolilem and breause by s usually mare uncerlain than M, amd much more
23 than .
YA tmmlet ad defined by eg. 819 will be assumed ta apply. I the poasibie
askumpLions concerning Lhee valucs of Ay condtitule a continuous inerval,
the initial probahililics of the allernelive hypothoses can be vxpressd in
trems of a probabibiydemsity Tunction of by, If, in addiion, 2 coertain as-
sumztion is made concerting the foem of this prohahdity <lensity funelion,
unby the it values of KA ) and VidLh have Lo be assumed. 1L is advenia-
grous Lo assign Lo v = kAT 3 gamima distnbution. Then, if & and 4 are the
paratnetrg of this initial dwlobutien of ¥, i ks ussomed te be known, and
il the chaerved putcome is exprossid as the time ¢, clapus! duting n * i
consecutive +vinls (earthquakes wilth mugritude M), wpplication of o,
.23 leads to the conclusinn that the pusterior probebility function of v is

e
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alsy garnme. now wilh paremeters 5 ¢ oak and g+ o, The initind aned the
pPosteciot expected values of v are respeclively enual v pfy, and Lt + aky
lw + 3 When initial uneerbainty bwout v s small, 5 and @ will be T and
the initial and the poslerior vxpocted values of ¥ will not differ greally, On
tha yther haed, |f uoly seatistiesl infonmation were dee mad signi fieant . o0 and
# shogtd beogivo very small valies o dhe initial distzibulion, sl £{¢), and
hence 3. will he practically defined by a, &, end £, 7108 means that the
inilia] cstimates of peologists shoubd vov ealy mclude vxpaechel nr st
probakle values of the diffennt pacamelers, but also statoments aboul Tanges
of possible value and dogrees of conflicbrnee attpched y each,

i Lhe case stgdicd ghave only a portion of the statistical information was
useil, In mosl cases, wspecially i eeismic activity has Leen low during the
obarrvation nleveal, significand infopmaloon g provided Ly e durgliony nf
the intenats clapsed from Lhe initiation of nhservalions Lo e Nt of the s +
1 vvents vonsidered, and frem bhe last of these events uatit Lthe ond of Lhe
pheervatian perod. Heme, applicatinn of oq. 6.23 leads Lo o3 prossions stightly
more complicatsd Lhan these obtained when only infornation about €, s
sy,

The parliculas case when Hwe statistical record reports ni vvents duting af
fadr an nterval (0, I} comes up frequently in practical prolilems. The
probability densily function of the ime 7 from by, to the vecurtenee of
the Oirst vyenl must account [or the corresponding shifling of the 1ine axis,
Furthermore, if the lime of veeurrence of the Jast event before Lhe origin is
unknown, the distribution of Lhe waiting time fram [ = ¢ to the TS50 event
coincides with that of the excesr life in a renewal process at an arbitrary
value of { Lthat approwches Wfindy (Parzen, 19G2), For the particular cpse
when the waiting times constilute 8 ggmma process, T, o measargd from f =
2. T is tha waiting titne belween consccutive vvents, and it is Anewn that
Ty 2 1. the condilional density function of r, = (T, — £, 1/E[T] is given by
eq. 623 (Fsteva, 1971), where oy, » {(EITT:

- Y
2 [hiu + wyhj !

el [HE —-1--]-[

fr (W TL > Eg)= £ (6.24)

Consider now Lhe implications of Hoycsian analysis when applied Lo one of
the seismic gapy in Fig. 616, under the conditions implicit in eq. .24, An
initial st of awumplions and corresponding probabilitics was adopted as
degoribed in the fcllowing. From piovious studies refeming to 2!l the south-
em woast ol Mexico, local scismicity in bhe pap area {measured in terma of
k for M 2 35) wes represenled by a gamma proces with & = 2. An injtial
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prohabtits densily fubction for » was adopted such that the expecied value
ol M&.5) [or the regron ooincided with ils averagr throughoul the complete
seiste pruvinee, Two vabied ol o were consilderal: 2 and 10, which coz-
respond to corflidenls of vorintion of §.71 aml 132, respectively. Values in
Tahls G wers oatalped for Lbe raimd of the Dnal to the inctial expec e
valuos ¢f 1, in berins of ug,

The Lt twe ¢olumns in the table sontain the ratios of the ronputed
values of R70F 0 and BT wiven s taken as equal respectively o i inidial
orf In ils postenor experied value, This table shows that, for g = 10, Lhat is,
when vnpvertainty attached 1o the geologieally Based asumtions is lew, the
exproled value af ihe time Lo the next evenl keeps decreasing, in aceordance
with the conchnions of Kellsher el al. {13731, However, as bimy poes on and
nor eyetild occur, the skotisticsl ayidence als Lo a redurtion m e esbimoted
risk, which shows in the increased conditional expected values of T, For g =
2, the gevlogical evidence is 1ess sigailicant amed fisk estimales decrease at a
fasier rate.

V6 A1 Bayegnon eagimatinn of jepdly tistribuied porameltrra
In Lhe general casqy, eslimation of & will conkist in the determinalion of
the pastenor Hayesian joint prababilily function of its camponcnts, taking
as statistivel evidenoe Lhe retabive Teequencies of oharved magniiudes, Tous,
if event A1 i describid 23 the occurmense of & shocks, with magniludes
FELy vee Py aml By (6= L L, F) are values Lhat may be adopled by the com-
ponents of veclor B being eslimated, »g. 6.21 bevpmes: '

rﬂib]‘ mawp br].ﬂ‘_d‘lﬁ]. ra-p bf}

: b I b,1.4 = e
fatby, ! oo § Fatbtye ey 0P AUy ey My L du,

(B.25&)

where P{Aluy, ., uc) i3 propartiona] to:

N
” Rim 2y, o 1)
=1 lte

atul p{m) = =G am. @x

Closed -form solutiona for £ as given by g, 6.25 are not feasible in general,
For the purpase of evaluating risk, howeerr, estunates of the posterior et
and xecond momenis of f7 can be oblained Irom eq. £.25, making use of
avallable Mirst-orler approximaticos (Benjamin and Cormnell, 1970¢; Roten-
Blucth, 1978} ‘Thus, the posteriar expecied value of B, is given by [ {5 {u}
u du, where fylu ) = f . F faley, o, i) di, o duy, and the multiple inle-
gral is of owoder r — 1, becausa il is not exlended Lo the dominion of 3.,
Hence:

EnlBMABy, ..., B,

]
E BB, LBl

£'8,) - i (6283
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TABLE® 1]

Paywgian mtlimatea 0 eritmicity i0 ane weismic gap

= AW FEQT) Sy E e ETeIT, & 4, 0EIT)

p=1 =10 el =10
H L (] 0.75 0.75%
7.1 8% .09 .74 nrs
0.k 0.75 B9 T a7t
1 G 58 qQa? 1.14 D.T_S
5 n.x oAl N ERT |.?.1
10 Il [ I8 1 5AT 1.5%
Py 006 22 10,50 > 48

where £ amd £7 sland for initial amd postetior Foprectation, and I-l.lhk‘rilﬂBB
means that expetlation is takep with respect to all the componenls of 5.
Likewise, the [ollowing posferior moments can be obbained:

Cavariance of /4, and B,

] Eul BB PAW o B L e (6.27)
Covitd, B) == g tin atin . o B3] (DB

Expeclicd valkue of hiA})
EVIAAM] = EAET G )
o ERLGOOE BINAIB, - B)] N

- TaltXA18y, o B,)]

Marginal dizlributinns. The posterior Fxm-tlt'lqr_l of Mﬁ{l i* in pame mjf,
alf Lthat is requirtd to describe keismicity for dey mun-mz:kmg p:lrrn‘:m::. :
tem, howevrr, giceriainty in ALY st also e Acounkec I'nr.. For hslance,
tiie prelability of exveedanee of 8 given waindod e during 3 given utIm; f]r?tr.-r-
wal has 4o e okl as the exjueciation of The i.'nrrn.-slzaumtuu: prrerkdada |1.|:':
over all ailernulive hypolhesae capteming Iﬁ.l.‘-i‘r}. In tl}l.'- mihner 1t t'.alnm
shown that, if Lhe vecumrencr of earthgquakes i3 1 Poisson pmf-u:n 1;1;
Hayesian disiribution of hy s gamme with mean b, and ooel'l’lru-nll- a r.lr_1.:i-
tion Vo, the marginzl disirimtion of the numbor uf earthyuakes i¢ “-'rﬂr.-tl\g
Bawemial with mwas X, In particudar, the nargina ;.roh-fhlht_}’tnh i?fn
weents duning Gime intoeval = oguivalendly, te l'tfm[]h*nlentuh’ dis If; .U_l?,
funclen of Le wuaiting Lme belween -:'jfents —is _-.-qu-'!l tu_{l * :‘ ] 11'
whaere £ = V3 and 7 = r%iAy. The marginal probabiliy density ru:::l_-:] lon o
the waiting time, that should be substituted in eq. 6.20,is ?'n"._{‘.‘ s 1t e
which tends Lo the exponantial pmhll.‘l]litj!r [unctian as r~ and n
infinity {and ¥, -+ 0] while their ralio remains equal bo k.

S

ZIh

Bayesiin preerbnnty {is] W the ot distribution of ol WLICILY param-
cters (s By, ol IR van e imcluded in the computation of the probakality

of geeurtence of 2 given event 2 by laking the expeclation of that prizks-
ability with respoct to all parameters:

P2y = £y, alPi2h: My, 8y, 00 B0))

When ihe joint distribution of Ao B oste
initial distribution and an pbserved TVENL,

oy I PZIN B ALY, BN
. TR -
'z E.d*ha”.m““ ) 15,3

where " and " stapd for inieial and Presstrpinr, o

Spatral arkidefity, Figure ©5.17 shows g mup of peatectonic proviness of
Mrxico, mrconling b F. AMeeser. Fach Provibuer is chacterired by the large.
bvale Tealwrca of its teclone slructure, bl significant incal perturhations 1o
the ovprall Pailermns can be identificd. Take for insLace zone I, whoge
vanel ans schematically shown
whaderlhrusts (ke continental
inte several blocks, separalad by faults trags.
that dip nt different angles. The continental mass i5 alo

1e.20
ma (Fom Bayesian analysis of an
A, this equation adopls the form-

sprciively.

stimmobeclonic features wore deseribad shov
in Fig. 615 (Ringh, 1975]: the Papific plata
Dlock and ig thoughl o hreak
¥erse (o Lhe coast,

Fig. 6,17 Seismatecionic pravinces nf Mexico. [Aller ¥, Mouser.)
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Fig. B.13, Schemalic deawing of the segmenting of Cocos plate an it subducts below
Aurenican plake, { Afver Singh, 1974

made up of wyetal large blocks, Scismic activity at Lhe uaderlbrasiing plate
or a1 jts interface with the conlinental mass is characterized by magnitudes
that nmiay reach very high values and by the increase of mean hypocentral
depth with distance from the const: small and moderzle shallow shocks are
generated at the blocks themselies, Variabifily of slatistival fduta along the
wheole tectonic syslem was discitsed above and s appaeent in Fig. 610,
Bayesian estimation of local seivmicily averaped Lhroughout the syslem is a
enatter of applying 1q. 6.21 or any of its specinl forms (et 6 22 and §723),
- waking 25 slatistical vvideoce Lhe mlormation veroesponding o the whole
s¥sirm. Howeser, seispiic risk cstiwates arp srmsitive to values of [ocal
gcismicity averagind over much smaobler volumes of the earth's crust; henee Lhe
newl to develop criteria for probobibistic inference ol possible patberns of
pracr vanability of ssismicity along leclonically homogencous goncs.
0n Lhe basis of seismoleclonie information, thre system amler considera-
tion can first be sabdivided into (he underithmsting plate and Lhe subsystem
af shallow sources; cach subsystein can then be separately analyzed, Take for
instance the umilerthrusting plabe and sulclivide it inte s sufficient]y smail
equal volume sub2ugws Dol vy, L the rale of exvveedance uf magmiode My
throughout the Main system, vy, the corresponding rate at cech subzune, and
defure g, as b S0, with p; ml.iep-rndem af # (P, # equal to Lhe prubn‘mhty
thal an earthquake known to have beea generated in the overall system orig-
insted at subzona (). Initial infoumation abaul possible space variability of

—

F1

vy, can b expressed an terms of an initial probability distribation of p, and
of tw rorreladion among p, and p, for any @ and §. ecause I, = FL.oone
abiuint Xp, = b This imposes Lo H-I.rlt tiuns o the bnitiad juint prﬂhah;h*
cistribielivnn of the plk: K'{p)y * 1, var’ Lp, = 0. 1 | p's are assigned 1oual
expeclations and all padra p” Py # J afe assunieid Lo poess the same far-
relation coeffickent o, = g, the resirictions menlivned lead tn (R = 1/
and g * —1jis— 1} Pattr:rinr values of F(p,) and p,, are pbtained aceording
to Lhe mmc principles Lhat led to eqe. 825628, Slatistical evidence is in
this case described by N, the latal number of earthquakes generated in the
eystem, aml o {i = 1, ., 4 the cormespending numbers for the subzones.
Given the jis, the probablity of this event is the multinomial distribaticn:

]
FlAy ., ] o —N"—;r AL S 14.31)
™
IT the cormclatinn corifients among seiamicities of the various subzones can
be neglerbed, each p, can be separabely eslimated, Because p, has Lo he
compristd hebween O aned 1, it is natural to awsige it a bela initial probability
distrbubion, deliaed by ite parameters a0 and XN, such thal £°(p ) * n) .5,
and sarip} = AN — ) HINRST 1Y fﬂitffa and Schlaifer, 1968, Thd*
parameters of the postarior distribution will he:

st NS =N e N

Tah¢ For inslance a gnre whose priar distribution of by is assumed gamma
with vx cied vatue 33 and coelficient of varistion V) . Suppose Lhat, on the
basis of grological evidence and of the dimensions involved, it is decided 1o
subdivide the zone inte four subzones of equal dimensions; a.prioti con.
siderations lead to the asignmeni of expected values snd coefficients of
variativn of o; for those subzones, say B’ = 025, V'ip = 0.25 (6= 1,
4). From previous conshilerations for 5= 4 lake o), = =173 fori #+ ], Suppoce
now Lhal, during a given time inlerval ¢, ten earthquikes were obierved in
the zonr, of which 0, 1, 3, and B accurred respeclively 1n cach wubtape, |i
the Poiwon-process model is adopted, 3] and Vi can be expressed in brrms
of a fictilious number of rvents 2" = V™7 nccurrsd during 2 Helitinus time
interval I° = a"fAL s afler ubizerving A enribguakes during an interval I, the
Bayesisn mean and coellicient of yariation of by, will be 2], = n" + a)f
(£ +rp VL ={a" +n)" VT [Esteva, 1968). i{ence:

AL = VT L VTR 4y, Ve (VLT 167

Local deviations of seismicily in each luhmne with respect Lo the averye
h,, can be analyzed i lerms of p, (i ™ o )7 Bayesian analyvsis of the pro-
portion in which the ten Ea:thquak&-l- ucrz diitﬂbul.?d among the subzones
proceed b according to:

£ippay » EBLADL )} (6.32)

i
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The expoviations Lhal appear in this eoguation have bn be compruterd with re.
spect to Lhe initial joint distribution of e s, Do practice, whsquade approxe-
bmaliong are veglined. For inatance, Denjanin asd Cornells” (1970 Orst-
order approximation leads to E7 (1= 00226, K% p o= 0000

if corzelalion amang subzone seismicities iy neglectd, and siatistienl in-
formntion of each subrone is Independently analyszed, when the p)s are ar-
mgned bela probability-density functions with means and coefficienis of
varietion a8 defined shove, one obtaine E5(p ) = 0.204, K (p,) = (LA11,

which wre nol very different {rom those fofmerly obtained; however, when -

Elp) = 0.25 and V'(p,) = 0.5, the firgt ctiterion leads 1o B (p,) = 0,204,
E7{p,} = 0.314, while the second produces 0,137 and 0,116, respeciively.
Part of the différence may be due to negleet of ), but probably s significant
part slems from inaceuracies of the first-order spproximation Lo Lhe eapeelas
Lot thal appear wn eq. 65.32; miternale approximations aoe therefore desir-
able,

Inormplele data. Statistical inFormalion is known (o be fairlty reliabie anly
for mognitudes above threshold values Lhal depend on Lhe region consideted
its Tevel of activity, and the gqualily of Joca! and pearby sesmic instrumenta.
tion. Even incornplete stalistics]l records may be signilicant when evalusling
e selsmicity parameters; their udc hes to be accompanied by eslimates of
delectability velues, that i, of ratice of the numbers of events recorded to
total numbers of ewenly th given ranged (Feeva, 1370; Kaila and Marain,
1971).

6.3 REGION AL SELBMICITY

The fhinal goal of local sasmicity assessment is the eslimation of regional
srismicity, that is, of protability distobutions of intensities at given sites,
and of probalilistic correlations amoerg them., These (unclions are oblained
Ly inlegraling 1he contributions of weal esismicitive of neathy sourcees, and
herice their estimates refllect Bayesian uncertaincies Lisd ta those sodmicities,
In the following, regional seismicity will b expressed in berma of mean rales
of exceedance of givea intensities; more delailed probabilistic descriptions
would gntinl adoption of specific hypotheses coaceming space and Lime cor-
relations of earthquake generation.

G.5.1 lntensily rocurmence cues

The case when uncertainty in seismicily pamamelen is negleciod will be
discuseed first. Consider wn elemeriary seigmic source with volume dV and
boen) golemideily AT per unit volume, distant R ftom A sile 8, whers intansity-
recurrence functinoe wme to be cstimeted. Every time Lhet a mamnitede Af
ghook is gencrated at that source, the intensity at 5 oquala:

215
¥ ome ¥, w by explhy M) (6.33)

(hew s Gt and 6.3, where ¢ is o random lactor and ¥V oand ¥, staned for
actuyl andd predicld intensitics, b, and by are given constanly, and gR}is e
function of hypocentral distance. The probahility that an sarthguake oeg:
inating al the source will have an intensity greater than ¥ 6 equal to the
probabilily that ¢ ¥, > ». [ ¥, is expressed in terms of M and randomness
in £ i1 Recounted for, one obtaine:
"
Hyke [ va(yiufduida 6.31)
L]

wheee ¢ oaml @, ate respectively mean rates sl which actoal and proxdicled
intenmlies excevd given values, ¢y ® ¥n, o = ¥y, Fu, and yy are the
predicted inlensitien Lthat corprspond o My and M, and f, the proballity-
densily furtion of ¢. If eq. 6.33 is assumed to hold:

Val¥)m Ko v Kyy™ "1 — Ky~ (5.33)
where:

K, =|byg(8)]nA AV (i=0 1,3 16.35)
ra=0, rysBibz ry=(0—f,)b, {6.37)

Substitution of eq. 5.35 into €.34, coupled with Lhe sssumption that In e
is normally distributed with mean m Srd standard deviation ¢ leads Lo:

Hyhm ek o Rpv T — e Ky 1t {6-38)
where:

1 - lnap—i, Y]
o = expa) [ﬁ("n—n!'u u,) —g ( tu:_r "')J {6.39)

@ is Wi standand normal cumulative distnibiation funectien, @, = 1/2 ¢¥r 9 +
mr,, and o, % m + p¥r,, Similar expressions have been prewented Ly Merz and
Comell (1973} for the spicial case af e, 6.8 when 3| — = and for a guadia-
tic form of the relation belween magnitude snd loganihm of exceedance
rabe_ Closed-form selutions in Lerms of ipcomplete gamma Mfunetions are Ol-
lained when magnitudes are apumed to possess exirems type I distaibu-
tiuns [eq. 6.9).

Intensity recurrence curves at given sites are oblained by iblegration of
the contributione of all sipgmflicant sources, Uncer aanlies in local seismicies
can tre handled by describing regional seismicity in terme of means and vari-
ances af ¢y} and eatimating these momenls from e, 6.34 and auvitable first-
and second-moment epproximations. lnflvente of thess uncerriainties in
dmign decigions has been disoussed by Rosenblueth [in preparation).

)
[
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§ 5.2 Neisepc prabability maps

When inteasity reeurmenee functiums ape delormined for o numlser of giter
with wnilorm lycal ground condilisns the resulls arm vomvenntly rep-
resented by sl aof seismic probabitity s, cdely map showing ooandours
of intensities that cormespond Lo 4 given roturn reriod, For instanre, Figs.
H.189 amed .20 whow prak gronnd velueities and acceleralions that correngunid
ta 100 years retum peried on firm ground in Mexivo. Those mapy form part
of = gt that was oblained through appiication ol the erileria deseribed in
this chapter. Ruecavse Lhe tatio of peak ground zecrlerations and velovilies
dees mol remain cotsbanl throughout a region, the rorreywind ing Uesign
fpeclon will not orly vary in scale but also in shape (Trequensy contenl |: in
oflicr wornls, seismic sk will wsually bave Lo be expregsel in Lerms of at
brast the values of two parameters |for instance, a1 in s case, peak ground
recelerativns and velocitics Lt cormespond Lo varkous Tisk levels (relurn
peciods)].

6.5.3 Mivrozoning

himHlicik in the above criterin for cvaluation of regional seismicity 15 tho
sdoption of intensily allenuzlion expresions valid on firm sround. Scatter
of avtual intensities wilh respeet o predicted values way aseribed to differ-
HCeS L srunie mechanisms, propagation paths, and local site conditinns; at
least the Liter group of variahles con introduce aysternatic deviations in the

‘i::-‘z?f_

Pl
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Fig. 5.1%, Feak ground weloaties with return period of 00 yeura {emfvecl.

i3]

Fig. .20, Penh provnd screlerat iong walh telurn prrical of 100 yewrs fomfaeedy

ralic of sclual Lo predicted intensities; and geclugical details may sknrifi-
cantly alter locul seismicity in a small region, ps well as rnergy radiation pat-
Lerns, amud henoe regional seismicity in the peighbeurhood. These By enialiy
deviations are the matter of microzoning, thel is, of local muxlification af
Tisk maps similar 1o Figs. 5,19 snd 620,

Blest af the ¢ IFarl invested in micragoning has been devoted Lo study of
the influence of local soil siratigraphy on the inlensily aml frequincy oome-
Lent of earibguakes (see Chapter A3, Analybical medels have been practically
hmited to respona analysis of strgufiel formalions ef livear or poalinear
wils Lo vertically traveling shear waves, The resulls of comparing nhyr-reed
and predi;led behavior have ranged from satisfactory (Herrera ot al., 106531
ta piwat (Hudson and Uhbwadha, 1972), Tapogmphic irregulantics, as hills or
tlopes of firm ground Mormations underlying wediments, may inlroduce sig-
hifleunt systematic perturbalions in the surfac e mation, as a cansquence of
wave [ocusing or dynemic amplification, 'Fhe lalber sffict wat probably Te-
sponsihle for the exeeptionally high accelerativns recorded at the abutment
of Facoima dam during the 1571 San Fernanio earthguake.

Present practice of microzoning determines reismic intensilics or dresign
parameirs in lwe steps, Finst the values of those parameters on firm ground
are estimaled by means of suitable attenuation exprossions and then they ate
amplified according to the properties of loeal soil: bul this wopelies gnoar-
bitrary decision to which seismic risk is very semsitive: selecting the bound.
ary between suil and firm ground, A specially diffieuld problem ilems when

o
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Lrying du fix thal boepduey Tor the purpose of predutbng the magiin ot
togr of & hill or the tlope sabilily of & high clhff {Rukns, 1074y,

It can be concluded thal raliona? fornmulation of mireezonbng for soismic
risk is stili in s nfancy and that mew eriteria il appear that wall probaily
mquire intensity suenuation mondels which include the influence of loeal
gystematic periurbations. Whether these models are availalibe or the L5 P
provess described above s acceptable, inlenfity feeurrenee ox ressions can
be vhblained s for \he unperturbaled case, after multiplyiog the second
member af #q. &34 by an adequate intensiy dependent corrective Maetor.
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Profesor of Civil Eagineening, Unigereidly of Califurmia, Berkeley, Calif, U5 1

T.t INTROTMICTIN

7.0.1 Roms datfa

Tsunamis are Lhe long water waves (wilh wave ‘perinds’ in approximately
the S5=/A0 minule roge) generatet] impalsively By mechnnisma such as under-
waler toctonic displacen:enls assoeiabid with carthiuases, high-speed sab-
arpurons slides, roek-shides into Teseevoirs, bays or the ooean, 2wl explading
ilands. They may b viused by Lhe Decbonic dispdacement of an snlize Lady
nl waler such as a ke 1Wiegel amd Camaotim, 1962,

The honroendal companent of velacily ¥y, at whirh the watet s displaced
from the souree Ty une of the mechanisms mentioned abayve i imporiact,
with the spoecd Leing measured neludive Lo Jad {where g is the acecleraticn of
pravity amd o in the water depth). However, 23 long 83 the Froulds aumber
(Ve I ) i high, theory and hydraulic eapenimienls Bl il & nob a igaer-
tant as the amownt of waler thal is displaesd (se, for example, Wierel el al.,
19707 Hateeri, 10700,

It is likely Lhal the major cause af large-seale catastrophic Lmnamis is a
raprdly ouctning tectonic displaverent af the oceun bottom, with the dis-
placement having a substantizl verlical vomponent Ldipalip), as shown in
Fiyr. T.1 (lida, 1978; see alsn, Balakipa, 1970 apd Watanabe, 19701 One
woull cxpect that strikeslips would have Ly eoeuar throwgh a scamount or
subimagine CIifl to generato o tsunami, and then, awing lo the rapal decrease
of the ground displagement with disinnce from the [nalt (Bonilla, 1070, it
it unbikefy that major tsunamis would be gencrated by Lhiv mechanism as Lthe
wavirs wolukt b rather shord (Garcia, 18972). However, carthoguakes asso.
cindend willy strke-shp faults (a5 well as with wther wpes of Tautling) may
trigger & submarine rarthquake, which in turn may generate s 1sunami.

Taunamis are iportant becacse of Lthe Josa of hic miwd geeal properly
damage that result frum farge enes. More than 27,000 people were kalled soul
10,000 houses destroyed in Japan by the tsunami of June 15, 1806 (Lect,
19481, A great tsunami which steuck Chile, Hawai, Califarnin, Japan and all
athér coastal areas bordering the Paciflic Ocean, occurred in conjunction with
the Chilean rarthguake of May 232, 1860 (Committee for Field Investigation
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ABSTRALT

In a previous wark the authors developed a method for elaatic seigmic
analyasis of structurea; it was pamed quasidynamic methed. In this paper
auch mathod is generalized to includa elascoplastic behavior in teras of

ductilit} tactors, which are uged teo reduced the design specltra.

It is found that this new method leads to belter Fesultﬂ than those
obtained with the geismig statie eriterium gatablished in the Mexico City
E;iaaic Code, when they are compared with the corresponding ones compu—

ted with the dynamic modal spectral procedure given in the same code.

The proposed merhod is simple and can be applied to both regular and irre
gular buildings and, therefore, is useful for practising engineers ralated

with aeismic design.

RESUMEN

En una investigacifén previa efectuada por los autores se estudid, en for
m8 paramétrica, la respuesta siskica de edificios irregulares en eleva-

¢ifn con comportamwiento elfstico. A fin de generalizar el método de and
lisin ahf propuesto, en este trabajo se estudia lu influencia del compor
tamivnto elastopldstico, definide en términos de los espectros de disefio

redycidos por ductilidad,

5e m eatra que este procedimiento conduce & mejores resultades que los
del rétodo eatditico establecido en el Reglamento de Construcciones para

el Distrito Federal, tomando como base de comparacifin los resultades del

wérodo dinfmico del mismo Reglamento.

El métoda ha sido dencminade cuasidindmico y se puede emplear para anali
zar edificios regulares e irregulares en elevacidn; es de aplicacifo sen

cilla y ficil para ingenieros que 8¢ dedican al disenc sfemico de edifi-

cios, /



NOTAC | ON . CT '

A{T,,0Q) aceleracifn espectral de disene para el modo fundasental

ﬁi coeficienta para distribucifn de aceleraciones

B dimnqaiﬁn en planta del edificio, en la direcciéc analizada

2 ancho de la base del muyo

<y factor de participacifn aproximado del sodo fundamental

F, fuerza sfenica que actls en la nasa 1

F? : fuerza eismica cuagidinfpica aplicada en ln.mlﬁa i

H Flturn total de la egtructura

Hd momento sismice de wolteo d{ninicn, en la bge de la estructura,

calculado considerande todos lom modog de vibrar

H& pomento sismico de voltea dinfmico, en el nivel r, calculado

congiderando todes los modos de wikrar

He momenty efamico estdcico de velteo en el nivel r
T

H: moments de valieo cuasidipimico en el nivel r

Pi fuerza aismica horizontal que actlia estditicamente #n la masa i

Fl

Q fFactor de dyctilidad

14 periods fundamental

vd cortante sismica dinimica baaal, caleculada congiderando todoa
o

los modoa de vibrar

v cortante sismica dinlmica en ¢l entrepiso r, calculada conside-

rando todoa losg wmodoa de vibrar



Va1 igual que V, , pero ewpleando sole el mode fundamental
[n] 4]
v cortante sfsmica sptitica basal
ED
?e cortante gismica estdtica en ¢l entrepiso T
r .
Vn cotrtante sismica basal no corregida
ve cortante sigmica basal cuasidinfimica
vr cortante efsmica de entrepisc ne corregida
?; cortante afemira cuasidinimice en el entrEPian r
”i peao de la masga i
HT cargs gravitacional total de la estructura.
c coeficiente gfsmico
E . aceleracidn de la gravedad
hi altura de la masa i reapecto & la base del edificio
mi masa concentrada en el nivel i
n niimero total de nivelea donde estdn concentradas las masas
1 3 indice para identificar entrepisas
x, degplazamiento de la masa i gausade por la fuerza Fi
"i aceleracidn de la masa & (excitacifn dinamica)
L factor corractive para cortante basal
% ¢ oia
ﬂi pardmetros pars definir al factor corrective a

) exponente pard ajuste de aceleraciones
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1. INTRODUCCION

El mércdo de analisis afsmico estdtico del Reglamento de Conatrucciones pa-
ra el Diatrito Federal (ref l), ae puede aplicar indiatintamente para edi-
ficioe regulares o irregulares en elevacidn. Sin embarge, si la distribu-
¢idn de fuerzas sismicas laterales se hiciera tomando en cuenta la varia-

cidy de masaa y rigideces con la altura, como lc hace al métode dindsico,

el andlisis serfa mis adecuado.

En la ref 2 se tieme un criterio normative que considers la distribucidn
irregular de masas y rigideces mediante un método iterativo, en el cual

las fuerzas estidricas laterales dependen de la configuracitn deformada del
gistema, El criterio eatablece que s1 al aplicar dicho métado la rnapués-
ta difierg en nids de treinta por cientp en dos ciclos consecutivos, debe

hacerse un andlisis sfsmico dinfmico wodal.

Fu investigaciones anteriores {refs 3 a 5) se ha estudiado el comportamien-
to de edificios irregulares en a&levacién, cuando eatin somecidos a solici-
taciones sigmicas. Ha eido comin encontrar que la respuesta dinmice mo-

dal espectral es oenor que la obtenida con los métcdos sismicos estdticos,

'nxcap:n-ﬂnjulgunnnfialba.de egtrycturas con reducciones bruscas de rigidez

¥ masds

El m&todo que se presenta en eata investigacidn se formuld inicialmente



para estudiar la respuesta elistica de modeles estructurales de cortante )
y Flexidn (ref 4}; su bondad se verificd al aplicarlo a diferentes estruc-
turacicnes con o sin irregularidades en elevacidn, En este trabajo se
generaliza el método a fin de incluir el efecto ineldstico, para lo cual
se emplean los espectrom de disefio del Reglamento (ref 1), reduciéndoles
cen fectorem de ductilidad iguales a 2, 4 y 6. Para estudiar la aproxi-
macidn del mitodo se toma como base de comparacién la respuesta dinamica

espectral con la participacién de todos los modos.

En el cap 2 de este informe se presenta ¥ verifica el mftode y se discuten
log ajustes requeridos para generalizar su aplicacidn al disefv aismica.

Por sup caracteristicas, se ha denorminade mérodo cuasidinBrico de anflimis
sigmico de edificios.

En €l cap 1 se exponen las conclusiones relevantes obtenidss y ae recemien-
da incluir a furure el mértodo cumsidindrico en el Reglamento de Construc~

ciones para el Distrito Federal,’ tomo una opcién mids de andlisis eismico.

2. MITODO CUASIDIMAMICO PARA ANALISIS SISMICD DE ERIFICIOS

El métndo que aqui ee propone para calcular la respuesta slsmica de estruc—
turas parte del andligis sfsmico estdrico comvencional, el cu#l se modifi-
ca par. lograr una distribucidn de fuerzzas cortantes mfs acorde coo las
que A& obtendrian pediante un anilisis dindnico modal espectral. Esa
modificacién se basa parcialmente en los Tesultados de estudios param@tri-
cos de marcos rigidos (sistemas de cortante) y muros de cortante acoplados

(sistecag de flexidn}.

/
7.1 lesernipeddn del método

",

El métcdo cuasidinAmico consiate en lo siguiente:

a} Ccnsiderar que los-edificios estin empotrados en gu base y calcular

las fuerzas sismicas horizontales mediante el método estitico conven-

cignal (ref L)

Om
)

n
W.h, .
ii:l 1h1



para estudiar la respuesta eligtica de modelos estructurales de cortsnte .
y flexidn (ref 4); su bondad se verificd al aplicarle a difeventes estruc-
turaciones con o sin jrregularidades en elevacidn. En este rrabajo se
generzlizs el m&todo & fin de incluir el efecto ineldstico, para lo cual
se emplean los espectros de disefo del Reglamento {ref 1), reduciéndalos
con fectores de ductilidad iguales a 2, 4 y 6. Para estudiar la aproxi-
macidn del mEtodo se toms como base de comparacién la vespuesta dinimica

gapectral con la participacifn de todos los modos.

En el cap & de este informe se presenta y verifica el método y se discuten
log ajustes requeridos pars generalizar su aplicacifn al disefo sismico.

Por sus caracteristicas, se ha denominade método cuasidinfmico de snflisis

aismico de edificios,

En el cap 3 se exponen las conclusiones relevantes cbtenidas y se recomien=
da ineluir a futuro el método cugsidinimico en el Reglamento de Construce

ciones para el Distrito Federal, como una opcidn mwis de anflisis sfsmico.

2. METODO CUASKEDINAMICO PARA ANALISIS S15HMICO DE EDLFICIQS

El mEtndo que aqul se propone para calcular la respuesta sismica de eptruc-

.turas parte del andlimie s{smico estdtico comvencional, el cual se modifi-

ta para lograr una distribucidn de fuerzas cortantes mds acorda con las
que 82 cbtendrian mediante un anflisis dicfmico modal egpectral. FEsa
modificacidn me basa parcialmente en los resultados de estudios paremétri-
cos de marcoa rigidos {sistemas de cortante} y muros de cortante acoplados

(sistemas de flexidn).

)
2.1 Ueserndipeidn del méiodo

.’

El métcdo cuasidinimico consiste en lo siguiente:

a) Cinsiderar que los-edificios estén empotrados en su base y calcular

las fuerzas sfsmicas horizontales wediante el método eatdcieo conven-
cional (ref 1)

P, = EA Sy
i o QT
I W.h



b}

donde

P, fuerza sfsmica horizontal que actfia estiticamente en 1a nawa i
g factor de duetilidad
W. peso de la masa i
HT carga gravitacional totgl de la eatructura
»+ ¢ coeficlente afsmico
hi altura de la masa 1 respecio a la base del edificlo
n nimero total de niveles danae egtin concentradas las masas

Obtener los desplazamientos X; que producen las fuerzaa Pi en cada

nivel, y con ellos determinar la aceleracifn de cads masa i mediance
la ecuacién

con

donde

ﬁ{Tl,Q} aceleracidn espectral de digefio para el modo fundamental

G{ factor de participacidn aproximado del podo fundamental
T1 periodo fundamental
mi*“ " mdsd concentrada en el nivel i

Calcular la aceleracifin de la manera antes indicada implica que la
configuracién dada por los desplazamientos x; S fOme COGMO una Apro-

ximacidén de la forma caractezistica del primer modo.
)

El periodo fuzdamental se pued: determinar empleands cualquier



cl

d)

procedimiento de cileulp; proporciona resultados satisfactorios el

que se basa en el cociente de Schwarcz {ref &)

n n
T, = Eﬂfl E H.x? /i T P.x )1}2
| . i'i i“i
iw] i=}

donde g €8 la aceleracifn de la gravedad.

Calcular }a fuerza sismica latersl que actia en cada masa, provocada

por la aceleracifn ;i

A partir de egta, se obtienen las fuerzas cortantes para cads entra-
piso T

donde el subindice r indica que el nivel r egtd inmediatzmente arriba

del entrepiso r, siendo la base el nivel 0.

Las fuerzas cortantes ?r ge aproximan 4 lag cortantes calculadas me~

diante el mode fundamental en un an@iligie dinkrice {vdl }. Pars lo~
r

grar una cortante basal que se asemeje s la que resultar{a de ls con-

tribucifn de todos los modos (V4 ), debe hacerse la correccibn que
a

slgua.

Myltiplicar la cortante hasal,?a. par un factor corrective, O, para

! . -
obtener una cortante basal curreglda..?;. que pe aproxime a la cor-~
tante ?d
o

+ noom

[

T m
?n uFo

Se ha encontrado (ref 4) que el factor correctivo O depende de la re-
lacidn de cortentes basaleg vn;ve [ve es la cortante basal cbtenida
con las fuerzas PiJ, y del enpectgn de disefio asociado con el sitio 4

tipo de suelo donde e desplante la estructura. En esta investigacifu



g0 observd que o tambifn depende del factar de ducrilidad que se asig-

ne a la gatouctura.

En el subcap 2.2 se detetminan las ecugcionss para caleular a, corres-
pondientes a los espectros de disefo del Reglamento de Construcciones

para ¢l Distrito Federal.

@) Calcular las nuevaa Ffuerzas laterales corregidas, F¥, que actiian en
cada was3a. Esto se hard de acuerdo con lo que ae establece en »l

subcap 2.3.

f) Obtener las fuerzas cortantes de entrepiso, H:, utilizando las fuerzas
F# y los momentos de volteo correspondientes. Estas fuerzas cortantes

e dencominan cortantes sismicas cuasidinamicas de entrepiso.

2.2 Detenminacdidn de fos factores correctivos, a, para Los espectros de
disero del Distnito Federal

El facctor cortectiveo a ge define como el cociente de la fuelrrZa cortante

basal que se cbriene en un analisis dindmico modal espectral, incorporande

el efecte de todoa los modos, vd » entre la fuerza cortante basal corres-
a

pondiente al ﬁrimer nado, Vi v €8 decir
o]

o= vd fvdl
4 o)

En la ref 4 se determind este factor utilizando los especttros elidasticos de
disefio {Q = 1) del Reglamento de Construcciones para el Distrito Federal
{raf 1), En este trabajo se verificd también que, al aplicar el métode a

las estructuras reales de la ref 1, loa regultados fyaron satisfactorics,

En 1a presente investigacidn, el factor a se calcula para las estructuras
abrenidas con las ¢ombinaciocnes posibles de wasa y rigidez que se indican
en figs 1 y 2 {la masa M.-1 solo se combina con la rigidez X,-3), conaide-
rardo que puedan estar desplantadas en suelo firme, de transicién o com=-
présible del Distrits Paderal. A cada modelo estructural se le asignan
factores de ductilidad de 1,2,4 y 6.

De: puéa de znalizar varias funciones envolventes de los puntos mostrados



en lag figs 3 a 4, se decidid proponer la siguiente ecuacifm general para
definir

I " 1)
a=1-+ Blexpfﬂzﬁynfﬁeu - Ea} }, para B3 5_UnIUEn <1 {

donde El' BZ' 53 ¥ Bﬁ son constantes que dependen del tipo de suelo y del
factor de ductilidad. En la tabla 1 se dan los valores ocbtenidos de estas
constaites para loa diatintos factores de ductilidad y zonas geotécnicas
del Distrite Federal, al ajustar la ec 1 a loa resultados de cada una de
las figs 3 a 14. ‘ '

Al notar la similitud entre algunas curvaa, se decidid reducirlas en nizero

a fin de simplificar la aplicacifn del método, De eata maners, se optd
por enplear las eiguienten

a) Terreno firoe

Pira todos los modelos de las figa 1 y 2 con Q=1 y Q= 2, 4 y B,
e’cepto el KF-B -

o =1+ 1.5 expl-4.0(v /v, - 0.108)° 7% } )
0
Con factores de ductilidad 2, 4 ¥ 6, para el modelo K?-E
a =1+ 1.7 expl{-4,95(V /¥ - 0.108)} {3}

b} Turrencs de transicibn y coepresibla

Fara éualquier factor de ductilidad y todos los modelos de las fige }
¥y 2, ge empleard la ec 3. ‘

g la fig 15 se muestran laa curvas de ¢ para finea de diseiio dadas por

laa ece 2 y 3; se obseyvari que som envolventea de las presentadas en las
figs J a 14,

7.3 Obiencidn de cortantes de entrepiso cuasidindmicas

En inveetigaciones recieates de las autores (refs 4 y 5}, las fuerzas



pismicas cuasidindmicas en edificios irregulares enm elevacifo se obtuvie-
ron distribuyendo al cortante basal, V;. en funcifn de factores de ponds-

racidn que dependian del peso y el desplazamjento, I de cada masa

W.x
Fr o= —— ye (4)
o Q
L Wx,
jep 11

| .
A 'fin de comprobar si esta distribucién de fuerzas era adecuada al emplear

eapectros reducidoa por ductilidad, se snalizaron parsxétricazente loa mo-

delos estructurales de las figa 1 y 2.

Para los muros de cortante acoplados ee emplearom relaciones de eJbelte:
da 1.2 y 3.6; la primera con 30 m de altura y 10 nivelés. ¥ la segunds con
90 m de altura ¥ 30 niveles, por 1o que ya no serfa aplicabla el método
estatico del Reglamento. Los marcos rigidos se analizaron con relaciones
de eabeltez de 2 ¥ 4; la primera con 30 m de altura y 1@ niveles, v la sa-
gunda con 60 m de altura y 20 niveles. En todos los cn;un se ezplearon
valores del goeficiente Q iguamles a l, 2, 4 ¥ & resulta pertinente acla-
rar que el valor @ = | no es estrictamente upn factor de ductilidad ya gue
implica comportamiento estrtuctural eldstico; ademas, no es factible em—
plear Q = § cuando se usan muros pues seria pricticamente impasible desa-
rrollar, con este tipo da estructuraniéﬁ. las deformaciones requeridas pa-
ra dlcanzar esa ductilidad.

La respueata eatructural se calculd con ¢l método cuasidindmico y los mé-
todea eatidtico y dinidmico espectral del Reglamento (ref 1), Al comparar
los resulpados, tomande coma base de referencis la respuesta dindmica, se
ancontro que el cuasidinfmico da mejores soluciones que el estético, aun-
que para determinadas estructurvas subestima con mas frecuencia la respues-
ta en loa entrepisos superiores; en dichas eatructuras, el eatdtico sobres
bimd la respuedta en los niveles restantes con mayor grade que el cuasidi-

- .
namaco.

Asi, por ejemplo, en la fig 16 se presenta la comparacidn de respuestas
para el modelo (Kg~2, M.-2) con H/B = 1.2 y Q = 1, cuande se analizd con

el espectro de disefio para terreno compresible; se aprecis que la sobras-



timacién de corrantes del estitico es hasta 3.4 veces 1a del dinazico, en

tanto que la del cuasidinamico as 1.6,

Fr, la fig 17 se muestra la comparacion de respuestas para el modele (Kc-I,
M ~-3) con H/B = &4 ¥y Q = 6, cuando 5¢ analizd para la zona de CerTeno coo-
piesihle. la sobrestimacifn de cortantes con el estitico es hasta cinco
veces mayor gue la del dinimico, mientras que la del cuasidindmico llega
sole a dos,

Fn ambas figuras se nota también gue el cuasidinémico sobrestima de manera
wds uniforme con la altura que el estitico, le cual conduce a disenocs con

factor de seguridad sensiblemente igual para csda entrepiso,

En las tablas 2 8 7 se presenta el nimero de casos con error (entendidos
como pquellos donde el cortante cuasidinimico es menor que el dinamico),
obtenido al caleular las fuerzas cortantes cuasidindmicas cop la ec 4; las

comparaclones se hicieron para csda entrepisc.

En las tablas 2 a8 4 puede notarse que para muros acoplados, l1a frecuencia
de subestimacidn a que conduce 18 ec 4 gumenta cuando se increwenta la re—
lacidn de mapecto, ¥ se tienen mayores ﬁcrcentajes de error sl crecer el
factor de ductilidad hasta § » 4. Se advierte también que existe mayor
nimerc de errores en la zona de terrenc firme ¥ von més grandesa que en los

de transicifn y compresible,

Fit marcos rigides, la Frecuencia de error varfa poco en terrenos firme ¥
compresible {tablaa 5 ¥ 7) cuando cambia la relacifin de aapecto, ¥ varia
mucho en terreno de transicidn (tabla 6). Para factores de ductilidad de
1, 2 ¥ 4,/independientemente de la relacidn de azpectc, el nimero de casos
con @1 ¥or ee mantiens casi constante, y dismipuye para Q= 6. En terrena
firme, el error 20 excede del 20 por cientc; mientras que en los de transi

cidn ¥ compresible, no rebasa un porcentaje de 10.

Al comparar los errores consignadog en las tablas 2 & 4 con los de las te-
blas 5 a 7, se aprecia que las estructuras con harcos rigidos presentan

menons errores y estos son menores que log obtenidop para estructuras com
mures de cortante scoplados.



De lo anterier se deduce gue el tipo da sualo, estructuracifn, relacifn de
asptcto y factor da ductilidad influyen directamente sn la aproximacibn de

la respuesta cuasidinimica.

Fn la tabla B ge ﬁresentn el caso donde se tuvo mayor subestimacidn da la
Teguests con el miétoedo cussidinimicn., Las fuerzas cortantes y oomentas
de 1olteo calculadog con los tres métcdos correaponden al modelo con rigi-
der KTrZ, masi Hr—z, relacifn B/ = .6y O = &, deuplanF:dn en terreno
firte. La subeatimacifn del cuasidinimico alcanzd haata un 52 por ciento

en 11 entrepiso superior, mientras que la del estdrico fue de 16 por cien-

to.

Degfués de examinar detalladsmente la respuesta de todos Llos wodelos, se

decidid propover otra diastribucifin de fuerzas mis afectiva,

Se tuscd, como punto de partida, una distribucidn de acelaraciones cuasgi-
dinimicas que fuera funcifn de los desplazamientoa x. e in¢rementara la
magnitud de las fuerzas sismicas en ls parte superior del edificio. Se.
encontrd que eao se logra al modificar cada X, muleiplicfindola por el

factor ﬁi definido como

X, h. X x h. x
i=1 Ti-1 i-1 i
ﬁi'fl-TH}'—{l—-*f;*E“} (5)
donele
H aleurs cotal del edificio
A

exponente para ajustea da aceleraciones

Da asta manera, las fuerzas efsmicas se obtienen mediante la ecuacibn

”ihixi
Py = —tidoys ' (6]
1E Hiﬁixi
i=]

A fin de asignar valores al parimetro *, se eatudiaron minuciosamente las
est[ucturas cuyas Bubestimaciones fueron mayores al emplear la ec 4, Tara

ellz se aplicd 1a ec & con valores de X comprendides entre 0,25 y 1.0,

T
]
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en la tabla % se¢ exponen los valores de las corcantes de entrepiso obteni-
dus wediante 1a or 6 para la estructura Ke=2, HF—Z y distintos valores ee
A. Se puede sprecisr que con A = D.66, la respuesta cuapldinimica acla
presenta un cese de subestimacidn, del orden de 0.6 por cienta, en el piso
superior, Se observa, adem@is, que el valor de A = (.75 properciona vesulta
dos bastante aceptables, con subestimacifn de 1,06 contra 1,25 ton dnica-

mente en la parte superior,

En-la-tabla”l0 se muestra la compara.idn entrz coerLantes de entrepiso y
momentpl de volteo, calculados mediante los tres métodos mencionados, en
la cual se utiliza la ec 4 para obtener fuerzas cuasidinamircas, Lo& Te=
sultados corresponden al modele {KF-ﬁ, H?HE} con H/B = 3.6, Q = & y terre—
no fiime. Se ohserva que la subestimacifn alcanzd un valor hasta del 40
por ciento en el entrepisg superior. En la tsbla 1]l se presentan los
cortantes de entrepisc obtenidos can diferentes valores de A; se puede ver

que para A = 0.75, los resultados son satiafactorios.

A fin de conocer la sobrestimacidn que se introduce al emplear la 2c 6, se
estudiaron aquelles cagos en los cuales la ec 4 capducin a8 DAYOTr exXCesd en
la respuesta. El peor caéu correspondid al modelo {KF—J. HF—E]Icon H/E =
3.6, g = 6 y espectro de terreno firme; la sobreatimecidn alcanzf 162.0
por ciento y ocurrid en el eatrepiso 22 (crabla 12), Se observa que en di-
¢ho medelo, el valor adecuado para A deberfa ser mayor de ! {tabla 13)

pues cot A « 1 ee tienen cartantes cussidinfnicas adn mayores que las di-

NERic&E.

Com fines ilusatrativos, ae pregentan también los resultados del mndelﬁ

(R -2, H 73), con B/B =~ 4.0, Q= 1 y terrenc firme. En este caso, el mé-
todo cuasidinBmice com la ec 4 da respuestasg con ertror en lom dog entrepi-~
sos guperiores {tabla 14). En ia tzhla 15 ge muestran las cortanted co-
rrespondientes a distintos valores de A} se pota que con A = (.9 se evitan
las subestimacicnes (lo mismo ee concluyd para Q= 2, & y 6}: " 81 con es~-
te modelo se usara A = 1.0, se tendrian errores de i0 a 13 por ciento en

gl entrepise superior solamente,

Al hacer este tipo de andlisis para los modelos con marceos rigidos, se en-

contrd que la mayarla de los casca quedaba cubierta com A = 1.0, Las



excepclones {aparte de las del pirrafoc anterior) requirieveon que A tuers
igual a 0.%; aunque con A = 1.0, log errores en el entrepiso supertor eran
tan Bolo de 3 por ciente para el caso mis deafavorable: modulos

{Kc"zi HC_E} b d (KC-.j’ Hn"jju

Firnalmente, un anflisis exhaustivo de todos los casos condujo a proponer
los siguientes valores de A |, ¢on los cuales se eliminaron practicamente

todas las mubeataciones ¥y las pocsa que quedaron fueron insignificanctes

a) Para marcos rigidos, desplantados en cualquier tipo de terreno: i =

1.0

b) Para murcs de cortante acoplades, excepto los modelos que tienen
KF-E s 98 emplearf un valor de A de acuerdo con el tipo de terrena:
A = 0,/5, en suelo firme; X = 0.9, en sueloa de tranaicifn y compresi
ble )

¢) Paraz muros de cortante acoplados, modelados con KF—E, y en todo tipo

de terreno: L = Q.9

Vale la pena genalar que la ec 5 estd inspirada en una del cédiga chilena

que Liene la forma {ref 6)

by v

A
et

h
1 .
(L - = {+)

A'i_-{l_

cen A = 0,5. Al principio dae los andlisia realizados dentro de este tra-
bajo, se intentd usar la ec ! ajustando el valor de X, ya que con A = D.3
s¢ pobrestima excesivamente la respuesta; sin embargo, al igterpretar loa
resultados sc¢ intuyd la modificacidn que condujo a la ec 5, la cual funcie

nd m:jor que la ec 7.
2.4 Resurlados

A fin de mostrar la eficacia del método cuasidindmice con los valures de
} pripuestos, se presentan Gnicamente los resultados de los modelos
(K =y HF-21, {KF-3. HF—3] ¥ {Hc—3, Hc—l}, en suclas [firme v comproe-
sible, con factores de ductilidad | y 6, relaciones de aspectn 1.2 «

3.6 rn muras de cortante aceplados y 2 y 4 en marcos rigidos (rigs LA .
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29y. Las respuestas (fuerzas cortantes y momentos de volteo) del métedo
dindmico se obtuvieron con el criterio de la rafz cuadrada de la guas de

cuadrados de la Trespuesta de cada modo de vibrar,

En el eatudio se ‘incorpord también la modificacidn de las fuerrzss cortan-
tes del méctodo estAtico, permitida por ¢l Reglamento del Distrito Padaral
cuando se toma en cuenta el periods fundamental de la estructura. En las
figs 1B 8 29 pe mueatran log cascs en gque dicha modificacidn majora austan

cialmente los resultados del métede esticico.
La nocacifn utilizada en dichas figuras es

v fuerzas cortantes de entrepiaa
H momentos de‘volten

T nimero de entrepiso

estitico

d dinfmico

*  cussidindmico
La_tilde sobre V o M pignifica gque gon valores reducidos

Bn esas figuras se aprecia que lop resultados del método cuagidindmice sn
general se apegan mls a loa del Jinfmica que los del estStico, modificado
0 no; esta concordancia fue mayer en casi todos los demls casom estudis-
doa. Cooviene destacar que en algunce casos, la modificacibéu de fuerzas
cortantes del estitico conduce A una reapuesta mejor gque 12 cussidinfpica
para los entrepiscs superiores, perc de todas manéras sobrestima e; sXACERD
la de los demfis entrepisos. hainiumq, e8 imporcante sefialar que en cier-

Los caA0OR }a modificacion del métedo eatéitico puede ocasionar suvbestima-
cifén (figs 1%, 20 y 21).

En las fige 18 a4 29 ge muestran tsmbifn los momentos de volteo obteaidos
can los mérodos estfitico y cuasidinfmico reducidos de acuerdo con el Regla
mento; eata reduccifu se basa en el hecho de gque los womentos calculados
con inkegraciﬁn del diagramas de tuerzas cortantes resultan mayores que los

dinimicos. En el cago del métode eatfitice dicha reduccifn se aplics. a

lag fuarras cortantes reducidaa,
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En lan fipuraq manclonadas as nprecia qua les valorea asf eat{mados rewul ,
tan pejores que los originales, ¥ la reducsidn es mayor en los nivelea
inferiores. Solo en dos camos del cuasidinimico se obtuvieron valorsa
para 1a buaae ligeramente menores que loa dindmicos (menos del uno por

ciento). : ' . ) e e s

5¢ nota tumbién que en lon modelos de marcos rigidos, la reduccifin copdu-
jo & una Jistribucidn mds uriforwme de la relacidn de momentos de vbl;en.;_

1o cual permite mantener un factor de seguridad ¢asi copsCantr.

Cor bare: i lag ~berrvacinnes hechas en eate eatudio, puede afirmarss que
el método cuanidipdmico es apropindo para estudiac la respuesta sismica
de los ¢dificios desplantados en cualquierz de las zonam elsmicas del
Distrite rederal ¢on Adistintas telaciones de eabeltez y factor de ducti-

lidad zcuar de &,
3. CONCLUSIUNES ¥ RECOMENDACION
3.1 Conniudiones T SN

S5e hu prexaptado la extensidn del método cvasidindmico para calcular la
reepuc=r: afsuica de editicios irregulares en elevacisn, empleando laos
especttos veduweidos por ductilidad del Reglaments de Construceiones nura

el Distrito Federal. . Ce

El ;justr del Factor correctivo @ se hizo para cada zama geotdcnica del
Distvito ledaral ¥ cuatyo factores de duetilidad (Q = L, 2, 4 y 6}, Sin
embacge, ror La mipjlitud encontrada™entre algunas de las curvas elabora
dag vara ral fin, ee decidid emplear curvas comunes que cubrieran las
-puntusw correspandientes a variag de ellas, o gque permitid tener dos «n
tatal {fip L&}, Adl, para cdifivios desplantados en tertenc firme, se
galvulsrd a ubn lay écu 2 & 3, segln sea la estructuracion, ¥ parca 1os

ge Lransiclén ¥ comprésiblc me ubilizard la ec 3.

for: lbis vout!iones propuestas en ¢sta trabajo para calcular u , se ha in
crement.nia ¢! intervate de aplicavién del oftodo cuasidindmice, ya que en
la inves:igaeidn precedente {ref 4) se requeria que Uﬂf?t fuard mayor

n 3 . . -
© jgual a 0.7 ¥ autualoente esacota inferior se ha disminuida, Tal os
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¢l casa, por ejecpla, de 1a zona de terrenc firoe donde el intervalo de

aplicacifin es

By = 0.108 <V /¥ < 1.0

o

3

Para los terrenos de trensicidn y compresible, los valores de B, pueden

ohtenerse de la cabla 1.

Utraa conclusiones de interés fcerca del mftodo cuasidinfimico gon

a} Cagi siempre da resultados bastunte mejores que £] eatftico

b}

c)

d)

e)

)

3.1

Es apliceble a satructuras regulares o irregulares en elevacifn has=-
ta de 30 pisos con H/B Sfﬁ.h. pard edificios de muras de cortante
acoplados, y haata de 20 piscs con a/B < &, para edificioa con mar-

coa rigidos

Resulca prictico ¥ sencillo de utiiizar en los deapachos de clilculo;
lo mis cowplicado es obtener la configuracidn de desplazamientos es-
thcicom X, 2o cual no debe ser diffcil en la actualidad para los in

genieros caleylistag

En algunoa cagos. donde fue aplicable, la reduccifn que permite el Re
glamento de las fuerzas cortantes calculadas con el método eetftico
condujo a subestimaciones en los entrepiscs superiores, tal como suce
did en el modelsn (k?—i. HP-E}.

El criterio de reduccidn de momeptos de volteo es aplicable al método

cuasidinimico
f

Con el fin de aplicar el metodo cuasidinimico en otras ciudades, es

necegario obtener las ecuacicnes para calcular «, correspondientes &
los eapectros de disefic que se tengan en los reglsnentos respectivos,
aediante un trabajo de investigacidn semejente al que se presentd en

eatea informe.

Recomendacidn .

Como reaultado de todo lo discutido en este trabajo, se reconienda estu-
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diar la conveniencia de incluir el wétodo cuapidinfimico an ¢l Reglamento
da Construceiones para el Distrito Pederal como procedimients opcional paras
el andlipin efsmico de edificica. EBn tal casa, serd necesaric simplifi-
car aiin mis ¢} pétodo y hacer ajustes de curvas para a qua dun valores

aedios, en vezr de envolventez & fin de no cometar sistemBticanents srTOT

.del lado de la seguridad.

4. RECONOCIMIENTO

Los autores expresan gu agradecimiento a Joel Garcia y Ralil Paredea por
la ayuda prestada, organizande la informacidn que se emplel en enta in-

vesbigacidn..
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TABLA 1, EﬂNSThHTEF Ei PARA CALCULAR EL FALTOR
CORRECTIVO o EN DISTIHNTAS ZOMAS DEL D F

TABLA 2.

NUMERD DE CASDS CON ERROR AL CALEULAR

LAS FUERZAS CORTANTES CUASIDINAMICAS {EC 4) ¥ COM-

PARGRLAS, EN CADA NIVEL, COM LAS DIMAMICAS. HU-
ROS DF CORTANTE ACOPLADOS
ZONA Bi Q=1 Q=2 Q=4 Q—E Terrents Firme
DF
Error, an H/B = 1.2 H/B = 3.6
By 1.500 1.700 1.800 1,700 porcentaje { =1 | Q=2 ot § Q=6 | om1 [ g=2 | gat | 0=6
F1RME B, | -4.300 | -6.000 |-5.430 [ -5.800 0- 2 5 | 3 ] 6] 515
I B, 0.108 g.108 G.108 p.108 2 - 4 1 5 3 i 1 3 1 5
8. | 0.750 | 1.000 | 1.000 | 3.000 Wo- 6 6 1 2| 3 113
i - 1
g, | 1.100 | t.1s0 | 1.500 | 1.700 6- 8 vt 3p 513
- 2 | 2 L
TRANS {C 10N g, | -5.300 | -5.360 |-5.%20 | -7.%00 8 - 10 7 3 3
- B & [
i g, | 0.160 | ©0.160 | 0.160 | 0.116 10 - 15 Wfhpo®
- 1 i & &
8. | 0.750 { 0.750 | 1.000 { 1.000 15 - 20 ‘ ? 7
20 - 25 1 2 3 b 3
B, 1.050 1.100 1.700 1.670
' 25 - 30 1 1 k| 5 5 4
COMPRESIBLE| &; | -6.320 | -5.%00 {-6.260 | -7.400
30 - 4o g 4 3 4
Tl By 0.175 0.175 0.160 0.716
» Lo | I 3 1
B 6. 750 0.750 1.000 1.000
) Total 2 127 21| 20| 4601 43} GLu] 35
: pe |
Total de )
compara- 220t 220 | 220 ] 220| 360| 3601 360 | 300
CinneEs




)
TABLA 3. NUMERD- DE CASOS CON ERROR AL CALLULAR
LAS FUERZAS CORTANTES CUASIDINAMICAS {FC &) Y COH-

- g

TABLA 4. NUMERO DE CASOS CON ERROA AL CALLCULAR
LAS FUERZAS CORTANTES CUASIDEINAMICAS {EC &) ¥ COm-

PARARLAS, EN €AD: .:.... CON LAS DINAMICAS, HU- FAIARLAS, EN CADA NIVEL, CON LAS D.wAMICAS. MU-
ROS DE CORTANTE ACOPLADOS ROS NE CORTAMTE ACOPLARDE
Terreno de transicitn t_ Terreno compresible
Errpr, en H/B = 1.2 H/B = 3.6 Error, €h H/B = 1.2 H/B = 3.6
parcentaje =1] Q=2] Q=4 J-6] Qml{ Q=2 Q=4 | Qué porcentaje | Q=1 [ Q=2 [ Q=1 f Qb | Qul| Qm2 [ =k | Qmb
- 2 1 ] 5 7 2 0o~ 2 3 116 b 5 ]
2 - 4 3 & 4 5 - & i 2 4 5 4
L - & 2 1 2 5 2 L - 6 3 i 1 6 5 i
6& - 8 ] 1 i ] z 3 6 - 8 3 1 3 2 1
B -0 2 ! 1 & B -10 2 1 2 4
10 - 1§ 3 2 c & 4 14 - 15 2 2 2 5 5 2
15 20 3 1 1 3 3 15 - 20 4 1 1 2 3
20 - 25 1 1] 3 20 - 25 1 3| n
25 =~ 30 ' ] : 1 25 - 3¢ 1 1
30 - 40 1 1 30 - 40 1
Tota! 1] 18 B )22 |29 |28 [ Tatal 1 |18 8 118 | 29 ]34 7
Total de Total da
compara- compara-
ciones 220 2z2c| 220 | 220 36D| 360 360 360 ciones 220| 220 220) 220 36Q) 360 | 360} 160

Lt



TABLA 5.

LAS FUERZAS CORTANTES CUASIDINAMICAS (EC 4) ¥

COMPARARLAS, EM CADA NWIWEL, LGN LAS DINAMICAS.

MARCOS RIGIDDS

HUMERG DE CASO0S COW ERRGR AL CALCULAR

TABLA 6.
LAS FUERZAS CORTANTES CUAStDINAMICAS (EC 4) ¥
COMPARARLAS, EN CADA NIVEL, COM LAS DINAHICAS,

KRUMERO DE CAS0S COMW ERROR AL CALCULAR

HARCOS RIGIDOS

Tarreno firme

Terreno de transicicn

Error, &n HiG = 2 M/B = & Error, en H/B = 2 H/B =
parcentaje | Qe1 | Qw2 | Qmlt | G=~6| Q=1 ] Q=2 | Q=& | Q=5 porcentaje | Q=1 § Qw2 [ Qub | Q=6 Q=1 Q=2 Qmd | Q=6
0~ 2 4 4 3 t 2 2 3 0- 2 7 g |10 ] 1 3
2 - i 1 1 1 1 1 1 -2 2 - 4 1 2 Fd Fd rd 2
L - & 1 1 1 2 1 | 1 1 L - & 2 i 1 1 1 1
6- 8 1] s & | & ] 4 6 - 8 1 2] 1
g -10 1 1 1 1 1 B - 10 1 1 1
.
to - 15 65|52 22 2] Total 1 |13 |1s s 15 |7
16 - 20 1 1 1 1 1
Total de
. compara*
Tota) 13 P83 ) B pa2 faz g 8 ciones 130 L 130 [ 130 {130 2601 260 | 260 { 260
Total de
compara=-
clones 13071 130130 130 260 | 260 | 260 | 260




TABLA 7. NUMERQD DE CASOS CON ERROR AL CALCULAR
LAS FUERZAS CORTANTES CUASIDINAMICAS (EC &) ¥
COMPARARLAS, EM CADA MWIVEL, CON LAS DINAMICAS.
MARCOS RIGIDOS

Tarrenc compraesible
Error, en I-i.a"B - 2 H/B = &
porcentaje | qm1 | Q=2 | Q=4 | Qub| Q=] | Qw2 | Q=i | Q=B
a- 2 4 7 10 9 7 g
2 - 3 3 2 " 4 5
b - 6 2 4 2 4 3
6 - 8 1 1 ! ! 1
8 - 10 1 1 1
Total B | 13 |15 16 | 16 | 18
Total de
compara-
ciones 130 130|130 | 130| 260 260 | 260 ¢ 260
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CERRO PE COATEPEC

7a. AVENIDA 26-45 20MA.*
GUATENALA, GUATEMALA
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21%.

31.

32.

33.

34,

35,

36.

37,

35,

3.

LINERQ GOMEZ JUAN CARLOS
TNST. MEX., DEL PETRQLEQ
PROFESTONAL )

EJE LAZARD CARDENAS No, 157
VELEGACTON GUSTAMD A. MADERD

LOPEZ CHAVEZ RAUL

INST, MEX. PEL PETROLED
PISENADOR )

EJE LAZARG CARDENAS Ne. 152
COL. SAN BARTOLG ATEPEHUACAN
DELEGACION GUSTAVO A. MNAPERC

LOPEZ ¥ LOPEZ JOSE FIDEL
CONSTRUCTURA MABEK

7 OTE No, 418

COL, CENTRY

92000 MEXICO, D.F.

LOZA GARIBAY MARCY ANTONIO

HADRTID HONTES DE OCA ROLANDO
S, C.T.

HALANCO CASTANEDA MA, EUGENIA
5. A R, H.

MELENDLZ MANZANO FAUSTO
INTVERSTDAD EST. GUAYADUTL ECUADOR
PROFESUR

QUITO ECUADOR

MERCADD GUAGNELL] HECTOR
CENTRO DE GRADUADOS DEL 1.7.6.
PROFLSOR INVESTIGADOR

CALZ, TECHOLOGICO S/N

HOREND ALFARO HECTOR
PEMEX

MURDZ FERREIRA DANTEL
1PESA

NAVARRD SANCHEZ LUTS MANUEL

£SC. ING. ClViL

PROFESOR

UNTDAD CTENCIAS ING. ({ILhANIDADES
MORELTA, MICH,

VENUSTIAND CARRANZA No. 154 8IS
CoL. CENTRO

DELEGACTON CUAUNTEMOC

g4000 MEXICO, T.F.

SUR 75 A No. 204 DEPTO. 4
COL. SINATEL
DELEGACION TXTAPALAPA

20 OTE Ne. JJE
COoL, CENTRO

20 DE NOVIEMBRE No, 917-1

TNFONAVIT PLAN DE AYALA EDIF. 21 DEPTY, 2
MORELIA, MICH.



44.

i1,

42.

43.

44,

5.

48.

47.

4E.

49.

50.

-ORTEGA SAAVEDRA RAFAEL

- NER1 JITELA JULTO HUMBERTO
INST. MEX, DEL PETROLED
ING, CIVIL
EJE LAZARD CARDENAS Np, 157

- {RPUONEZ RUIZ JORGE
U, N. A CH.
PROFESUR
CARR. PAN, KM. 7154

- PARRA MiM0Z MERIBERTQ
COVITIR
JEFE DE SECCTON
LEGARIA Ne. 257
COL. PENSIL
DELEGACION MIGUEL HIPALGD

- PAYER PEREZ ALFREDD
UNTVERSTDAD NACTONAL CORDOBA
DOCENTE

AVENTDA VELEZ SORSFTELD No, 299

CORIOBA ARGENTINA

PEREZ SANCHEZ GUSTAVD
S. A, R H.

PRESILLA JUAREZ VICTOR MANUEL
5. T,

JEFE SECCTON SELEC, TIPD
XOLA ¥ AV, INTVERSIDAD

COL. NARVARTE

DELEGACION BENTTO JUAREZ
535-28-3%

RIOS CEGUEDA LEONEL

- ROJAS BRAW JuLio
LIMA PERU

SALCEDO LUNA JOSE
UNTVERSTDAD INDUS, SANTANDER
PROFESOR

BUCAMINONGA COLOMBIA

SALCEDD LUNA GERMAN
INTERVENTORIA ¥ EST. TECNICO
INGENTERQ RESIDENTE

CALLE 12 No. 2s-15
BUCARAMANGA SANTANTER COLOMBTA

SUR 131 Ne. 234
oL, TLALDC
DELEGACION TZTACALCO

CALLE OCOSINGO Me. 127
1.5.8,8.T.E.

AVE, & No, 103
COL. TNUEPENDENCTA
PELEGACTON BENTTC JUARE?

DEROUT No. 475
CORDOBA ARGENTINA

AV. 521 Npo. 151
UNTDAD ARAGON

DELEGACTON GUSTAYO A, HADERO
07920 MEXICD, D.F.

CALLE 37 No. Z1-7% APARTADQ 202
BUCAIINONGA COLOMBIA

CALLE 9% Mo, J7~4F FONTANA
BUCARAMANGA SANTANDET COLOIBTA



51.-

52, -

53.-

4, -

55.-

56.-

SANCHEZ SANTUR SORATTN
s, C.T.

PROVECTISTA

INSURGENTES SUR No. 684

SANTOYO CANO FERNANDO

C.F, E.

SUPERVISOR

R10 HISSISSIPPT No, 71-120, PISO
COL. CUALHTEMOC

TRUWITLLO HERNANDEZ FERNANDO A.
. . E.

INGENTERO QUIMICO

MISSTSSIPPT No, 71-i%o. PISO
COL. CUAUHTEMOC

VALENZUELA PADILLA LUTS FELIPE
SFDUE

VILIACRESES GUERRERC ENRIOUE

YANEL GARCTA MATIAS
PEMEX

PINON No, 219

COL.NVA, SANTA MARTA
DELEGACION AICAPOTZALCY
556-26-05

RIVERA No, 104

COL. LOS ALPES

PELEGACION ALVARD CBREGON
355082- 86

GRAMA Mo, 172-3
EL ROSARIO COYOACAN
04380 MEXICO, D.F.

HORTENSTA No. 23§

COL. FLORIDA

DELEGACION ALVARD UBREGON
04030 MEXICO, D.F.
524-24-1)



» s



