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1.

2.

3.

3,

iQué le parecié el ambiente en la Divisidn de Educacién Contimua?

| MUY AGRADABLE

| AGRADABLE

|

DESAGRADABLE

|

Medio de commnicacifn por el que se enterd del curso:

PERIODICO EXCELSIOR
ANUNCIO TITULADG DI
VISION DE EDUCACION
CONTINUA

PERIODICO NOVEDADES
ANUNCIQ TITULADO DI
VISION DE EDUCACION
CONTINUA  ~

FOLLETG DEL CURSC

CARTEL MENSUAL

RADIC UNIVERSIDAD

COMUNICACION CARTA,
TELEFONO, VERBAL,
ETC.

REVISTAS TECNICAS

FOLLETO ANUAL | CARTELERA UNAM ''LOS GACETA

UNIVERSITARIOS HOY" UUNAM

Medio de transporte utilizado para venir al Palacio de Mineria:

AUTOMOVIL
PARTICQULAR

METRO

OTRO MEDIO

4. (QuE cambios harfa usted en el programa para tratar de perfeccicnar el

curso?

¢Recomendaria el curse a otras personas?

51 NO




6. &Qué cursos le gustarfa que ofreciera la Divisién de Fducacidn Continmuva?

7. La coordinacidn académica fue:

EXCELENTE BUENA REGULAR MALA

8. Si estd interesado en tomar algln curso intensive (Cufl &s el horario
mis conveniente para usted? .

"LUNFS A VIGRNES | LUNES A LUNES, MIER(OLES | MARTES ¥ JUEVES - |

DE9 A 13 H. Y | VIERNES DE | Y VIERNES DE DE 18 A 21 H,
DE 14 A 18 H. 17A21H. | 184 21 H,
(CON OOMIDAS)

VIERNES DE 17 A 27 H.| VIERNES DE 17 A 2
SABADOS DE 9 A 14 H. SARADOS DE '9 A i
DE 14 a 18 H,

H. OQTRGOC
Y

9. (Qué servicios adicionales desearia quo tuviese la Divisisn de Educacibn
Continua, para los asistentes?

10. Otras superencias:




“ DIVISION DE EDUCACION CONTINUA
. FACULTAD DE INGENIERIA UN.AM.

1X CURSO TRTERMACIORAL DE IRGENIERIA SISMICA

AHALISIS DE RIESCO SISMICO

INSTRUHMENTOS VSADOS EN MEDICICHES SISHMICAS

JORGE PRINCE ALFARO

Pelacio de Mineria  Calle de Tacuba 5 primer pizo  Deleg. Cusuhtemoc 06000 Miéxico, D.F, Tel.: 5214020 Apde. Postal M. 2285



4 - LESTRUMEHTOS USADOS EIY KEDICIONES SISNICAS

Por Jorge Frince Allaro

4,1 Introduccidn
Para el estudio de fendnenos sismicogs ha sido necesarico cons-

truir aparatos que registren 1os movimientos del terreno con una
precisidn gue termisa obtener inforcecién cuantitativa sobre los
diversos aspectos del Cemblor. Los instrumentos aque acsualmente

g2 usan para este Iin puseder clasificarse en dos grupos: sishod-
grafos y acelerdgrafos, Los primeroc son de gran sensibilidad, Se
emplean en estacliones sisumoldgicas para estudiar, entre otras co-
sas, la propagacion de las ondas sismicas en el interior de la Die-
rra ¥ en las capas superficizles: para deterzinar la direccidn,
distancia y profundidad a ia gue se ha originado el movimiento y
para el estulio de terblores lejanos,

La alta sensibilidad de los cismdpgrafos impide obtensr re-
gistros compietos de temblores intensos, ya que no.es posible
registrar el movimiento a lo largo de toda la duracidn del tem-
blor por salirse la linea del registro., Ello ha dado lugar al
desarrollo d= aparatos denoninades acelerdgralos que se desti-
nan & este objete unicamente,

En este capltulo se presente en forma simplificada la teo-
ria en gue s¢ basan ambes inctrumentos, asi como las caracte-
risticas peculiares a cada unc. Se describen leos tipos de sis-
négrafos y acelerégrafos més frecuenvemente eunpleados y se hace
mencién de algunos instrumentos de caradcter auxiliar como los
slsmoscoplicss.

4.2 Generalidodes

La principal dificultad que s&¢ encuentra ml tratar Z4e re-
producir en una grafica ¢l movimiento del terreno durante un
temblor, s la falta de una reforcncia fija con respecto a la
cual se efectien las cedicicnes. FPara salvar este obstéculo
B recurrg a sistewras increiales que hacen uso de la tendencia
de los cuarpos a mantene¢rse en reposo.
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El péndulo es el ejemplo clizico de sistemas de esta cla-
Se. La mayoria de los sismbégrafos usados en la actualidad con-
siste esencislpente de algtn tipo particular de péncéulo,

Considereros ¢l sisteona do la Fig., 4.1. Cuando ¢l soporte
experimenta €l desplazamicrio u, la paza n tendcréfbermanecer
en su sitie. B5i el movigiento es muy ripido la nasa permanece-
r4 casi estacionaria, Si os muy leato se limitard a seguir el
moviniento ¢ pura velocidades internedias el péndulo se atrasa-
rd o adeleantard con regpecto al soporte. 8i-z oste sistema se
eénade un redio pari registrar la diferencia 5 entre los movi-
mientos de maga y soporte, se habrd completade un sisméprafo
elemental como el gue muectra esgueniticamente la Fig. 4.2.

En estc estodo el aparateo adcolece de graves defectos, ya
que 12 masa sepuird on movimionte adn despdds de que el sepor-
te sc¢ hayz deternido, lo que complica innecesarizmente la rela-
ciédn entre cl ropgistro de 3 ¥ ¢l verdadero movimiento u del
suelo. ' '

Con objete do evitar caota desventajs so introduce un ele-
mento que s¢ oponga parciaimente 2l movimiento del péndulo.
Esta oposicidén, o amortiguamicnto, pucde ser proporcionada por
un fluide viscose, o mediante un {rene magnético. En la Fig.
4.3 sv reprisonta peor vl amortiguador de constante c.,

El amortiguanicnto ticne ademds la funcidn de elizinar ri-
pidamente 1las oscdilacieones gue el pirduleo trata de efectuar,
con su perfodo natural, durante la excitacidén. Las dos funcio-
nes mencionadas del anorfipuamiento contribuyen a la fidelidad
con que 21 registro de la Jdifercnocia b representi ¢l covimnicn-
to u dol apoyoe. Una tercera se trata mis adelante.

Un sismégrafo o acclerdgrafo comin puede considerarse coil-
puesto por las siguicntes partes: a) sistema inercial; b)
captador de movimiento rolzative i ©) sistema para amplificar

S (pequelie en general) y  d) sisteaa de registro, ircluyende
marcas de tiempo. En los sigulentos pirrafos se hapd referen-
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cia a2 eatos elemcntes componontes ea ¢l orden morcionado.

4,3 Sistoma incerecinl. Ecuaciones bAsicas

Como sc¢ ha visto en capitulos anteriores, la respuesta del
sistema de la Fig. 4.3 csti definide por la ecuacién

gque puede exprosarse

.
L

AP #-C::F-r" '.-":‘-:-—f-ﬁ{-?' (4'1)

El signo negativo del segundo micnbro indica que los santi-
doa positives dcl desplazumicnto u del terrenc y del desplusa-
miento relztivo ; se han tomado opuustos como se senala a2n 1o
Fig. #.3, de tal maneri que a una u p041t1V1 corresponda una 2
del mismo signo. ' '

Supongamos que el movimivnte u del soporte es senoidal,

&' = £, s cc.?[ . (4.2)

En este casc la respuesta 2 del instrumento, dosprecion-
do los términes transitorios, gquedari definida por:

3= ersfwt - &) (4.3)
donde ‘
égﬂ'rn/ Lxtr ,—:f_:"‘:%; (4.4)
¥ lo solucidn 4o 1la ec. 4.1 pucde expresarse
"'j% = ---.:_fgi:::_::—‘—':“ (4.5)

For otra parte,_sL ticnen las siguicntes relacioncs, men-
¢cionadas en capitulos antoeriores.



h-::_ - = -//A'.':_#:

¥ S =% = e i mr (4.6)
donde

4y z;aﬁ#'= *?5“}' = frecuenciz circular nntural\iscg_l}

k = constante del resorte {gr/cm)

m = masa (gr segafcm)

¢ = -~ coelicicnte d¢ amortiguzmicente (gr seg/cn)

Co = cocficiente do anortiguanicnto critice {gr scg/cm)

¢; = fraccion del amertiguanicente critico {adimensional)

Al sustituir estos valores con la ec. 4.5 la solucidn de

la ec. #.1 queda expresada en términos de 9&2u¢ ¥ de lasvfrac-
cién del amortigusmicento critico ¢, como sigue:

. (i, ) . (4. 7)

— - — .,,.._;.-.......--—-"- -

7 RS- % el _
e i) T )

Esta ccuacidn pucde eosgribirse en términos de la zcelera-
cidn U del apoyo sustituyondo #f=-w%y, ; resulta

L
-~

< & / B _ ]
%M/{{‘; e ’;-- —____:-_“_u_‘.:—_ (lf- B)
ff ;‘_Ef f:;’&‘, j_f (/)/Ma-r)

Efcctuando lzos mismas sustitucioncs on la ec.4.4., tCNLROS

s - ‘_';, “f’(ﬂ

= il e, SEEeT ) (i;'g)
- S = 4-}@,,)
la relacibn entro ;,é@ ﬂh se nuesbra en la-Fig. 4.4

.para diverses valores de c; . La Fig. 4.5 prcsantu 1as cur-
. 2
vas correspondicntes pura valores absolutos de .@ &) //};

4.3.1 Caractoristicas dol gistoms dnercial cn sismbdgrafos ﬁ?d;:}

Las Figs. 4.4 y 4.5 pormiten determinar las caracteris-
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ticas que se requieren en instrunentos destinados a pedir, res-
pectivamente, desplazimiento (sicmégrafe) o aceleracifn (acelerd-
grafo}, de acuerdo con la aplicacidn especifica a que se destine
el aparato.

Para lograr gue el desplazarciento relativo :; represente
fielmente el desplazamisnto u del tarrenc es necesario que la
relacién &%,  sca constante para todos los valores de 9L, .
Como muestra la Fig. 4.4, esta solucidén ideal no es posidble, ¥y
se presentan varias adlternativas para la seleccién de las carac~
teristicas nfs adecuandas del aparato.

Como primera solucidn se podria hacer qﬁe la relacién %/e.
fuera constante para el miximo intervalo posible de <«%s,

De acuerde con la Fig. 4.4 esto se consigue con una fraccibdn del
aportiguamiento ¢ritice aproximadamente igual 2 0.7,  Otra colu-
cibén consistiria en disefiar el instrumento con un valer puy bajo
de «% |, de tal mancra que para todos los valores de ) que'se
pretende medir, el cociente “ 'y, fuera suficientemente grande,
resultanto aproximadazente constante aln cuando el amortiguamien
to fuese nulo. Sin eabargo, éste se incluye para frenar la nasa
una vez que desaparsce la excitacifn del soporte.

Cada una de estas soluciones ofrece ventajas y desventajas
de orden prictico. Debe notarse gue en cualguier caso se reguie
re que el valer de <., sca inferior a <22 | es decir, que el va-
lor del pericdo natural T del instrumente sea grande en cozpdra-
c¢ibn con los periodos de las principales ondas sismicas gue so
desea registrar. Elle se logra por medio de la combinacibn ade-
cuadn de una masa considerable con un resorte de coenstzante baje.

Cuando condiciones especiales requieren énfasis en el re-
.gistro de una frecuencia determinada, basta que “?ﬂh tenga un va
lor cercanso a la unidad e introducir en 2l sismégrafo urna frac-
cidén adecuada del amortiguamiento critico dd acuerds con lo gue
indica la Fig. #.4.

In Fig. 4.6 reproduce la parte 1til (‘ﬁﬂgi?fj de la Fig.



Ei

4.4 a una esczla lineal mis conveniente, Todas las curvas de
la Fig. 4.6 se apartan de la unidad menos de 5¥%. FPara gue un
sismbégrafo sin amortiguanmiento distorsione la amplitud del mo-
vimiento en menos de 1% se regulere gue 4L, = 10. En canmbig,
con 65% del amortiguamiento cricico la dintorsién serd nmenor
que 2% para wvalores de “Xu, ligeramente mayores que 1.5, Si
se requiere una gran precisidn la figura indica la convenien-
cia de emplear un valor de 5; igual a 0,70 ¥y ‘%@b deberd ser
guperior a 4,

4.3.2 Carasctcristicas del sigtema inercial en acelerderafos

Para determinar las caracteristicas esenciales de un ace-
lerdgrafo sc siguc un procedimiento anflogo mediante las Figs.
4.5 vy 4.7.

En este caso debegrd tenerse “4, -~ / para gue d;/ig -Zea
constante, o sca, ¢l peripdo T del instrumento debe ser corto
con respecto a les periodos de las ondas sismicas guo se pre-
tenda registrar. La fracecién de amortiguamiento critg
conveniente estard cercana a 0.7 de acuerdo con lo seralado
por la Fig. %.5. Debu notarse que las ordenadas a las curvas
de la Fig. 4.5 no correspondsn a valores de -;;/Ea' sing a va=-
lores proporcicnales o esta Gltime expresidn y 12 constante de
propoercionalidad es /7wy, . Por tanto, cl uso de la Fig. 4.5
g5 posible debido a que <!, es constante en cada aparato.

La Fig. %.7 prascnta en detalle la parte de la Fig, #.5
correspondiente a ‘?ﬁg*:ﬂ.g en la gue la distorsidn de la am-
plitud repgistrada es menor gue 5%. El vulor é;: 0.7 nmencio-
nado da un registro con un error menor que 1% si . =£0.4,
Esta figura senala las diferentes combinaciones de error acep-
table y porcentaje de¢ amortiguamiento critice, asi como lag
limitadiones de “%, para cada posible combinacidn.

El valor relativamente pequeonio del periodo natural T de
los acelerégrafos se obtivcne for medie de una nasa reducida y
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uh resorte rigido. Por esta razén los aparatos para nedir ace-~
leracibén son mis ligeros ¥ menos voluminosos que los sisnbgra-
fos,

Para ambas clases de aparato hemos conseguide que ;z..re—
presente sin gran error el desplazamiente =4 ¥y la aceleracién
¢7, del terreno, variando el amortiguanicnbo hasta gque las re-
laciones Jyﬁu ¥ Qwi{ y Tespectivamente, resultan consvantes
en el intervalo Gtil de *%%, . Dcbe notarse que &« ©S en gona-
2]l pequefic ¥y on consecuencia es necesario axzplificar & antes

de registrarlo. BEste tépice sz trate posteriorzente.

4.3.3 Distorsidn de fase

Tas ecs. 4.2 y 4.3 senalan una diferenciz en tiempo icual
a P entre la ccurrencia y el registro del movimionto w. 3e
dice on este c350 gue u Yy & difieren en un dngule de fase &que
esti dado por la2 sc. 4.9

/ Z i, Mo
69; _&43’ Por 0z -:":-’ r . “‘:'_ ("4.9)
- .’:J-" |lZ
s { .""wf)j

Esta ec. sc ropresenta grificamente en la Fig. 4.8,

3i ¢l movircicnto u no ©s senoidal, sirno solamente teriddi-
eo, el &ngulo & serk diferente pars cada una de las componen-
tes arndnicas ya que fldepende de ﬂeﬁé,.

Para el caso de un sismdgrafo sin aportiguamiento la zona
“a,,>/dc 1a Fig. 4.8 indica que el Angulo de fuse os igual a
180°% para todo valor de “7t, ¥ no hay distorsidén de¢ fase entro
4§'y u. En cambio, para valores de & corcanos a 0.7, adepbaddses

como &Gptimes para eovitar distorsidén de amplitudes, siczpro se
introducen distorsicnes de fase a1 resultar un valeor diforaente
de /& para las divorsas componentaes arménicas del movimiento
dcl torrone. Come indiea la Fig. #.8, este efecto ¢s mis nota-
ble para valores de %ﬂ;fccrc;nus 2 la unidad.

En un acelerdgrafo, un valor do ¢ ligeramente superior a



ID.?D elimins casi por complego la distorsidén de fase de lag
componentes del movimiento. En la Fig. 4.8 se observa que pa-
ra ‘U, =/ ¥y C_'; = 0.707 el &ngulo de faze & yaria engre O ¥ go°
en forma Stnsiblemente lineal con L, , o sea, L= Vey2.,
Por tanto ln diferencia de¢ face cxpresada en unidadss de ticm-
PO es5: '

% = %Wﬂ = constante

lo que indi~a que todas las componcntes arménicas tendrin ol
mismo corTimiento de fase, y la distorsidn en el registro g
despreciablea,

4.3.4 Extenzidn a movimientes no arménico .

Duranti, 1la discusidn antorior ha exictifo una falla du in-
portancia: el movimiento del suclo en un siswo distz de sor
senocidal. [3in embargo, un meviziento arbitrario puade ropra-
sentarse comg la superposicién de componontes senoidales defi-
nidas cada ura completamente én cuanto a fas: y amplitud, lo
que counstiftuyez un espectre de Fourier que es unz funcidn conti-
nua de la fregucneia.

For tanto al ocurrir un temblor, ¢l sismégrafe o acolord-
grafo modifica cada componente do acucrde con Lo y& estableci-
do y mostrado en las Figs. 4.4 y 4,5 parz movimiento senoidal
del apoyo. El instrumento o5 entonces utilizable para la pe-
dicién de¢ movimientos no periddicos, pu2s el registro corres-
pondec & la superposicidn d¢ las diversas componentes, c¢ada una
modificada de acusrdo con las pismas fizuras.

4.4 Sismdzrafos. Sistemas do captacién, amplificacidn v
ragisiro

Bxisten diversos mitodos para captar, amplificar y regis-

trar el movimiento relativo.
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4.4.1 Sistemas neclniceos. El primero es meﬁ&nico. En sismb--
grafos antiguos se tiene una Serie de palancas con un estilete
en’ el extrero de la Gltima. El estilete graba el movinicnto so-
bre papel ahumado generalcente,

Este sisiema no permite grandes amplificaciones; la Irie-
cién en la punta del estilete se transdite hacla la masa por lo
gue se regulere gue eata sea considerablle., En Burcopa se llega-
ron a c¢onstruir instrumenteos con masas de mis de 20 ton. 14 del
sismbégrafo Viechert que 2in ests en uso en la estacién siszolb-
glca de Tacubaya pesa 17 ton. Ademds, las dificultades dd orde:
préctico para evitar juege o movimiento perdido entre las palan-
cas, que a la vez deben ser resistentes y ligeras, han hecho
caer en desuso este Sistema, excopto en aparatos gue no requie-
ren amplificucionez conziderables, como en aceierdgrafos.

4.4.2 Anmplificacidn bplica directa. Otros aparates registran

en papel fotogrilico por el denominade método di-zcto, que
consiste en fijar al péndulo un espejo gue reflesjz la luz de
una fuente luminosa sobre papel foteografico, Istie mfétodo eli-
mina la friceidédn y permite amplificaciones considerables, EL
sismégrafo Milne-Shaw aln en uso en muchas estaciones sismold-
gicas emplea este sistera,

En 1922 Anderson ¥ Jood desarrollaron un pequeflo sisnb-
metro de torsibdn gue resultd mis cfective que los de gran mesa
¥ constituybd un gran avance. Ia masa de este sisubmetro, aprox
madamente un grarmo, e€sth colocada sebre un alambre muy fino su-
joto a tensién gque propercicna la fuerza de restitucidn de la
masa, la cull s¢ mucve en el campo de un inin produciéndose un
amortiguamiento cercanc al critico, ¥Fig. 4.9, E1l conjunto ocu-
pa un volumen relativanente pequenc (10 x 10 x 40 co.)

4.4.3 gismbéprafos electromapnétices. Esta clase de sisabgra-

fos usan el registro fotosrifico indircecto, es5 decir, el novie
by - i .

miento < genera una senul eléctrica gue so gransoite a un ne-

didor sensible (galvandmetro) en dernde s¢ transforma nuevaznen-
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4

te en movinmiénto. Este arregleo tiene la ventaja gue el rogis-
tro pucde hagerse cn e lugar rolztivamaente apartads de las
partes de¢l sisambgralo sensibles a2l movimiento del terrono.

Loz sismdgrafos guc pueden considerarse modernos son
electromagniticos., =n viecta de ello sc discutiréin brevemcno-
te sus sistemos de ecaptacidn y registro.

Los sismégrzfgs 11lamzdos de beobina mbvil midon la vele-

cidad relativa 9 clictricamcnte usando un captador suyos 2le-
mentos principales, bobina e imin,-estin fijos respesctivanents
a la masa del sistema sismico 7 2 la caja que sigue el movi-
miento u (Fig. #.3)., La fuerza glectromotris indecida ¢n la
bobinq por ¢l movimiento o5 pooporcienal a la velocidagd rela-
tiva & ¥ sirve para alimentar un golvanbdoetro. EL regis:rﬁ
s¢ obtiene en papel fotogrifico.

El sispégrafo llomado de reluctancia wariatl

Il
t
[a BN )
o
il

ct
-
()

a Benioff. Es otro tipo d¢ aisndgrafo 2lectromapnd
gefio relativeomente recicente (1930) gue omplea galvondmetros
para el registro., Tanto este tipo como ¢l de bobina mévil por-
miten alczanzapr amplificaciones supcoriores a 200,000,

Existen ademis siamégrafos on que la amplificacién da 1z
sefinl se efectia clectrdnicamente y aguella esta limitadz sola-
mente por ¢l nivel de "ruido de fonde" axistente en 21 luzar.,
Este "ruide" es la representacidn grifica cn el sismograna da
los poquenisimos movimicntos de la superficiz ftoerrestre gue
resultan de la actividadedel hombre (srifice, operacilén dc ma-
quinaria, etec) y de causas naturales (viento, oleaje en las
costias, otc.) Por tanto una estaciédn sismoldpgica pra registro
con muy alta amplificacién se sitha lejos del mar, de lugarss
‘habitados y de vias dc comunicacién.

4.4.4 Tambores de rogistro. Do les sismégrafos usadoes on la

actualidad la mayoeriaz ropistran sobre papel ahumade o fotogri-
fico colocndo sobre un tambor gue gira lentacente y se trasla-
da, trazando el sismograma en foroa de egpiral. La veloclided
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de rotacibn cs redudida; la dsl papel varia generalmente cntre B8
¥y 60 mn/min. Mantener esta velocidad constante parece a primera
vista un problema menor, §in exmbargo, les tiempos en sisuogra-
nas de estaciones de primera clase se determinesn con unz preci-
8ibén de ol menos 0.1 seg. Este exige gran ealidad en lac ccnpo-
ncntes del tambor de registroe y su eclemonto motor, 2si como en
¢l reclod que produce lus marezs de tiempo. El rzloj dehe ser
ajustado dia a Ain en formn automitica de prefererncia. Scgin
Byerly, "Prccisidén c¢cn ¢l ticmpo o5 el primer regquisito  esencial
en una estacidn siseeldgica...  un buen instrimento es easi infi-
til para cualquier propésito cientifico si no registra en un tan-
bor de velocidad precisa, en el gue el tiempo S¢ marca con un
buen reloj cuyo error Se deternming con exactitud diaricmente.”
Instrunentes de disefio avancado, gue incluyen sistsoas bp-
ticos de gran calidad, perniten registrar varics componentes en
peiicula fotogrhifica,

4.5 Instrumeantacidn deo una estacidn zismollzica moderna

Cono ecjerplo de la instrumentuciin enpleadnz en Iinsvalacio-
nes sismoldgicas modernas, 1a Fig, 4.11 nuestra esqueniticanente
los componentes de una estacidén del "Sistemz Sismogrifico Mundiatt
que consistiri de 125 estacicnes. En esta figura se emplea 1o dé-
noninacidn usual de "sismbégrafo de verdodo corto" cuande 7:= 1 sec
¥ "de pericdo larpge" para 7> 1 seg. 1o Fig. 4.12 corresponde &
las curvas de regpuesta de los sisndprifos menciconadoes,

4.6 Diversos tipos de sisnfcrafos

Los sisubgralfos gque se usan actualmente se clasifican se-~
gin diversas caracteristicas: valor del periodo natural, diree-
cién del eje sensible, sisten2 de captocidn, de azplificacidn, de
registro, etec. Los nombres de los nis conocidos se relacionan
principalmnente con un tipo deterwinado de suspensidén de la masa
sismica (Fig. 4.10)

Una de las escasas excepciones al uso de sistem2s iner-
cisles en sismbgrafos es el sisnbpgrafo de deformacidn, disenado
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por Benioff en 1932. Consiste de dos pedestales colocados z

18 6 20 o entre si, con un tubo metdilico, fijo a uno de ellos,
que se prolonga hasta corta distancia del otro pedestal. Un
captador de reluctancia variable asociado a un galvanbdmetro re-
gistra las variaciones en la distancia entre el.extrezo de 1la
barra ¥ el pedestal. As{, este aparato mide la deformucidn del
suclo entre las dos bases, al ser atravesade por las ondas sis-
nicas o con el terreno en reposo. El objeto principal de este
instrumento e¢s proporcionar informacidn que eventualzente per-
mita correlacienar las condiciones locales de deforosceidén con
1o distribucidn de las deformacibn unitaria anterior y postericr
a temblores intensos.

4.7 Acelerﬁérzfﬂs

Tanto los registros incompletos de temblores intenses de
eatacicnes sisnolégicas, cono los estudigs gque de ellos se de-
riven son, en general, de escasa utilidad para el proyectissa
de estructurias. En el campo de la ingenieria, la observacidn
cuidadosa de los éafios sufridos por las construcciones durante
un temblor ha suministrado datos valicsos para el avanee del
disefic sismice. 8in enbargo, este tipo de estudio, por daetae
llade gque seén, carece de un factor fundamental:; las caracte-
risticas del moviniento que produje btales danos.

Ios aparatos construoideos para el registro de sistos coo-
pletos no forran parte actualnente del equipo usual de observa-
torios sismoldgicos. Don de creacldn relativamente raclente;
en 1933 se registrd el primer terblor intenso en California.

En la actualidad existen cadenas de aparatos de este tipo en
la dosta oeste de Bstados Unidoes y en Japdn.

En la ciudad de México se han instalade nucve. En la
provincia no hay, a pesar de la gran actividad sisnica de los
estados del sur del pais.

Lo escaseszs de acelerdgrafos en la Repiblica Mexicana,
debida en gran parte a su alto costo, aungue lamentable ne es
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excepcional en palses afectados con frecuencia por tenmblores.

A pesar del tienpo transourrido entre el registro satisfactorio
de los prineros sisnos intenses y de le ioportancia de conocer
el tenblor nisme, solo ge ¢uentz a 1a fechs con uneos cuantos Ic-
gistros que sc utllizan una ¥ otra vez en cAleulos de teodas cla-
ses. Bl sisne mis fuerte registroade, (El Centro, California,
rayo 1940) aleanzd una aceleracién de 0,33 €

Hasta la fecha en iéxico se han registrade cuatro en la
Alameda Central: diciembre 10, 1981, mayc 11 y 19, 1962 ¥y no-
viembre 30, 1S452.

Para el objeto gue nos gcupa 5S¢ ha encontrado mbs adecua-’
do el emples de acelerdgrafos porgue el cileulo de respuestss
estructurales requiere el congcimienteo de la acelerucidn del te-
rreno come funcidn del tiempo, '

Dado que el proceso de integracién s en 51 nbs preciso
gue el de diferenciscidén, es mis conveniente caleculoar velocidz-
des ¥ desplazamientos del terrcono & partir de la aceleracién,
que seguir el procedimiento ilnverso,

Ademfs de ser posible construirlos en forma mfis compacta
¥ resistente y requerir nener anplifiecacién, estos instrumentos
presentan, con respecto a los s‘%@grufos. ventajas derivadas de
trabajar cn el intervalo ‘%4 « 1, por lo que son tymbién sen-
sibles a aceleraciones de « npula, come la de la gravedad. Su
calibracién es entonces posible mediante el simple expediente
de inclinarlos, &

A diferencia de los s%pégrlfoh, que oveéran continuamncn-
te, los acelerdgrafos cucntan con un arrancador gue los pohs en
marcha al ocurrir el temblor. En unos aparatos este arranczador
es sensible a movimientos horisontales y en ofros a movimientos
verticales del terrcno. El arrancadeor es a su vez un gistema
pendular {Fig. 4.3), que cierra un circuito {o lo &hbbej, cuando
el desplazariento relativo @ aleanza un valor prefijado, ini-
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cléndose el registro,

Puesto que os necesario gue i?'tengu un valer diferente
de cero para gue funciocne el arrancador, se pierde la parte del
registro correspondiente a 1a iniciacién del sismo. Se ha
construldo un iastrumente que lo eviva, Registra la acelera-
¢ién del suclo continuamente en c¢inta magnlética. Si después
de un cierto tiempo no ha temblade, borra y usa 12 misma cinta
nuevamente. Cuando ocurre un temblor el aparate deja de borrar
¥ en la cinta queda grabade ol movimiento del terrenc anterior
a }la suspendibn del bhorrado con leo guc se cbtiene el registro
coppleto del temblor, ,

Tl emples de disparadores con acelerdgrafes, permite ele-
var a 1 o 2 cn/seg la velocidad do registro, con un rolile d=
papel do longitud usual (30-50m). Bsto facilita 1o lectura del
acelerogramz pues las ondas no aparscen tan juntas entre si, co-
me en los rogistros obtenidos cn sismbgralos.

Otra caracteristica peculiar a los acelevdgraios es qQue
un dispositivo suspende el registro despuls de un gierto tiem-
po de haberse inieciado, o de haberse efectuade el Gltimo con-
tacto del arrancador, y ¢l ciclo conplebo pueds repetirse vo-
rias veces automiticamente. En consecuencia no necesita la
atencidn constante que requicren los sisnbgrafos.

Las caracteristicas de los acelerbgrafos mis conocidos
se¢ reprasentan en la Tabla 4.1. Las Xigs. 4#.13 y &4.14% nues-
tran los acelerdgrafos insotalados hasta ahora en México: el
SMAC de fabricacién joapenesz y ¢l AR-240 de canufactura nor-
tezmericana, rospectivamente.

4.8 Sismoscopios.

Existe una tercerz clasa de 2paratos denominados sis-
noscopios, de uso exclusivo ¢n ingenieria siszica, cuyo fun~
cionamiente vstli relacionndo con respuestas estructurzles ¥
no con 1a deformacidn o ¢l movimiento del terrceno como en el
cago de sismbgrafes y acelerdyrafos.
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En ¢} capitule 3 se ha dafinido espectro como la gréfien
que relacisna las caracteristicsas de estructuras de un grade do
libertad, expresadas mediante el periodo T dc la estructura, con
13 respuesta mixima gue produce un detercinodo movimiento de la
base,

Se ha visto tarcbifn gque los espoctros se representan ge-
neralmcente con les valores da T como abacisas ¥ las ordsnadas
correspondsn a lags resmeslas que s¢ calculan mediante uwna ox-
presibfn matemitica en gque intervizsue la aceleracidén U del
terreno. Asi, una vor que se. ha obtenido un registre de U me-
diante un 1cclur55rafn, ¢85 posibls ealgular 1las ordenagas co-
rrespondiantes a cada valer ¢de T para diferentes valores de 5,
TPor tanto, si un sistema do un grado de libartad, cen va2lores
fijos de T y'i; se sujcta a la mismi acelerzeidn Widél ¢ :
no, su respuesti phxina coineide tedrizapente con la csleula-
da. El1 sistera flisico gue se usz con 2ste objete se denc
sismoscopio. )

La utilidad de estos aparatos es limiteda ya gue sola-
mente suministran un purnto on un espectro. En canbio su cosio
¢s en términos generales de 1/700 del de un zeelerdgralo lo
que hace posibly la instalacidn deo un nlzere considerable ¥
usualoente o un acelerdgrifo so 2socian grupes de varios sise
noscopios. En estz formz se verifican facilconte los espec -
tros calculados al obteierse puntos del nisne espectre parl va-
lores conveniontes do T ::.rri;. .

| El mayor nimero de sisrcoscepios instalades en la actua-
lidad es del tipo denoninnde USCGS quz s muestra en 1a Tig. &,
15. Consiste en un pindule de suspensidn unifilar y sc-orti-
guaniento magndético al que va unido un cristal de relej, u-
nade en su extorior. El registro sc obticne cediante una agu-
ja due cmarca sobre el cristal nl desnlacarse &ste con respecto
o la base. Para csto aparato so eoscogizron los valoreos de
T « 0.75 seg. y o> = 0.10.

En 1a Ref. 4.9,13 3¢ describe un siscoscopio desarro-

. 1llado en nuestro pals gque perzite obtoner varios puntos del
aspeetro sinultineamante.
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TABLA
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4.1
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USCAGS Mok 11 *

ARASHI SMAL B2

HOSAKA DC-]3*

LED AR - 240 *

Componantas
Perfoda notural [1eg)
AmortHguamlents (9% del erlr.)

Seruibllidad {galy/me)
Intarvzlo de trabaja {gahl
Reglitro

Traxos registerdal

Sitema mator
Shitema poro colibmcidn
Arroncador eléchlea

perfoda  [seg)

amortiguamients (% crit,)
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llempa &n mxiremo papel .

motor ¢.d.

no
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5
1} min

2
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W50 112

&1

fLUSCALGS) no comercial

*Daten corfesla de Unlted ElechraDymamics, Inc.
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i
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]
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.1 ] -
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3
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CONCEPTOS FUMDAMENTALES BE LA TEORIA DE PROBABILIDADES PARA
ANALISIS DE RIESGO 315MICO '

TNTROBUCCION o ‘

La teoria de Probabilidades es una herramienta muy Gtil para eva
luar el riesgo sismico.

Dado gue la naturaleza de los temblores no es de tipo determinis
tico, el problma debe tratarse mediante mode los probabilisticso.
Por ejemplo, existen grandes incertidumbres respecto a las coor-
denadas del foco, magnitd 2el evento, tiempode ocurrencia, relaciones
neguitud-intensidad, etc.

No es posible decir con certeza cuando ocurrird un temblor, pero
si podemos decir quf tan probable es que ocurra. £l ticmpﬁ e
ccurrcncia de los sismos de diferontes caracteristicas originadas
en una determinada fuente puede expresarse mediante un parocasc
estochsiice, que es una descripcifin matemitica de la forma en cue

varia con el tiempo la ocurrencia de clertos eventos.

Para feormular un modelo de sismicidad y estimar sus pardmetros
seria deseable contar con un nlmero suficientc de registros de novi
mientos sismicos fuentes,de las caracterfsticas de su fuente v de
su ubicacién, sin embargo esta informacidn es muy escasa por 1o gue

jem

]

tiene que hacer uso de técnicas estadisticss mids refinacdas (por

plo el tecrema d¢ Bayes).

. Enscguida se presenta un repaso de los conceptos fundamentales de
"la teoria de Probabilidades para la mejor comprensidn del andlisis

de yiesgo sismico,



NOCIONES DE TEQRIA DE PROBABILIDADES

AXIOMAS FUNDAMENTALES )
ﬁi}hu#n i.- La probabilidad de un evento A se encuentra 0 y 1

C<P(AY<« 1

Axfﬁmﬁ“ 2.- La probabilidad de la unidn de dos eventos mutuamen
te exclusivos es jigual a la suma de sus probabilida
des

eaUB) = PCA) + FPLB)
5i estos no son mutuémente exclusives, eﬁtunces

F(hUB) = (&) + P(a) - P(ADE)

PROBABILIDAL  CONDICIONAL

La probabilidad de que ocurra un evento A, dado gue conocenas el
resultado de un evento B es igual a
p(re) = _P(ANE) SR
P .

De donde
PANB) = p(aIBY P (B)
Géneralizando, .

celanenc ... nu) =falenc L) Eelen .Y L. PCAD

5i los eventos son independientes entre si, entonces

ELAOBNOC ... NN = PCRYPCBNPCE) - . . PCN)



TEQREMA DE PROBABILIDADES TOTALES.

Dado un conjunto de eventos mutuamente exclusivos y colectivamen
te exhaustivos, Bl' Ez.... B,» s posible siempre expresar la pro
babilidad P(A} de otro cvento A come sigue

Lw b

PeRY = PLROBY & P(AOBY .. = :Z.?CRQBQ |

Entonces

PN = ya P(a1B) PLB) (2)

|

YEOREMA DE B/YES

La probabilidad condiciconal de A, -dado querha ocurrido el evento B es

j

- - s

elrte) _ B NB)  _ P(BOA) ' ¢ 3)
P77 pe) 2(2)

"Por lo visto en las definiciones antericres es posible llegar a lo

siguiente
ecgle) - FBUS) FUAy)

PRIATH G .
Generalmente a la probabllldad resultante se le llama "a pesferioal”
y a la probabilidad P[Ajj se le llama "a paioal"

(4)

DISTRIBUCION DE PROBABILIDAD DE LAS VARIABLES ALEATORIAS
El comportamiento de una variable aleatoria se describe’ a través

de leyes probabilisticas representadas mediante funcicnes de dis
tribucién de probabilidad.

En el caso de variables aleatorias discretas estas leyes se repre



Y

gentan mediante FUH&iUﬁES hE MASA -DE PROBABILIDAD. en el caso de .
variables continuas se utilizan las FUNCIONES DE DENGIDAD DE PRO
BABILIDAD, Cuando se tratan varias variables a la vez el compor
tamiento lo determinan leyes de probabilidad CONJUNTAS,

DISTRIBUCTON DE PROBABILIDAD MARGINAL

El comportamiento de una {o varias) varizlle{s) aleatoriai{s) se

" puede obtencr a partir de una distribucifn conjunta, tntegrande
sobre todes leos valores de las variables cuyo comportanientc o
iqtdresa. La funcidén gue representa a este comportaniento es la
distribucifn de probahilidad Hﬁﬁé[nﬁt. Por ejemplo sean X y Y va
riables aleatorias continuas, con densidad de probabilidades

fKY {x, ¥); entonces la funcién de preobabilidad marginal de x es

igual a — )
'Fx (x} = g -Ed (}c;ﬁ dy (r_‘]
Generalizando -
o () = g( H L L 77 TR R E VR TR Bt

DISTRIBUCION DE PROBABILIDAD COMDIC IONAL

81 en una funcidén de distribucién de probabilidad ceonjunta alcu
nas variables adguieren valores fijos la funcién de distribucitn
L de ﬁrobabilidad normalizada resultante -representa a la distribu-
cidn éDﬂb[éIDNALl Sean X y ¥ wvariables aleatorias continuas vy

. ;x‘Y (x, ¥} su funcién de distribucidn; si Y adquiere el valor Ygr
, §

entonces la funcid6n de probabilidad condicional de X es igual a

£ 068
| S:XI\;(_"-‘z‘ﬂ.): ”f*’{y(jo) (¢
En donde

| -‘E}"(‘iﬂj = j g-x-ﬁ.(“f‘io) Ay

-



Generalizando,
- -&' in.;j?f- (T:” x"——' J‘{?)
-& \Kg_ ¥ (11;1:1 11"3.) - 2
LRSS £ e, %)

. Xp, %y

MGMENTOS DE UNA VARIABLE ALEATORIA

Media & valor esperado de una variable continua X
. -

m‘-:..E..('}C\} = KX'E‘(:?-\J cg.x

-

VYariancia de una varjable continua X
- -

4
. - ]
Desviaci®in estandard de una wvariable continua X
o oo , Ve
’ T z
' -
PROPIEDADES DE LA ESPERANTA, h Scan a, b, ¢ constantes

E ‘_c.X.l - ¢ ELX]

Ela +bxl = a + b E]

ﬂ't: vare (%} = f(iﬁﬂ%ﬁg(x)ﬁlx = E'[-xt] - E:I-Lﬁ]

&

(®)

()

cpv—-[j(}'f.] = E[(K—\ﬂxj'l?Yng).l = E-Lx'\"-.l - E&]E’[‘Y—l

- ESPERANZA DE UN PRODUCTO DE VARIABLES

£xY] = cov EX,‘?’] + B0 eyl



FUNCIONES DE HASA DE PROBABILIDAD:
BINOMINAL Y DE PQISSON -

Enseguida se tratan dos distribuciones de variables aleatorias
discretas ,dxscuntlnua de orden finito la BINDMIAL y de orden
infinito la de pQISSON -

DISTRIBUCION BEINHOMINAL-

Se aplicaz a experimentos de Bernoulli (acepta Gnicamente dos po
sibles resultados: €xito y fracasol. '

Sea
p = probabilidad de obtener €xito
¢ = 1 -p = probabilidad de obtener fracasc -«

La probabilidad de obtener x éxtito al realizar ﬁ veces el 2xXpe
" rimento de Bernoulli es

W oM.
L_LM A R A
_ hquf Se Supuso gque los X Exitos ocurren al principio. EIl nfimero
total de formas en que pueden presentarse los x &xitos es igual
a las permutacicones de n objetos formados por dos grupos: uno <e

x objetos iguales y otro de n-x objetos iguales ¢ sea igual a

.
Rl S
Xi(n_)!
o sea gque la probabilidad buscada es la sigulente
) ' I F = r—n '
Plx) = -2 F2 ()

Xithowl!
La variable aleatoria x es unh n(mero entero entre cero y n

S5u media es igual a

»” = 'éi x F(x) = A p

Eng

- o — g — —



Su varjancia es

o= LX) = ops

Su desviacidn estindard

o = Jnpe

La representacidn grdfica de P{x} para n =6 y p= 0.5 es como
sigue

P j

A
oA |
T R - N - ¥
DISTRIBUCIGH DE PO1SSON

S8i se considera que en la distribucién bipominal n tiende a infi
- nito mientras que la probabilidad p de &éxito tiende a cero, en-

tonces la ec,{1l0) se convierte en
. r -

P(V-\ : —:J:T'— e ] 'X:O,.",E/?...,'ﬂ (“.J

Esta distribucidn de probébilidad se llama de pQi1ss0MN de pardre-
tro v

S5u media estd dada por

"M, = Z'x P(x) = ¥
K=a

Su variancia es igual a

2 -
¢ = T3P = W
o
S84 desviacidén estiandard

G = IV

La distribucidn de Poisson de pardmetros v = np s¢ aproxima a la
binomial siempre que n » 50 y n p < 5. '



&

En las siguientes figuras se ilustra la variacitn de la forma de

las distribucicones con el parametro v:

Py |
V=0T
|1
M
Px) ¢
l w= "5
.
x
p(a
I I _ V=50
1T
¥

PROCESO DE PO!SSOM

Este proceso representa el némero de eventos que ocurre en un tierpo t cuan

do dicho nimero tiene distribucién de Peoissa; es decir,

p(a) . T

" l

Ilustrando aeste grificamente:

]l |1||I| JH|| *

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

del proceso.

Un proceso de Poisson debe satisfacer las siguientes hipdtesis:



1, ESTACIORARIEDAD

La probabilidad de un evento en un intervalo corfe de tiempo
{t, t + At) es aproximadamente A(At} para cualquier t.

2. MO MULTiPLICIDAD

La probabilidad de 2 o mis eventos en un intervalo corto de tiem
po es despreciable comparado con A (4t)

.3, INDEPEMDENCIA -

El ntmero de eventos en cualguier intervalo de tiempo es indepen

diente de el nmero en cualqguicr otro intervalo de tiempo.

EJEMPLO

Modiante un cstudio estadistico sobre la ocurrencia Ze sisncs an
cierta regifn scestimé que un temblor con una magnitud igual a
6 ¢ mayor tiene un periodeo de recurrencia de 100 anes. Calcular
las prababilidédus de qgue en los préximeos L0, 5D y 100 anos no

acurra ningfin sisme en dicha regifn cuya magnitud gxceda a 6, 51
poenicendo gue la ocurrencia de los ¢ismos se puede modelar median

te un proceso cstocfisiico de Poisson.

1
A 100 .01
n ‘-.Dlt
Pin) = (.01t} _E
n -
Para,.t = 10 anos

: * =.01 x 10

o




Para t = 50 afics

o © .01 x 50
P50} = (.01 % Sﬂ}ﬂ .E - .07
Para t = 100 afios
. .
(.01 x 100) e "1 X 100 " 4q

"P{100})=

0!

Las probabilidades de que ocurra

mayor gue 6 son

Pn > 1} =1 - .905 =
Pin > 1) = 1 - ,607 =
P{n » 1) = 1 -~ .368 =

al menos un sismo con magnitud
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FUNCIONES DE DENSIDAD DE PROBABILIDAD:

NORMAL Y LOGNORMAL
_ DISTRIBUCION NORMAL

Una de 1a5 mis lmpcrtantﬂs Func;ones dentro de la teoria cde Proba
bilidades es la NORMAL O GHUSSIAHA Esta es5 aplicable a variables

aleatorias continuas dentro del dominic de los nlimeros reales,

La funcidn de densidad de probabilidad estd dada por

2
(x"‘mx\.'l
-_--—-—1—\-—- .
f6) e K% e X = (3)
-.I*ZTE o, b : .
en donde
mx = media
o; = variancia

Al examinar esta expresidn se¢ deduce gue'es una funcidn simétrica
con respecto a un eje vertical que pasa por m,s que es asintdtica
al eje de las abscisas pata valores que tiendsna £ o, ¥y, gue su
valor miximo correspondc a m, - En la siguiente figura se prosen-
ta su representacidn cuando su rmedia permanece constante igual a

m. Y su desviacifn estdndar [Ux} varfa

£63 1
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DISTRIBUCION LOGHORMAL

La distribucién LOGARITHICO-NORMAL O LOGNORMAL Se presenta en el
caso de que el leogaritmo natural de una variable aleatoria tenga
distribucidén normal. Es decir,si la variable X tiene una funcidn
de densidad dada por la ec 13, vy si ¥ =In ¥, entonces la funcidn
de densidad de Y resulta lognormal y estf dada por

) 2 tome o [Pz T e @

La siguiente fIgura muestra la grifica de una distribucidn logarft

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

tiva

3

|
o

Su media estd.dada por
"y = 8-3 -F(g)d'i_'-‘* exp {m, +¢:/2_)

Su varianza es igual a

ﬁ":: exp (2, +ﬂ':) . (exp F: -t)



ANALISES DE REGRESIOM

Una incdgnita importante que debe despejarse en el andlisis de
regresién es la FORMA GEWERAL DE LA EXPRESION MATEMATICA que se
piensa puede explicar el comportamiento de ciertc fenSmeno. CUn
procedimiento grifico puede resolyer este problema., Dibujando
los valores cobservados de la variable independiente X con los
correspondientas valores observados de la variable dependiente
Yy en un sistemra de coordenadas rectgngulares, se obtiene un con

junto de puntos conocidos ¢omo- DIAGRAMA DE DISPERSIOHN

1 4 1 ! '& F A .
.-x. =}_ ':'__u,
a) Relacifn lineal ° b)Y Relacidn no lineal c] No existe
. Relacidn

La CURYVA DFE REGRESION &5 aquella a la cual tienden a aproximar-

s¢ los puntos del diagrama de dispersidén. La ecuacidn de la cur

va de regresidn es la ECUACION DE REGRESIOHN.

En el casc de regresidn lincal se tiene una ecuazidn de regresidn

de la forma
‘i = 4, + . x

¢on dos pardmetros por determinam a.y ay

Existen diferentes métodos para determinar estos parémetros aguf
sc estudiard el método de. MIHIMOS CUADRADOS

METODO DE MINIMOS CUADRADOS

Se llama DESVIACIDN; ERROR O RESIDUD a la difercncia de ordenadas



Y

de un punto rwestral y de la curva de regresidn correspondiente

a una misma abscisa

Py

El mftodo de los minimos cuadrados establece que de todas las
curvas de regresién que se pueden ajustar al conjunto de puntes
mucstrales dados la MEJOR es5 agquella que tenga la propiedad de

gue la suma de los cuadrades de sus residuos sea minima
M
T
Wn zi. éﬁ
L=

Aplicando este criterio- para el casco de una recta

m{“‘irf‘_ = mi:u. Z(_‘ik — (a, -t-'ﬂ.l'iﬂ-':}]i

Para encontrar el minimo s¢ aplica la condicidn necesaria conoci

:ﬂa para que una funcidn tenga un punto extremo, es decir, se igua
lara cero las primeras derivadas parciales de la funcidn con res-
peci':o a cada una de sus variables. .

El resultade de esto conduce a un sistema de ecuaciones simultd-

neas cuya solucidn es el valor de los parimetros a, ¥ ay-



REGRESION MO LIMEAL

Para resolver el caso de regresifén no lineal, generalrmente convie
ne MAPEAR los puntos muestrales a un sistema de referencia en don

de sI se aproximenl & una recta, mediante ecuaciones de TRANSFOR!MA

CION i :
X = x{u)

Yy G, o)

> >
[T s
" Los sistemas de transformacién que se usan con mayor frecuencia

con los SEMILOGARITHMICOS Y LOS LOGARITMICOS

Por ejanplo una transformacitn SEMILOGARITMICA €S como sigues:
X = A
%-, L% v
En el sistema x-y el diagrama de dispersidn de los puntos mapeados J.’xi, yil
mrmsmﬂeammctacuyaecmcimtr:sy=ao+alx, en el sistema uv la
ecuacitn correspondiente es ﬂD& v oma, o i
_ o . .
v o= ioﬂkuﬁrﬂ.‘uﬂ
o, o L=
= Qo) (o)
= 0. B“
En donde

Q,
O o O

ba (o



r
= |
IID
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2. Valugcién de lo sismicided como proceso estocdstico

2.1 Introduceidn

E] término sismicidad serd usado en este escrite para designar el proceso de genera~
¢ién de sismas en una zona, sus corresporidientes magnitudes y los intensidades que
preducen en los sitios vecinos, Diche proceso debe describirse cuuntitativamente, de
maonera que su uso permita lemar decisiones racionales,

La ill'uiénﬁdc:d sismica de un temblor en un sitio indica la capocidad destructiva de
-dicho temblor en el sitio en m:msﬁﬁn,- dEPEInde de Ta cantidad de cnc.rgrn likerada en
la fuente sismica, del mecanismo ::fre liberacidn de energia, de la distancia entre el
sitio y 1a fuente, de {as propiedades de! material o lo larga de la troyectoria reco~
" rride’ por las ondas sTsmicas y de las cclndicionr:s locales del sitio que interesa. La
cantidad de energlo ITberada se mide por la magnitud (Richter, 1958). Dada la gran
dificultad de conocer y manejar todas lus varickles mencionodas, es necesario expre

sar a la intensidad sivmica en funcién de pardmetros suficientemente simples, de



modo que sean monejables en forma prdctica y permitan tomar decisiones de inge-

nierlo,

Con frecuencia se ‘mﬂnfiEnE que el riesgo sismico deberfa expresarse en términos de
lo méxima intensidad que puede ser producida en el sitio por posibles temblores gene
rados en la vecindad, Sin embargo, las obras de ingenieria no siempre pueden dise-
Farse pora lo pear condicidn posible, Un procedimientc més odecvado consiste en
fomar decisiones bosadas en estudios costo-beneficio. _En consecuencia resulta con-
veniente expresar o lo sismicidad en !érmir;o:. de intensidades y periades de recurren-
cia correspondientes, entendidndose como periodo de recurrencia el tiempo qulc en

premedio tarda en ocurrir ung intensidod mayor ¢ igual que un valor dodo,

En los aplicaciones de ingenieria, conviene expresar las intensidades sismicos en tér-
‘mEMS de aceleracidn v velocidod miximas del terreno en suelos de caracteristicas
medios, .Can—:::ci:ﬂndo las propiedades mecdnicas del suele lacal, pueden ransformar-
se las inlensidades F;cm:: cuvalquicr tipo de terreno mediante el empleo de factares de
amplificocidn, Las virtudes y limitaciones de los eriterios para tomar en cuenta la

influencio de las condiciones lacales han side presentcdos en un trabajo reciente

{Ruiz, 1974},

En vista de que no es posible de aeuerdo con los conocimientos octuales describir el

procese de generacién de temblores en una cierta zona de manerg determinfstica, o

sismicidod deberd tratarse como un fendmeno aleatorio que depende del tiempo, esto

es, como un proceso estocdstico.

Este copliulo trata un criterio paro valuar el riesgo sismico, busado en el empleo de



. . _ ' 5
la informocién proveniente tante de registros instrumentales como de la infm.'muciﬁn
sabre las coracteristicas geotecténicas de la mrtez.u terrestre; consiste en jdentifi=-
cor las fuentes potenciales .de actividad sismica cercanos of sitie, formular modelos
matemdticos del process de generacidn de temblores en coda fuente, obtener la con-
tribucién de coda fuente al riesgo sismico en el sitio Eﬁ estudio e integrar las contri-

bucjones de las diversos fuentes,

2.2 Respuesto espectral

La respuesta sismica de estructuros lineales se puede estimor con buena precisién me-
dionte supc'rpmi:irsn modal, siempre que se cuente con Ilc.-s espectros de respuesta (grd
ficas gue muestron la relacidn entre respuesta méxima ante up temblor dade de siste~
mos de un grm.:ic de libertad y sus frecuencios naturales), Por lo !'ﬂn.tﬂ, €3 noturc! fci
mular bo valuacidn del riesgo sismico y las criterios de disefio ingenieril en férminos

rl -

de grdenades espectrales,

La aceleracidn y el desplozamiento méximos del terrene son buenas indicadares do las
ordenados de los espectros de respuesta correspondientes g frecuencias muy bajas y
muy altas, respectivemente, A w vez, lo velocidad méxima del terrenc se correlo-
tiono con los ordenadas espectrales correspondientes a frecuencios intermedias, aun-
que esta correlacién es menos precisa que las anteriores, En consecuencia, el espec=
tro de respuesta prediche para una mognitud M y distancia fecal R dudﬂs; se obticne
uwu!mc;{re en cos posos, que consistén en Esﬁmt:;r iniciqimente la aceleracidn y ve-
locidad m&ximas del terreno y posteriormente usande estos volores se predicen las or=

denpdas del espectro de respuesto, '



El segundo paso de este process puede representarse por lo operacidn y, =C(yg, en
doade y_es la ordenada del espectro de respuesta paro una frecuencia y uno fraccidn
de amortiguamients dadas, 1:_.:-9 es un valor {fal como qceleracidn o velocidad méximas
del terreno) que puede ser tomodo directamente del registro de un temblor dado, Ei
valor deX= y/yg es aleatorio. A su vez, para una magnitud y distencia focal Yq
presenta incertidumbres, es decir, también es aleatoria; por lo rl.cmfu, Y €3 aleatorie
"y w media ¥ desviocién estdndor dependen de Yg ¥ da.s O, as” como del coeficiente de
correlocidn entre ellas. Como se menciona posteriorn;enié, Yg wlo puede predecirse
con un cierto grodo de inceﬁr’tidumbrc. El coeficiente de variocidn de y, dados My R
pucde ser menor que el de Yg wlo iy Yg estdn negativomente correlocionados, lo
que {.‘JCU-rrE con frecuencig; €5 decir, que ¢n un ronge de frecuencias intermedias los
volores esperados de ordenadas espectrales para fraceiones dadas de amo rtiguamiento
-pU'{!d'En ser predichos en términos de magnitud y distancia local con una incertidumbre
menor o igual a lo awociada o velocidedes méxima; predichas en el terreno. Para ran-
gos de frecuencias muy cortos o muy largos las amplitudes méximas del movimiento del

terrenc se acercan a los ordenadas espectrales correspondientes y el margen de error

tiende ¢ ser ¢! mismo cn ambas,

2.3 leyes de atenuacidn de la fntensidad

Para valuar la contribucién de fuentes sismicos potenciales al riesgo stsmico en un sim
.tio, se vtilizan expresiones de atenustidn de la intensidad, que relacionen a dicha

varicbie con magnitud y distancio entre el sitio y la fuente. Dependiendo de las apli

caciones requeridos, la intensidad ceracterfitica predicha puede expresarse de dife-

rentes maneras, ya sea subjetivamente, como es el ceso de intensidod Mercalli madi=



- ’ 7

ficado; ¢ bien uno medida cuantitativa del movimienta del terreno o una combina-

cidn de estas.

Como se menciond en la introduccién de éste capitulo, la intensidad depende de va
tios parémetros, algunes de los cuales son dificiles de cuantificar; es por ello que
suele estimarse en suelos con caracterfiticas de terrenc firme o raca; 1pcru los fines
que aqui se persiguen conviene tratarla en téminos de velncida;i y ocelerocidén ma-
ximas del terreno. Cuando las isosistas {lineos que encierran sitios de igual intensi~
‘dad) de un evento daodo se trazan basades Bnicomente en intensidades observadas en
sitios de condiciones homogeneas Ial;:s como terreno firme o suelo rocoso, presentan
geomcttia grucsamente cliptica y la arientocién de sus ejes esté altamente correlocio
ﬁodu con la gealogia local o regional, Sin embargo, en muchas &reas ;lel mundo,
_debido al insuficienle conocimiento de las caracteristicas geotecténicas y o la limi-
tade informacién en relacidn con ¢l volumen donde la encrgia se libera en lo fuente,

lo intensidad se predice en tdiminos de expresiones simples que dependen dnicamen~

te de le magnitud v distoncia entre el sitio y el foco instrumental .

Estnvq y Villaverde {1973), bosdndose en oceleraciones reportades per Hudson et of

. {;I??E, 1973), obtienen los siguientes expiesiones pars aceleracién y velocidad mé-

xtmos del terreno.

z (2.1)

ofg = 5600 eU*BMﬂRMD]
v=32et/ ®eon) T ©.2)

co . e : 2 .
en donde o es lo aceleracién méxime del terrens en cmfseg”, g es lo aceleracidn

de la grovedad en cm/scg?, R es la distancia entre el sitio en estudic y el foco ins-
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trumental, M lo magnitud Richter y V la velocidad méximo del terreno en em/seg,
Le distribucidn de probabilidades del logaritmo neotural del caciente de o intensidad

observada entre o predicha es normal, con desviacidn stdndard de 0.44 parc acele~

feciones y pora velocidodes de 0,74 (Esteva y Villaverde, 1972).

Los ecs 2.1 y 2.2 son productes de vne funcidn de R por uno funcidn de p. Esta for-
ma es aceptable cuondo las dimensiones de la fuente |iheradera de energia son pegue

fias comparadas con R, ¢ inodecunda pora fuentes sizmicas de dimensiones del orden

de R,

" Lo dependencio de la ecvacidn de error {distribucidn de prebabilidades del cc;cil;nh:
entre intensidades observadas y predichas) con respecto a My R no ha sido nnclixn.dn.
Dodo que las estimuciones de riesgo sismico san muy sensibles a los expresiones de ate
nuacidn en el rango de mrrmldismncius focoles y grandes magnitudes sismicas, &s
necesario efectuor estudios més detollados pora obtener ba forma y los pardmetros de
oxpresiones que operen odecuodamente en cortas distancias, osi como pera valuor la

influencio do Ry M en la ecuacidn de error,

f

2,4 Procemn de I;]CnErI::CI'tﬁﬂ de temblores

Diversas expresiones han sido propuestos paro describir ef proceso de generacién de
temblores en una fuente dada. Uno de los mas usadas es la debida a Gutemberg y
Richter {1954); relaciona las magnitudes sismicas con la frecuencic medio de exce-

dencio {ec 2.3}

A cotePM . ' (2.3)



-
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En esto ecuacidn A es el nimem medio de tembleres con magnitud mayor que M, que

ecurren en un volumen unitario en la unidad de Yiempo, siendoty B pardmetros que

dependen de las coordenados del volumen yniterio en estudio,

I

El parémetro ol varia ampliemente de un sitic a otre, y P s¢ encuentro dentra de un
rango relativomente pequeiio; esto puede opreciarse en el mopa de epifocos de la
figura 2.1, v en la figure 2.2 que presenta los gréficas de las expresiones del tipa de
fa ec 2.3 obtenidas para vorias macrozonos sismicas de la He.rm. Lo ec 2.3 implica
vng distribucidn de energio liberoda por evento sismico similar o 1o observado en ex-
petimentos de laboraterio .d.:nn sistentes en microfracturncidn de especimenes ;:ie diver-
sos fipos di.l? roca sujetos a esfuerzos gradualmente crecientes de compresién ¢ de de-
formacioncs é;-ur flexidn (Magi, 15’62; Scholz, 1968}, El valor de” P delerminade en
loboratorio €5 del mismo orden del que praviene de eventos sismicos y s¢ ha demastrg-
do que depende de lg heterogeneidod de los cspécfmi_:nﬂ'y de su habilidad paro fluir

localmente.

En la Tigura 2.2 sc observa que para megnitudes muy oltas la frecuencia predicha por
la cc 2.3 es mayer que lo que indicon los catdlogos de sTsmos, Rosenblueth (1969)
demostré que § no pucde ser menor que 3.46, pue; de {o contrario la cantidad de
Enﬁré'ﬁn liberada por unidad de tiempo teria infinito. Sin embargo, los valores esti-
modos de § de lg figuro 2,2 son todos menores que :.!,4{5, perm la evidencia estadis-
tica i-ndicu que para velores muy altos de M la curva lagaritmica du-br: tener pendien

te mds pronunciada,

En visto de los objeciones mEncionacbs,. Estc;.ru {1976} propone lo expresién 2.4 para



. 10

representar la relacién mognitud-recyrrencio; dicho modelo se adopta en este tro-

boje.

‘lnll G* (M) -puru MLE Mu

A=A MM (2.4)

A= 0 MM,

Aqul, ML es la menor magnitud que contribuye significativomente al riesgo sTsmico,

Mu ¢s la mognitud méxima posible cuyo feco puede encontrarse en el volumen unita~
rio en estudio, y G* (M) es la distribucién de probabilidudes acumulada complementa

tic de mognitudes de eventos stsmicos tales que M2 M Lo forme de G*{M) adapta-

L‘

do en este trabojo se exprosa en lo 2cuccidn siguiente,

GHM) =Ay +A e E'M-ﬁ.zc ~(B- BIM (2.5)

en donde A=A f’l- e” ﬁ'{Mu _.ML)
A=A (B- B ePM

| A2=’hﬁeh E1 Mu+ﬁML

w- o e B on, P

Los pardmetros de la ecs 2.5 hasta ahora ne han sids estimados para ningin sitic en el

pals; ello requiere un estudio mds amplio que el que se realiza en este trabajo.

2.5 'M;.dein estocdstico de lg sismicidad

Como se menciona en 2.1, las decisiones ingenieriles relacionodas con construccio=

-1
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nes en éreos sismicas no deben baserse dnicomente en o intensidad méxima posible
en el sitio, sino en las probabilidades de excedencia de intensidades dodas en lap-

303 . Por ello e3s necesario expresor a lo sismicidad en términos de la distribucidn de

probabilidades de lo intensidad méxima que puede ocurrir en el sitio durante lopeos

d'DCb5v
Estas probobilidades dependen de lo siguiente:

a) Relaciones frecuencio~magnitud para volimenes pequerios de lo corteza te-
recstre,
b} Funciones de correlacién estadiztica del proceso de generacidn de temblores

-en el tiempo y en el espacio,

Biversos investigadores han desorrolledo medelos para describir Ta ocurrencia de tem-
II;'Imcs,- muchos de cflos s¢ basam on métodos cldsicos de series temporales, Uno de los
primeros procedimientos propuestos consiste en construir histagrémas de tiempos de es
pera enfre eventos sismicos (Knopoff, 1964; Aki, 1963), Por razenes practicas, es
frecuenie adoptar la hipdlesis de que la distrjbucién de dichas tiempos de espera se
r;zprescnlc adecuadamente mediante un proceso de Poisson. Se suele suponer, ademds,
.que la magnitud de cada eventa o5 estocdsticamente independiente de lo historia pre-
vig, lo cual a s vez implics que la megnitud de cado sismo es la misma. Para uno

zona doda, el modelo de Paisson indica que la pobabilidod de que ocurran N tem—

‘blores con magnitud mayor que M en el intervalo de tiempo (0, 1} es igual a

oy (P e 69,0 /1 2.6)
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en donde V), es el nimero medio de temblores con magnitud moyar que M que ocu-
rren en la zona en estudio en le unidod de tiempo. Si se tema N jgual a cero en la
ec 2,6, s¢ obtiene que lo distribucidn de probabilidades de la magnitud méximo du=
rante el intervalo de tiempo t es igual o exp {-'ﬂMr}. Si UM &5té dade por g ec 2,3,

s¢ obtiene o distribucidn de probabilidodes extrema tipa [,

Es evidente que el modelo de Poissan pre;enfu olgunos inconvenientes, por ejemplo
o implicacidn de que la distribucién de probabilidades del H-Empc de esperg entre yn
- . evento y otro no se ve modificoda por el Herrrlpo tr-::nrslcurrido a partir dej ltimo even=
to, siendo gque fa:l estudio de la noturaleza del fendmeno Fisico swgiere gue la energiy
de deformacién se acumula gradualmente antes de liberarse subitamente; esto implica
‘que el .vulor esperado del tierﬁpﬂ de espera para el préximo evento debe decrecer o
medida que el tiempe transcurre {Esteva, 1975), Ln.s datos estadisticos muestron gue
la hipétesis de Poisson puede ser aceptable cuondo se tr.:;’tn de sismos fuertes al estu-
_diar una zona amplia de la corteza terrestre {Ben‘ M;:nuhEn, 1960}, lo que implice
escasez de correlacidn entre la sismicidad de diferentes regiones; sin embargo, cuan-
do se consideran velimenas pequeits de Ia_.cnrfcza‘terrc:srre, del orden de los que
contribuyen significativamente ol riesge sTsmice en un sitio, los dates centradicen
fracuentemente el modelo de Poisson en vista del agrupamiente de temblores en el
tiempo: el ndmero observado de eventos sfsmicos en lapsos cortes inmediatos o la ccu-
rrencio de un sismo modorodo o grande es significativamente moyor que €] prediche
por este modelo, debide o las réplicas. Dicho modelo también presenta incogruencias

respecto al espacio (Tsuboi, 1958; Gajerdo y Lomnitz, 1940}, doda la sistemdtica co=

trelacidn existente entre fucntes sismicas y accidentes geoldgicos,



. : | 13
A pesar de los inconvenientes mencionodos, debido o su simplicidod, el modelo de
Poisson proveé una herramienta nceptoble pora lo kormulacidn de algunas decisiones
de disefio sTsmico, paﬂiculiurll'nt‘-nh! en el coso de que éste seg sensible wlo o eventos

i
con magnitudes que posean periados de recurrencia muy grandes.

Esteva {1975) postula un madele de sismicidad bosado en procesos estocdsticos del ti-
e de renovacién los lopsos entre o acurrencia de temblores suce:si\ms con magnitud
. mayor que un valor dado son variobles aleatorius mutuomente independientes, Sea T
!r:.ublqu?Eru de dichos [opsos, Se supondrd que su denﬁ;d;:ld de pmbubi“dcd\!s.l&s de

. tipo gommo:
Mm
k-1

. k-1 - |
= ( \?Mf) exp {-P\JMi} (2.7)

en donde, *JM y k oon dos ndmeros ;;osiﬁvc-s ¥ “E. indico o} factoriol de o. Se adogta
.nsh: familia de distribuciones debido o que puede representor una gran variedad de
m\n'l:licin.nes s{ se escogen adecuadomente los pardmetros ’\}M y k (Raiffa y Schlaifer,
1969); U'M y k estén reloecionados con los primeros dos momentos de la densidad de

prebobilidades de 1:

k=N, N = R/EG) (2.8)
en donde E significa esperanza y V eeficiente de variacién.

Lo densidod de probabilidades del tiempo de espera Ty, del ur;gen a lo ocurrencic del
. primer eventa, difiere de lo ec 2,7, dode que el lop transcurrido o portir del even-
Yo inmediafo anterior es usvalmente desconocido. Su distribucién coincide con'lo de)
tiempe de supervivencia en un proceso de renovacisn paro un valer arbitrario de t

que tiende a infinite, Se demuvestre (Parzen, ‘1?6;‘2] que la correspondiente densidad
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de pmbu'bil-idud es

= _1 .
f.[lft} = ﬁ' {1 - FTW} (2.9)

en donde FT(f} es lo funcidn de distribucidn {acumuloda} del tiempo entre dos eventos

SUCESiVOS,

Este modelo es congnsente con los conclusiones de Kelleher etal (1973) consistentes
en la teotio de activacién periddica de fuentes sTsmicas, Dicha teoria es plnrrciulmen-
te probodo por los resultados de andlisis cualitativos de migracién de actividad sismi-
co ¢ través de algunas estructuras genlri-gicm:. Far ejemplo, En. le costa sur de México,
gue es una de Jas regiones mds activas en el rnur-.dal,r se generen temblores superficicles
de altas magnitudes proboblemente por la interaccidn entre |z masa continental y la
place ocednica subductive de Coms:. Los dutasjsism!dgi:m muestran tramos de acti-
vidad sfsmico significativa durante el presente siglo, asi’ como "Lagunas sfsmicas”, o

A :
~zonas de muy bojo actividad, y no se dispone de suficiente informacidn pravio, En
estas "lagunas”, la estimacién de riesgo sTmico basada dnicamente en intensidades
observados es baja; sin embarge, no existe evidencia de diferencios significativas en
lo estructura geoldgica de estas regiones respecto ol resh:; de la costa, walvo algunas
follas geoldgicas transversales que dividen la formacién continenta! en blogues, Basén
dose en considerociones gEﬂFIi'sicm podria asignarse un riesgo sitmico igual en toda €l
&rea. Con base en dotos de sismicidad, Kelleher é_@ concluyen que la actividad mi-
gra de uno a ofro ;rcmc:, de manera que los temblores fuertes tienden a ocurrir en las

lagunos sismicas,

En ottas regiones se han observade fendmenos similares (Allen, 1969).
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2.6 Empleo de diferentes tipes de informacidn en lo valuacidn de riesgo sismico

Solo en caws excepcionales lus relaciones-mognitud-recurrencio para pequefcs vo-
1Gmenes de cortezo fErrEifrE- y funcicnes de correlacidn del proceso de g=neracién
de temblores pueden definirse exciusivamente por ondlisis estadisticos bosados en
.datos instrumentcles. En muchos casos dicha informacién es insuficiente para este
propdsito y no siempre refleja lo evidencic gcaiégic:i..r Dehidn.;:: esto y ¢ su relocidn
con lo sismicidod los mérgenes de incertidumh!'e obtenidos resultan cltos, Es por allo
‘que conviene usor informacién de diferente nu!ura[ezc;l, analizar su incle.rlid;Jmhre y
: u.hlcner eonclusiones que ngn congruentes con todas los piezos de ?nﬁ:mnuc_iﬁn.
ésievu (1970) propone un criterio probabiifstico congruente con lo expueste. Dicho
érileric; tome en cuenta los datos gectectdnicos y los modelos c;::ncepiunles del pro-
ceso fisico en cuestién: se formula un grupo de hipdtesis anlternativas sobre lo funcidn
en estudio [mngnilud—rer_urrerlc.in: tiempo, y correlacidn espacial); a coda una de

) , .o
dichos hipdtesis se asigna una pml:.mbilidmd intcial; se introduce la informocidn esté-
distico o fin de juzgar lo bondod de los hipdtesis hechas, cc;1 lo que se obtiene una
distribucién posterior de probabilidad, La informacidn estadistica contribuye o mo=
d'!fi;:n'r lo distribueidn de probabilidades de las hipdtesis, dependiendo de sr canti-
| dod disponible y del grado n:lel incertidumbre implicito en lo distribucidn iniciol de
probobilidades, Es d;ecir, si lo Ev.iciEn:io geoldgica properciono un grado de con-
fionza suficiente para una hipétesis particular o un rengo de hipétesis, la informa=-
" cidn estadistico no modificard signiﬁr::uti;fumeme o los probabilidades iniciales, Si

port lo contrario, se dispone de amplia y confioble informacién, ésta précticamente

determina 1o forma y los parémetros del modelo matemdtico seleccionado para re-

presentar la sismicidad,
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El conocimiento de la estructurg gm[égicu puede usarse para formular la distribu=
cién inicial de probabilidades de lo mmncndud La distribucién de prcb-uhllldndes
icial de los pordmetros dEI proceso de genergcidn de temblores para voldmenes re~
lativomente pequePos de la cortezo terrestre que contribuye significativamente ol
riesgo sismico de un sitio puede ser asignoda por comparacién con la sismicidod ob-
servada en amp lias zenas de coracteristicas geotectdnicas similares o con zonas don-

" de la contidad y conficbilidad de la informacién estadistica disponible proveé esti-

_mociones aceptables de la relacidn frecuencia magnitud,

. Lo estadistica bayesiana [;mveé un procedimiento para inferencia probabilistica, tol

que fomo en cuenta las probabilidades opriosi osignadas o un grups de modelos hipo=
-iéticns de fendmenos fisicos dados, osi como los datos estedisticos de eventos relocio-
. nados eon dicho ferdmeno. A diferencia de los métodos convencionales de inferen-
cia estadistica, los métodos b;:}resinnos dan peso © medidasde probabilidad obtenidas
de ejemplos o de otros fuentes; n-ﬁmem, coordenadas y magnitud de temblores obsar~
vodos en lapsos dados sirven pnrﬁ afiner la validez _probc:bl.e de cada unoe de los mode-
. los clternativos de sismicidad que pueden po:-.'rulc.jrse con base en lo E\;idencfu geols~

gica, segin se detalla o continuacién,

Sea H., 1= 1,2,. .. n, un grupo de hipStesis mutuomente exclusivas inherentes con
1.-.I|'l éeruimem dado que se c.l:::no:e inperfectamente y sea A lo evidencia observado en
refocién con dicho I-'ensmt:nnﬁ. Antes de observar la evidencia A, se asignd una pro-
babilidod iniciol p(H;) o cada hipdtesis. Sip (Al H). es la probebilidad de que
ocufra A en caw de que lo hipdtesis H; fuese cierta, el teorema de Bayes {Raiffoy

Schloifer, 1948) establece que
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- i’[AIH;J
piH; 18) = p{H,) (2.10)
KiptHiJ pIATHY)

El primer miembre en esta ecuacién es la probabilidad (posterior) de que la hipStesis
H; sea cierta, dodo la evidencic observado A, En lo voluacidn de riesge sTamico, el
tecrema dé Bayes puede ser usado pun; proveer distribuciones posteriores de probabi-
g lidad de ‘l(M} y de sy variacidn respecto a la profundidcd en un dres dada, asi’ como
la correspondiente o los pardmetros qué definen la forma de 1{M], c SEQ‘-, de la I::lis-
‘triLucién de probabilidades condicional dada lo ocurrencia de olgiin 1e=r-nblc:r. Para
 los prop&sitos de este ir::'b-.:lio,. A (M) se toma como el producto de vna Funci6n1de-tusu
')SL =1'{ML] por una funcidn d'e formo GT{M,FB}; igual o la dis;ribucidn de probabi-
iidudes condicional complementaria de mognitudes sismicos mayores o igualesa M, ,
.en donde ML es la magnitud menor del grupo de dotos usado en lo estimgeisn, y B

es el vectar de pur:limehps {Tn::.icrtns} Bl,. EE’ -. .I.‘ Br" que definen la forma de ?\{M}_ _
Por ejempla, si 1{!‘&‘\} s¢ toma de I-u ec 2.4, B es un vector de tres elementos: ﬂ,

31 y M,. Lo distribucién de pmbahilidudés inicigl de lo sismicidad se expresa en
este caso mediante lo densidad de probobilidades conjunta de 1,_ y B: P {'AL, B).

La :av.idEncin observade A puede ser expresada por les magnitudes de todos los tem-
blores generados en uno fuente doda durante un lopsa dodo. Por ejemplo, suponien-
do que se observan N temblores en ¢l laps t ¥ que sus magnitudes fueron my, my, ...
mpysla expresion :i_e Boyes toma lo formo
y ‘ . 2 P(m-l; My -0+t p'L;B} 24N
F‘().L, B| My Mo oo mgit) = P L'B} SS p(mp"“z'“mN“lI'h) A{i,b) dl db
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en donde M{+) es lo densidad de probabilidades pc:-sferiurﬂ y b son variables

mudas que pueden tomor todos los valores posibles de .)\L y B respectivamente,

-

La estimacién de A | usvalmente puede ser formulada de manera independiente para

f L .
_cada uno de los parémetros, La E-\ridEl'H:iﬂ abser?mdu es enfonces representada por
N, . el ndmero de temblores con mognitud mayor que M querc-t:urren en el lopwo t,
y se obtiene la siguiente expresién come primer paso en.ln estimacidn de ’\{M] ;
p (Nt ] aL}

(2.12)
pNt | D P @

(A | N = A

E'n'.ei ::us:::. mas :generul mm’i’sﬁré en lo Jeterr_ninucién de la funcién conjunte de po
babilidades bayesiano posieri;:r de sus componentes, tomando las frecuencias relati=-
vas de magnitudes abservadas ‘como ev%dcncia estadistica. Entonces, sib;, =1,

2, ..., r=on los valores u_doptudos pora las companentes del vector B, y el evento -

A significa lo ocurrencia de N temblores con magnitudes, my, my, ...my,, lo ex-

presién 2.10 se convierte en

oy, byyeet b)) P(a] by, by, --..b,)

Plby o bye enr b A)=

(2.13)

N

en_dunde P(A! U, Y ,...,Ur] es proporcional a 'U'[ g [milUPUT ..U

2

rgtrﬁ]=—‘-——(——rDG*m‘ . - ‘ '
) {Bm ’ . ) Lot

En general no es posible obtener soluciones cerradas de fo ec (2,13). Sin emborgo

T 500 vz —o0m 0y Uy g

d

ur
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es pos;'hle estimar los primeros y segundos momentos de f* mediante oproximaciones
de primer orden (Benjomin and Cormell, 1970; Rosenblueth, 1975). Entonces el vo=
lor posteriur de lo esperonza de -Bi esté dado por qu;[U} dU, en donde FE.[Ui} =

” flUy, Uy, .oU} dUy dU, oL dU, y la integral méltiple es de orden o1,

E1: decir

o (38.) P A 8y, 8y .8
S g bl 8y )

(2.14)

E

~ en donde E' y E¥ significan esperanza inicial y posterior respectivamente, y el subin-

dice B indica que lo esperanzo es tomada respecto o todos los componentes de B.

Y lo esperanza de 1[.‘\.&}

| ' EL(G* (M;BIP(A | By, By, ...B,) -
Er(A() = E*(A,) (G (MiB)) = E"(A}) — 215 (2.15)
. E'PLA | By, Byi . .B))

En olgunos cosos solo se requiere la esperanzo pasterior de A{M} para describit lo sis=
micidod, 5in embarge frecuentemente es necesario tonocer sy incertidumbre, Por
ejemplo, se ha cbtenido {o pmi:ubilidnd de .exce:lenr.iu de ung m-;gnil'ud dada en lop-
' m-ns dodos como lo esperanza de las probabilidades correspondientes dadas todas las

hipdtesis clternativas relacionadas con ?\{M]. En porticular, es de interés lo probabi-

lidad morginal de que ne ocurran eventos en el intervalo t.
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Fig 2.1 Mapo de epifocos en el Tapso 19611967 _
{Nuwr:-ichf y Rosenblueth, 1976) ' '
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SEISKIE PISY £4D STISIMC CISTEY ZP2TEIONS

- ' Lufs Esteva .-

I. IMTRSCULyIGe

-

Earthguzke resistent desicn airs at chlzining an optirun bale-o:
between eapected benefits and cosis of structures built in ssisnic arz:p,

Once the overzl] Cirensions of a project and its me2in erchizsciural z2--

funttional features are cafined, the easected benefits par nit tima r:,
be estirzted for any tico peried Curing which tre eonsirgoiinn s 25.

Jsumed to be iaoperaticn. The gost term includas infifal end mainiza-

ance o3ty as w1l 25 costs cdue 1o damese or failure of ine whols systo-

or of porticas of it.

Qualitatively, 2tt2inrant of the ahove caals icplies revied of
rach possible alternitive dasian fn redard to fis capagity Lo srovide
adequate sately against collepse during excepiicnaily intense earih-
quakos and protection 2gainst raterial Yess curing roticns of an inta-
ity that otcurs 2t the site with relatively shart relurn f2ricds. Zitisn
recosTencations for sofe particular strustures e&tablisﬂ 1wl COrrgeinass-
fng levels of intensity, which are often designated 35 the lzreost epgss
ElE.F“d the lzroest orctabie intensities, respectively, Fowever, i
will Le shown thet ihese lup intensities‘cennct be tzken 2¢ indzrenden:

119

of the charecteristics of the prriicuiar structure being dasicned 2a
of the possible conseguences of its failure. '

The notion of cesicninog for a double Tevel of exgitztion uncer
prescribed perfornance conditions for e2cn of thea epplies dirgztly to
systems that ray be assured to have only two signidvicent faiifure rodss,
provided failure in one of the mofes tekes place consistently 4t lcwer
fntensities then in the other, In corplex systess, where e3ch cerronent
ey 121l at 2 different intensi:y,' grastic assuTntiony heve Lo be mide

Throuchout this ceger, the ters irtensity 75 used to dasicniie any
paranater of ine crooad Fontgn 2t 2 SALE inal ray b2 sigmiiizaal dim
the estiraticon of strsfiural reisi=ge, Fanga, 198 @rs -Ig Aoy
gueatities sg gifiarant 33 moovfe2 Forgzild ing w
velocily, or spazira) raszossas Jor 8 Civer f3ric

=142
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the latter case the darace undergonn by & struzture of Lacum chzracter-
fstics ey be directly reiated to the raxi—ie azmalitude of struciyral

L Tesponse. For 2 given rotion, this rpaniren 2eolitude may in turn be
ebtaired frga the ordirate of the resconse specirum of the roticn, whes
the characteristics {n2ivral period, dempina, load-deforration curiso}
of the structure 2re tzxen into acCount.

In seismic design 1t docs ot suffice o comsute the strucigse)
response Lo 2 oiven rotion: 1t is pecessary to preciclt its stabistigal
distribulica for the tarthiquakes thit =2y octur in the {usture, ke
uncertainty in this pred1c11cn stems from vt main sources, respeziivaly
2ssocizted to the Raxiran intensity to be eapzeicd Curing @ given Lif?
period, and to the peak walue of the structural response for a aisven

intensity.

From the fereopine it is concluded that 2ny raticnal ferruiziicon
of carthquele resistant desinn decisions rust give explicit atterticn
to lhE following poings:

a) Statislicae) pred1ct1nn of strustural responses Lo garthe
quakes defined by cne or severz] sirple paremelers. TVhese
pa;annters ray include direct instrurental date, such 2s oeek
ground acceleration, velecity or displacerent; subjective datz,
such a5 intensily in the npdified Percalii scale, or even such
indirect data 25 mognitude and distance to the hypacenior.

- b) Uncertaintieos sssociated to the properties of zctu:l siruc-
lures: mass, $ivffness, darning, strenoth, doterioration.

€] Statistical prediction of the parempiers rentioned in (a).
This is based en the stock of information that will be cesic-

nated a5 seissigity in this pzper.

The degree of uncertainty 2ssaociated with the desceripticn of
sefsmicily is uswally much greaier then Bhet related to the uod oiner
groups of peraseters. This rFeans that in rany practigal proble—s the
properiies of a struciurz 25 w211 ¢% §%s resninse to an earihzizie ¢f

-
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a glven intensity, may be treated as determinfstic quintities, while
the stochastic nature of the FaxiFue tntensity kis to.be explicitly

recognized.

This p2per gresents a simle model Ef the gpiinization orocess
feplicit in the selection of desicn ezrthauakes. Then 1t deals with
the manners in which seismic risk ray be defined 2nd with the wavs in
which the availeble seismological information ray ke assimileted and
then reporied in a form that suits betier the needs of the enginesr,
Finally, 2 discussion is presented of the difficullies that ray arige
. in the cv2luation of seismic risk in artas where statlisticel data are
scanty, 2nd of the rethods that have been develaped for cealing with
such cases, '

+ - -

11, EARTHQUAKE RESISTANT DeSIGH oECISTONS . ' T

2.V Stochastic Process iadel of Seismicitv.  Seismic desien

decisions consider initial costs of siruttures, the benefils thal moy
be cbtained while they are in gperation, and the cosis of darzoe caésed
by earthouakes. The last term depends en the sefszic history that wild
take place at the site after the constructicn of the struciure is infti-
ated. Since the seismic history is greatly vncertain, it will be trea-
ted 25 a stochastic process. ' .
The occurrernce of earthquakes whose intensitf 2t a site is creat-
er than & given value will b represented by & hacageneous Poissen pro-
fess.(zl it has been s.ha.'.n.:.-n'[srr that the ausber of earthguakes ithat cen-
erate in a given zome of the earth's crust and that have magnituges in
excess of a aiven valve is not stricily 2 Foisson process, even when
fore. and aftershocks are discarded, 2nd even when only racnitudes 2ipve
.8ix are considered. The seme canclusicn m2y b2 thoucht 0 asoly, zor-
haps in & weaker maaner, to the nrocess of interest to us. However, the
hypothesis will be relained on the orounds of its sirplicity, and of the
facts thal it is probebly rore adpguate for the highest inteasitios, a=d
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that sefsnic design decisions ire usually rore Seﬁsitive to the rean
nurber of events than to their distribution in tire, . .

Let N [t} designate the nuzter of earihguzkes that rzy produce
an intensity greater than » at a oiven sice, during tire interval t.
bet v(y) rcpresent the exnected value of & _{t} ~or wunii tire. From

the assurption of Poisson process, the urnbzbirity rass functinn{ll of
K {t) § * . .
At} is -
i {1t fo® . "
plﬂ{t].n;tL___{.iL_'—'_, (M
T Y n!

The distribution of the waiting tiee between successive events will be
exponential, and its expected vaiue, known as the return psrigd, wil}
be equal to [u{y}]'l.

2.2 Uti1itics in Seismic Cesien Cogisizns. Utilities in cnoin-
eering decleigns are rade un of initia) costs, benefiis. and costs of
damage pr failure, In seismic cesion problers, 21 least the last two
terms corresponc to contributions that are o be cenerated in the {uture.
The scale of .values of rost decision rakers 15 such thet they arc rore
sensitive to wtilities thet may be obtain2d in the near future thaa to
those that may arise long tise after the decisfon 8 rmade. In ordar
to be able to compare utilities that ray bz oblained ot differont in-
stants, they have to be attualized, that s, converted from their noo-
{n2) value tp 2 value that the decision raker wpuld take 25 equivalent
if it were cbtained at the moment of geking the decision. 11 2 certzin
erount of money C is invested at » coroound interest rate v, 2nd if
capitalization i5 assured Lo take pl2ta in a fontinupus Tanner wiln tire,
the sum of initial cepital plus interestﬁ 2t tire t, Et. will be coyzl
to Ene‘t. Conversely, 3 coriain neminal uiitity uft) ~rocuced 2t in-
stant 1 will have 2n actualized value, or cguivelent value at instant O,

equal to u(t}e"t from the stendpdint of the decisicn raker, ¢ would

be choten 50 as to arcount for tae nominal interest rate plus the de-
ercase in the real value of concy,
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In gseismic d2gian provlars thn Jevigion Fatnp is Trequaatly Taeod
yith thz possiyle ovicrn of events nhiose w2ility canﬁat Laooniiy et
in teres of mancy, eisher becaose it dnynlvng Farirs thal ganaat H2 ar-
pressed in monetdry unils, or becausn the nrghlzo 5 not linzar in iner.
The basi¢c problem here i that of Jeveleping 2 ulility scale thit con-
sistently reflocts the oroforences of the gecisicn rmaker. fo-2 rothods
have been sugnested (o relp in the attaingent of the reauired coasis-
teacy, 4 tut nerpazs the forruiation of utility scales has siiil to )
rely greatly on 2 corparison with {hose that heve been trpliciily and
intuitively considered in cther facets of human aciivity.

1t will be assumed in the following that it is possidble %o as-
sfan 2 wtilily valut to cvery oiven form of structural behavicr. At
the moment, the attenzion will be fozuged on the case shere *he bemavipr
Bay be descrided by means of 3 twd-stale moded (fails, does not fail).
1ﬁt cost of failure will be taven as ﬁo' 1T the sirutiyre is gssumad

to possess 2 delerministic2lly defined strengin, ¥y, expresszd in the

+
same units as the earthguzke intensity, its prcbahility of f2ilure dyr-
Ing time interval  will be equal to tne prebability that at least one
votion of intensily creater then y; occurs .during Lthat tire interval,

According Lo En. {1),this prehabtiity equals

_ -v{y )t , :
. T TRty ) =1 - e (2

The evert vhose probahility is given by tq. (2} is egsivalent
Lo the evend that the waitling tice to the preourrence of failure ig
sharter than t,  Hence, Eq. (2) provides also the val.e of the curuis-
tive distribution function of the tire to failure; when it is differ-
entiated with respect to L it yields the corresysading predability
density function: )

-r(fs}l

Prifailure octurs during tire interval L Lediy e {35}e dr 1Y)

In many desien degisigns it §s converienl tu assure thit a neow
siructere, identical to the origiral, will g B2il0 every irn that a

v
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failure takes place. In this case, the sianificant infarratiﬁn 15
in¢luded in.»{ys]. the rean nurber of failures per vniz tize. The
expected cost of the damaoe that may soocur during tire dinterval ¢,
L+ dt will thys be equal to D u{y Yet, its actualized value will te
b u{rsle e, and the expected achua11~ed cost of all the failurss
that may occur since the criginal struciure 13 built ray be obtainar
35 the corresponding integral:

’ - D iy )
CE(B) = | D uly et e« 23
G . ’

(4)

The expected sctualized benefits that derive from the use of 2 struz.
ture tay be crpressed as:

£(8) - blei(tye™ e (s)

o

where B{t) is the expocted value of benefits oer unit lire. and L)
is the probability that the strugture will be in opzration 3t itize *,
1f the nodel that assumas reconsiruction 2fter eech failure Vs 2dco-
ted, if the expected cost of benefits per upit tire 15 constent, and
§f the benefits that are not cbtained rhile the struglure §s being
reconstructed are ingluded in UE, the nominal cost of failure, Ex. (%)
leads to the following:

HOER I . (6)

Lxpressions of ulility terms for different reconstructicn or
reinvestment policies may be derived in similar ranner.

2.3 forrulation of the Crgisaien Probien, 1o will be assurs?

that decisions will be pade in 2acgordence wiin the criteripn of maxct-
rom expected utiditv, Fapected olilidy will b teken as the alcohr2ic

sum of the cxrected veiwes of a1l acrvalized tenefits and cosis:
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- .- EfUY.« E(B] - E[C] - ®[n) " (7)

In this equation, £(3] end E[D] are comouted takinag Into account the
concepts of section 2.2, The sarg idess appiy to £[C], the e;éec:ed
actuzlized initial cost. This rust include tre tost of canstruslicn,
a5 we)1 25 of design and studies. In cany césas the corraspanding
eapenditures 2re r2d2 during g shprt, prectically determinislic period
of tire, so that dctualiration is irrgelevent.

2.4 Selectizn of Onticun Pesien Intensity in Si--le Swsterg. Censider

a sirple structure that is rebuilt afier gzch Tefture, If the utiliiy
tercs of £gs. (2} and {&) are substituied inte €7 {?} the folloaing
expréession is obtained:

- b ‘{YSJ

r[u]n-—-a_:- (8}
T

0
herc the n:rected 1n1tia1 cost hes been subs;rthﬂd with a detercin-
phic estinate of that variahle.

Differentizting £q. (8), and equating to Zero lcads to:

-+ -

- A AL ' " (9)
- . 1..._ deSI - Y d}l":i . - P

Solution of this equation for y, will lezd to the optirum
vélve of the required structural strengith. 1t is clear frea this
txzrple that the desicn inlensity does depend not caly oa the seis-
Picity pareveters, but also on the rete of cost increase with re-
spect Lo design intensily 2nd on the neming) cost of failura.

Exarple.  Assumd a situatien to which fq. 19) epplies. As-
sure 2150 that the initial cost is related o the cdasicn intensity
25 101 10ws:

n
C - F'.n + Alys {10}
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and that the return peripds that correspond te given inteasities ray

be obtaired from the following equation: :: ! ;

) . o 7 .
‘IITJr = oy} = Ky ' . {11)

" In Eg. (Y0). 5y is' the cost that the structure would have if it vers
rot designed to resist earthguakes. From E£gs. {3}, (10) ead {11},
one phtains: ] ' :

Mlynt-'l E rtno

H T

. : .
| Xt 7R
] ¥ ny Ay 0 (1)

The valve of the desfen intensity wasg compuled by reans of
Eq. {12} for the cases listed in Table V. In that Tehle v, ¥s 2ysuta
ta be weasured in terms of the peak grovnd scceleraticn ersresses 23

end hence,

. & fraction of gravity., Sef{smicity of station 1 ray be fonsidered 2s

low. while that 2t station 2 §s very high. Structures 1 and 2 differ
only in the relative irportance of the comseguences ¢f their fzilure.
Table 2 shows the results ohtzined by apolying Lo, {12). It is clezr
that the design intensity orows with the selsaicity 2af with the con-
sequences of fzilure. Actording to Eq. {12} it should Zicresse wilk
{ncreasing A, which is 3 eeasure of the rate of increase of 1nitial
cosl with resnect to design intensity.

The 12st line of Table 2 shows that structures Suilt i zres
of high seisricity have to be designed for moticas Raving shorter ra-
turn periods than those correspunding Lo the desien intzrsizing this
sust be adopted in areas of lower seismicity. Also, tne fazy tha
the Tast twa columns show very short relurnh reriods goints gul the ot-
sible s{luatien in which the epticys solution cight te nat to builz
the structure 3l the selecied site,
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2.5 Systerms Desiuned for Two Lever; of Excitatiogn. Consider

a two-compunent system, as shpwn in Fig. 1, that is made uvp of 2 cain
structural frame [subsystem 1) and a collection of non-structural ele-
pents {subsystem 2}, Subsystem 1 wid] be designed to resist inteasity "
y, vithout failure. For 2ny given intensity, the excitation acting
on subsystem 2 depends -on the properties of subsystem V. Under some
conditions (for instance when subsysten 1 is assured to be linear and
its perigd end damping are fixed) the action on subsvystem 2 fay be
{aken 25 depending only on the intensity. If this assyzplion is lept,
it is possible te define an intensity ¥y, at vhich subsystem 2 fails.
The preblennow s how to determine ¥) #nd y, considered as the ce-
sign variables.

failure of subsystem 2 gives p1ace to- damage ﬂb which is as-
swred to include direct material 1nsses, costs of repair, or costs of
stopping operation of anm industrial or power plant, Damage U] is pro-
duced by collapse of the main structural frame. The cost of each sub-
system ray be related te its desicn strength 35 follows: -
- M - "2
O TRy A Gt R ARy

The expected ufilit; of the &y;ten would be T =N

3)

_ n' n, D in) o,
ELV)e T -Cigy+gp 1Ry 3y oy 9 ) -—uuzm-x:yln (14)

Differentiation with respect to each design intensity leads to a sys-

Lem of uncovpled equations: '

ny-t D]- 0, dv[yl]

ALY ; m = {) {15}

'I'Iz—1 Dz d»':j"z:' . .
Yy 7 gy o 0 (r6)
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It the return perieds are suppesed to be given by Eq. {11), the fol- -
Towing design intensities are obtzinzd,

: :

-

(b,- 0% | a7
1 r D-l'!:l'ﬁ R T
N R et ] 17
L™ o
. 1
d.r DEK—]I nz-i r .
AN TA_‘HJ _ {18}
' o - .
where y; must not be taken greater than y,. ‘a}

2.6 pdditional Corrents.on the Selecticn of fesicn Parareters.

- The equations derived in the former exarples eay be e2sily coneralized
to be epplicd to ceses vhen several nep-struciural suSsysisars are
" attached to the rain {rase, provided the responte of every sudbsysten
is fndependent of the cesign parareters of the structyre, 27d provided
also that collapse of the latter does ﬁﬁt ocgur prevzturely before
failure of any non-structural subsystem. For ceterministic structures
“this cordition is easily satisfiec if the restricticn y, . ¥, {s ea-
{orced. For sysiecs heving uncertain prasercies, it 75 usually tre
| case that the consequences of damzge Dl are mucth grezter than those
. 8ssociated with any other possible level of dacace. Fence, the nzti-
nal design intensity for sudbsystes 1 s ruch arezter than that for 2ny
olher subsystem, the probability of prermature callamse wily be very
_spall, and equations similar te (17) and {12) wil) 22ply.
’ Hore gene}al rodels of systerm tehevior cay ke gonsiZered, 1o
account fﬁr_iﬂzzzf:tinn belwecn the varipys corTanents, fIT LRE LU
bility of rultiple levels of darags on each ccroanent, 2n6 for the

(1)

random nature 6f their mechanical proserties.
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[1f, ROGICHAL AND VOCSL STISIIRLTY

3,1 f=finiticns. Local seienicity m2y be definad in teros
JUARL AL b}

of the rean value of the arpunt of enercy dissipaied p2r unit vol-
wvie and per ounit tica and of the procoriipn in which that erercy

js dividzd erang earihquares of different ragnitudos. This sirpli-
fied description 15 sufficient ence it i5 assurac thel tme nurber
of earihquztes whose racniiude exceeds 2 civen wzlue r2y be repra-
sented by 2 Poisson process end that occurrence of ecarthgueres in
any tvo volures of the earth's crust are independzat pra:esses+'

Reoignal sefsricity may be difined ai 2 site 7o terms of the

return perieds that corressond to given intensities, OSifferent
parercters 2ssocfated with the grpund tolion are conteralaied in

lh%s paper &5 possible roesures of intensity., Correspindingly, vari-
cuy possible representations of rejinnal‘ieisniti:j are fpasinie
Since different kinds of struclures may be sensitive to dififerent
perzlurs of th2 ground ration (for imstance, ricigd sirucures are
sensitive %o poak ground 2cceieration, while structures havino madar-
a2te natural periads are nore sensitive to peek ground velacity), sore
- of the representztions of recional seisnicity may be not alismate,

. but corplerontary, pieces of inforration. ‘

3.2 Evaluaticn of Seismic Rick., Sefsmic design decisiens

were formulated ebove wundor the assurption that it is possible to
predict statistically the values of the oraund rotion parameters

that are relevant to structural behavior. Spociral ordinates that
correspand to different periods, demning values and yield leyais,

re the most significan: azong those purer-:T.Er's.. Unly in exception-
- 21 casps €0 the available imsirurantal data suffice 20 gquantitatively
cescribe ground rotions 2t the siie. Fance, the staiis?fice) predic-
Vion of spociral orcinates caangt be exclusivaly‘based on ine 2nily-
sis of response spectra cosputed from local records, aad other $0uT-
Les of‘da:a have to ke used.
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for nany lacations, statistical information is not awgilabls,
- even with recard to relatively rouch data, such as subjectively
based intensities or as peak oround acceleralions during earth-
quakes which occurred during tire periods of 2t least several tens
of years.

Fegional seismicity may be inferred from data of Tocal seis-
wicity, providzd they are availeble or ray he estimated for the
regions of the earth's crust nedr the staticn of interest, [f thi;
procedure is adopied. use has to be rade of frequency-magniiads 2u-
pressions as well os of correlations between speciral orcinates and
rax{twn absoloute values of orpund accelerzticn, veloccity, and cis-
placemant, and aise between these end earthyuake grgnitude end fccel
distance, . Ce T .

The attention will now be twned to the ceneraticn of recions)
seismicity radels when Togal scismicity esticalios are 2ssurad 10 e
available, while the problems related 10 evaluztion of logal seis-
-mlcity will b deferred to the tast section ef the paper,

- r ]
' -

3,3 Local Seismicity. - Figure ? shows the carth diviced into

three areas accarding to their coneral seisnic characteristics: the
Circum-Pacific Belt, tha Alpime Eelt, and the less active ares.
Figures 359 shou zaan annuzi nurkers of earihguates pecyrrins in eich
region. The plotted data were oblained from Feference 4, whigh re-
ports <coordinates, focal depth, and ragnitude, of the largest shocls
which pccurred since the beginning of the Eentury, According Lo ihe
sulhors, the collection is complete for 211 the moticns with magny.
tude greater than 5.9 occurring “rom 1932 to 1933, for M - 7.0 in

the interval 15§18 - 1957, and fur.H » F.75 in the interval 13355 -
1918, The ernirical eguations adjusied correspond to the form previ-
ously suggasted by Gutentery and F:i~chl;+:r:"‘J‘r"‘?:I

M

v (M) e e (19)
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This equation rmay be objected to on the grounds that ot pre-
dicts too large freguencies for magnitudes greater then 8. Basaices,
according to Pichter's relation hetreen Fagnituds and energy, Eq. (19)
leads to infinvte amounts of emeray liberatad pec umit tire by sers-
pic activity 17 @ 15 nol greater than .5 log 10 = 3 &5, while erpir-
1cal data justify 3 walues sraller than 3, Figure 3 shous the bad
fit of tq. (15) tﬂ.LhE data for M - B. Even 1 an expressign of tnis
type vere valid for the Lircun-Pectfic Delt, for instance, it would
not e true far a smaller regron contained in it, because the addi-
tion of terms ssmitar to the secoad rerder of Eq. (18] does not give
place Lo a funciyon of the same form, unless § is the s&7e an all
hdditivé'tcrns- Despite these ghjections, the egudticn mill be used
o express local seismicity of the smzll volu=zs of the earth's crust
that way contritute significantly to the regitnel seasmicily 3t 2
stte, 1t will ke shown later that Ceven when f=2aling with inicnsiiies
that correspond to very long return pericds the credtest coniribulion
to the sejsmic risk cores from the probabilily of having rocerate

- .-shocls occurring at short distances. Hence, éven rajor variations

in the ordinates of the magnitude-frequency curve lead to relatively
enimportant changes in the inlensity-frequency curve,

' Sore erpirical expressions suggasted to represent the fre-
quency of earthquakes of different macnitydas in California assign
3 nwll valye to the probabrtity of occuerrence of carthgueles with
eagnd tudes in excess of & certain upper bound. Yhere kas been same
argurgnt. in reqard to the value of such an upper boond in given
areas. The fact §s thal it seers to be larger than what 15 reguired
to produce catastrophic effects, énd that rost seism¢ design ca-
cisions arp not parlicularly sensitiva Lo §t. ‘

3.4 Lorreletions batueen Earrheyata Semmartios.  The scope

of this paper will be Tirited Lo carinauikes of rocerate duration

_Lsevera dozen secenss} recored on soils of isterraciate nroijerties,

when focol distances are snorier thaa 607 ; im0 acepiergcrics of

Suth rotligns are. rather chaotic and Jusiify TRy govelortant of
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thegretical studies treating earthquzkes as stochastic processes, As a
reswlt of such studies, it has besn pass1b1e tn establash correlazicos
between the arplatude of ground rotion [maximen absolule wvalues af croung
acceleration, velocity or displacement) &nd the eazsectoed prdinetes of the
response spectrz, as wall as the probahility distributicn of raxisum
spectral ordinates dividsd by the expectation of their undamped values,

"+ This matter is treated in angther paper in this seqin;r.tq]

(M

Prediction of spectral ordinates by the mothod suggested in the
previuu§ paragraphs requires knoeledeor of mazirum absolute wvalyss of
ground acceleraticn, velocity and d{splace:ent or heir cemoetation, in
terms of raentlude and fccal distance. ! £qgs. 20 arnd 21 Scrve thal purasse
for peak gqround acceleration and velocity, TESpEtLI?E1y

+

a = 1230 el [R + 25} (20}
- Lo f\—’ﬁr .59 "']
: _ l Y= 15 e (R+ 0,17 e {21)

o

" . . ?
‘Hare, accelerations end velocities are expressed in onfsec.” and

cmfsec, TESDEC{i\E]! M is the girthauske caonitude. and R i tho
i ok - e

hypocentral distarge in &ilnre:erﬁ. ' .

Fiqures 6 end 7 show the deta from which Eys. (20) end (21) were
derived.  The data were gbtawned mainly from Refs. 10 and 11, In the
derivation of Eq. (21) the additional condition was icpused that v lends
to 300 tmfsec. when R enproaches 7ero, regardless of the maonitiude
value, The great dispersicn displzyed in these figures may be attri-
buted to the large nutber of varizbles that affect the data: local

+

e —

) .
Ml Y These are not the only significant quaniaties. A more refincd siudy

might decrease the dispersicn in tae correietions, at Lthe expense of
considerably wider analysis of statistical data.
. .
Egs. (20) eng (21} 25 w2l) 25 Fiss, B - 9, constitute icproved wer-
stons of the ratorial rocently prescnied in Ref, 13,
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ground tonditions, nature of ceologic formations crossed by sefsmic
wayes, sheck mechanism, and many others.  [n particuler, the variabilivy
due to the nature of Tocal qround properties has Leen partly eliminaied
by restricting the scnpé of thase stydies to tites with intermadiate

L ]
soll comparable to 2 stiff clay or a compast congioTerate.  Evense ¢

Lthe d{Sperslun it signrfmczn 1 and hence it becoras recsssary to_allow

———— it — Cn e —— —— 1 -

fcr it in the evaluztion of seismic risk.
e e et e T

Gbserved and corputed values of & and v (maxirum grﬁ:nd aceelera
tion and velocity) were analyzed, and their ralips renresenied 20 ROT-
mal prokability paper follouing Gurhel L pelhl E!E] (Figs. B a2nZ 3).
Distributions cosposed of segrents of Lhe loz narmmal femily were ad-
Justed to each sel of data, in order to facilitate furiner cozgutatians.
Stendard ¢aviations of In [a{a:} and In {vac; were frand to te 1.7 znd

D.BY, respec;mvely Here, subseript ¢ stands for cerauted znd n mozns
nalural loc:rithm. :

3.% Prodicied Bistributicn of Inieasitics 2t 2 %iin. - Starticg

froo the kncwledo2 of local seismicisy of the various rdigntoring carith-
gquake sources, the distribulion of intcnsities 2t a staticn can be pre-
dicted using Lgs. {20) or 121) or similar expressions, 1 Qg_gllgjgjﬁq

is made fur thu dispﬂr51an in these correlations, the rodel zrrived &
wil] cnrrcspunﬁ 19 ccruuted intonsitres, while DTOPRT_2CCCUNt O of tne

naa e Sl e ——

uncertainlres 1nvu1ved #ill lead Lo the predicied cls r}gp.run of aciual

- an — e — -

-

intoensities. .
Let Hc{y.t] and H{y,t) be the nurbers of earthquakes accurrine
Guring tire interval t, and'having cermuled and actual intensities,
respectively, gredter than y at ihe site of interest. let " end o Lp
the corresronding reen nuebers per wnit tire.  Suppase & nuther of sour-

Cos near the station are identificd, and thedir Tocal seisnicities aro
Coescribed by a{l). These are functions of pusition, and reprrsent the

1his is sti11 a very ¢rude manner nf restricting the aﬂa1ys1s O
Certain {yr2 of soil, but it hed o Lo adapiod in view of the lack
* of betler coscriptions of iocal groung consitidng.

..n —— i ———
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‘FEan nurYer of earthauzkes, occarring oer unit tire and per unit valure,
wvhose ragnitude is grgater.than ¥. et Xly,?) be the ragsiiude ther -
gives place to cocputed intensity ¥ 2t distance R, [If e2rzhguaie ozcur.
rence at any elecantary source cay Le resresented by a Poisscn orocass
independent fron the corresronding crozesses caveleping at all olrer sour.

¢es, then Hc{y,t] wWill te represanted Ly a Foisscn sracess, 1is reen
rate of pccurrence is given by the following egvation:

sely) = | Ay .8 e (22)

This integral cust be eveleated over all the potertizl sources of seis-
mic risk at the station. If WP) 35 assured to be eonstant, recard-
less of position, and if it is teken es proportionzl to g"’H {ser Iq.
{19)), then vclf] zdopis the follewinc forn: iy

. L o
) Pakers Turd T o g -
-7 -T TogexhRivARE pIT e b
S T s oo (o)

] Tiwat, 'r.nur;'“ Lamw ool ls
- — T A
i Ve Tuha T SVIaAL T, o
This form w2y provide zn-approzirate representetion of oiter fresuent ~
cases, ) . .

v
.

Reference 15 contiins 2 set of graphs with the value of the inte-
gral in Eq. (22), uvnder several assurotions, conteming the shize dnd .

Tocation of the seismic sources with ressect to the stztiosn of interesti.

3.6 Uncertainly in Macnituda.lntensftiv-Tigtince Corralztinrg,

Figures & and 4 éantain the 1moliciy assympticn thal the cistributien
Tof TITC {actual and comauted intensilie&} cees nat depend on Tc‘ Fence,

for zny event of ithe process “c{ﬁ.:} it is passible to coTogte ine orola-

bility that ¥ > y, and «{y) ray re ccpuied from ~.~r_[y]' 2s folicas:

‘ viy) = r g E?T velnd PIY > y1 ¥ > aldn (24)
o
‘Derivation of ihiy equaticn is barsz 3n w2 Tromerty LRl whecf.ar gagn

evenl of a2 Foiston process is soch t-21 4t rzy cive pleze 1> 2 ra2a-
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- eyent with probebility p. then the process of thé N evénts will alsp
be of the Poisson type, its man rate of octurrence being that of the
origpinal process cultiolied by p. The probability term in the integral
of Eq. [24] 1s computed from the distributions in Fins. & and 9. 1f
6{") is uscd to desionate the cumylative distribution function of LEA s
and §f Eq. [23) is adaned to rcpresgnt e Eq. (25) is obtained for i

oy} = v G | 277 0es0 2006 _ (25)
0 .

Alternatively, the ratic y/y_ of actual to corputed Intensities having

equal return periods may be pbtained.

TR O I (RN PR e (26)
: I |

Under the present assuration this ratio depends strongly on r, but nat
on either y ory . It is presented in Figs. 10 anc 11 for the c2ses
1af Cay imus oruunH acceleration and velocity, respect1ve1y Further
anplication of Eqs. (25) and {26) #re possible for computing v for ex-
citations expressed in a different ranner, such as by means of spestral
ordinates, provided their distributions may be expressed in terms of

the amplituce of the ground mu:iun.llq{

Exapple. Suppose trat evaiuvation of seismic risk s reguirsd
for the site thown in Fia. 12.' The situation is hypothetical, but the
nuﬁbers uted werp based pn a study of an pctull site Tade by 2 practic-
ing selsmologist. It 1s assumed to be located in rock, at distances of
140 km and 59 km, respectively, from tvo vertical faulis., These are ]
the only significant sources of seismicity in the vicinity of the site,
Focal depths are 20 km and 50 km for rotions eenerating st faults ) end
2, respectively. Local seismicity of cazh source is delined in terss
of a valve of «{4.5), the cran 2nnual nuchar of earthguekes with rao-
nitudes greater than 4.5 aenerated dlono the whole fault. ' Frequency-

ek - -

|
This exerple was worked out by Prefessor €. A114n Cornell
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v
v .

pagnitude curves were assumed to te of the form of Eq. {13), but sus.
jected to the azdition2) cendition that (M) be mull for M z 7.2 an
for M 2 B.75 at faulss 1 and 2, resgeciively. In other words, in o
seismologist's judcesent history, feult lengths, and experience sup----
that no oreater racnitude can be gerer2ied by these faulis. Vilups ¢
21} the paremeters defining focal seismicily are shewn in Fig, 12,
Total seismicity aloag each Yeolt wzs assum2d 10 be wniforzly disiri.
buted thraughouf. Hence, a value of Wi}, expressed in terrs of u=i:
length of fault, wes obtained for gach scurce. Eg. (22) was then z-.
plied separetely to each fault, in order 1o gbloin 1% contrilution -»
seismic risk at the site. Im practice zvailable curvEE1;E§;;c Nt el

culation to 2 sirple table of slice rulp caleuiatinnsg. Tne ro-
sults -zre shown in Fig. 13, Breken Vings regresent the sepgrate ¢one
tribution of each fault to seiscic risk in terrs of gompuied intonsi-
ties [peek ground accelorziions or velocities). The full Yine rzpra-

sents the tota) effect.Clearly,rore than 20 percent of the totel ris!

"gores from the coniritution of fault 1, 2lthough the influpace of th2
larger, rare active {but more distant) feult 2 is someahat larcer in

the case of velogity than acceleratign,

Figure 13 was’ prepared under the assumplion that rzgaiiudes,

. focal ‘distances and intensities ray be relaled in a €eterministic mi--

per. - As explained before, the net resylt of taking 1nio zezovnt i

dispersion in the coarretaticons betucen these varizhles is that tre ;-

puled intensities that correspsnd to 2 given return perisd have 1212
tultiplied by & factor greater than 1, in order lp chizin the 2ciuzl
values that correspend {0 the sepe return perigd. The correciiye f2r-
ftors shoen on Fies. 10 and 11 would nat exzctly 2pply te the archier
being considered, because they start From the assurplion that v, T
be cxpressed a5 Ry-r, which 15 rot the preseént casé. Fovever, 17
approxirste values of an eguivalest r oare adepied, corrective factiary
yfy. of 4 and 2 are ohtained for accalaration end velocity, roscec-
tively, This means, for instence, thet peak around acoslevation Uil
correspancs 10 a return pericd of &9 yarrs shocld be taien gouel L2
0.025 g {taten from Fig. 13) sultiphied by 4, that s, 9.10 ¢.
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CI%. UHCERTAINTY IN SETSTMCITY KODELS

4.1 Mature and Exteat of Informatian Ysed in the Derivatica of

Spigmicily Madels. Strong moiion recorcs constitute the U5t cesiratle

source of inforration 1n the studies of sgismic risk for enginsering
design decisions. In the absence of suzh data, use of subjective in-
tensities, or of even mare indirect quantities, such as magnitude ind
{foca) gistanse, may be considered 2ecentable substitules. Ev2luation

of Tocal seisaicity still offers sericus difficuliies: seismic risk at
a site 75 in practice chtzined from the frecuency, magmitude, and focal
coordinates of carthguakes that may originate 1n regions of relatively
soall dirensions, of the order of E00 to £27 km n diareter, bul sta-
visticzl data often do not suffice to evaluate local seismicity through-
put such regions. It would not be sound {6 make Seismic design dacisicns
only or mainly on the basis of stotistical cata when this information s
as scenty 25 it is in many arcas of maderzte or low seismicity, or 2%

it is when the énalysis is concerngd with shocks of eaceptignally high
nagnitudes. This comrent applics particularly stronaly fa the situalicr
where altexdls are rade to predict for 2 given zone the hc;nitude that
would correspend to a retum periad of several thousand yezrs [which s
_ltkeiy to be the recammended value for a nucleer reactor, for 1nstance)
from only the dita recordnd in the same arca for 2 peried of at rost
several centuries. lse has to be rmade af‘ewnry avatlable piece of
inforratien, regardless of how incorplete it ray be. Engircoring judge-
ment has played, end will continue ta play, even in the fraze of modern
analytical fermiaticns of design, &n wwporient role {n interpreting
dala other than stztistical, or in extending or zdapting to the regicn
of interest the ccn:luﬁtnﬁs cerivad from gther, Letier sludied, ragions
8f sielar geotectonic sroaeriies.  Farmal n¢nipﬁi§t;ﬁn of informaiien
of differert nature, including statistical pJEa,"is,aﬁcump11shnd thrtuzh
the vse of Beyoestan statistics, a5 deseribed below,

Sources of sagmificent inforraticn miy be grouped &5 follows:
2)  Eelate? ta Yezz) seitmicite. Sdoe are of grovhysical nature, such
¥ gonlectionie Teaturts, stuties of regicnal strzin and of cnerzy avail-
e for su2cen selease; others are of stetisticsl mature, such as mig-



162 .
nitude. foral coordinates, ang eﬁergy refeased by ezrthaszies n ¢if-
ferent reaicns of the earth. Toey are to be covolerentel Lv conclusine.,
derived Troz similarity with other shysicei phenorend end by jualitany-s
descripltioas of earthayeie history over lgnn tire periods.

b) Related io_reciza:l seismicaty, These include ¢i1 inforration on

frequency end intensity 2f a site. The Tatier varisdle =27 be expregso-
in subjective or neariy quabitative terss, sucn 25 the ragifisd I'srealt:
scale, or it ray ingiude rore guantitalive dascripiicns, renzing fran
simple masures of eartnaueks intensitly, scgh 2% ook orouad accelera.
tions end velocities, to speciral ordinates or cziaiiad stiring mation

: records. (Sce, for exa-pie, the paoer ai this sesiner by Professar Ariee.’

4.2 Rayes' Thesrem. Sunpose a decision reier hac forrulzted 2
collcetion of hypotnesss the2t he would coasidsr as alternzie ronposdn-a.
tions of an irserefoctly known phoncrendn,  Suppose Yurthar thet he had
wsed any inforcaticn or fniuttive Tc24 he miéh: heve érpul thel phenco-
gnon, 0 order to essien to ecach hypolhesis 2 pronazility of b2ira troe.
This probabiliiy distribution wauld exoress his cdoeree ¢f t2lie” in the
various alternalive hypotheses, [f he raies scme escerirent that =ill
aNow hin Lo observe 2 ned outcane of the chencrengn, se s=ould e will-
fng to study how the new piete of evidence should rodify ris previcus
telief. le r2y 2¢complish this throuch use of Bzyes' thecren.

ket "i’ =1, ... ,nbeaset pf rutvally exclusive hyrotheses,
r[ni} their associated iritizl or 2 oriori protebilities ¢f Laing trys,

P

and A an event that ray otiur in corbinzticn with 2oy ore f the n

“hypotheses. Let P{A EHi} be the conditicnal pretabitity of oecurrence

of A in case Hi were tree.  Fron the {usderental law of conditional
probebility, the follewine equation is ohtained.

P{H{}P[A1Hi} P{Hi}P[A'Hi}

P{A} i P_{Hj}r{.agujy

{27)

P{Hi]h] =

This 15 the analytical expression of Ea2yes® thegren., In it, Pi”ilﬂl is
a nodified, or prsiarier, provability of hysotiicsys Hi teire trez, oags

event A [st3tisticar czszrvrtion) 15 knoun to nave ozzurrs:,
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fevere eriticism has been made of ihe use uf-aneé‘ thearen,

on the grouncs of the epoarent arbitrariness involved in choostpo the
priur'distributioﬂ. A careful study of the rethods used in classical
statistics will show th2t they contain concealed assupiions equival-
ent to arbitrars prior distritutions, It must be prdarsiocd that Zayes'
theorem is not rerely 2 substitute for statistical ¢zta. On the con-
trarvy; its vse gives explicil recoenition to the role played by engin-
ecring julcement in desica decisions, byt coes farifar aad 2sks the
enginser to ceditete on the exteat ‘o which his jugrerent and faclval
evidence zarée or are in confijct, and on how the ccoadrison of both
sources of inforsaticn should set the basis for making dacisions. The
fact is that every decidion we make, eitrer in engimcering or in any
other retional discipline, 15 arrived 2t aficr an {rﬁljcit. perhaps
approxirate, Bayesian forrulation for assimilatina subjecilve concepls
and fattﬁ%l eyidonee . A oriori subjective informaticn is far less
grhitrary then it ray seem 2* first siohi f proper judzegent 3% applicd
In extrapotatineg 1o the case of interest the results of similar, better-
studied phenorena, o a -

4.3 Bayesian Statistics in the Prediction of Srismicitv, The

set of alternative hypothesses 1o which Bayes® theoreo is applied cay be
deseribed inm several maoners, 2ccording to the inforrztion that was
svailzdble 10 the deeisron raber when forzulating his initial distribu-
tions, end to the type of statisticel informatien ipzt he may be ob-
12ining, 1n rost ceses, prior koowledoe 15 rome e2sily exnresced in
terrs of locdl seismicity, Alaebraic maniouletiony will convert this
Inforzation inte the initial distribution of v (y} er viy}.

+

. A dascussion is wade in Refs. 13 and 14 of the various concepts
avarledle at present for bosing initial sistribution of loca) sercmicity
parareters. Most of the eftocls to interpret gectectonic data and to
CIpress theo gquantitatively n earthquake risk terss are 1n an ethryanic
stage. Accordingly, Rafs. 13 and 14 usc geotectonic Information only
Tor the purpose of dividing the earth’s ¢rust into rebions. withoyt
Inirciting priar gisiribelions of loced se1sTicily picaneters on the
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**bas1s of this wnforration algne. The essence of the procedure for that
" eftect stands on the estirmation of the seismicity of narrow zoses from -
that of ssmlar, but wider Zones, for wnich statistical £ata percit a
direct evaluziion. ) . - .
f5 apnlied to the establishrent of the initlal distribution of
EH] for subzong x in Fiu. 2, the procedyre would incluce the follow-
1ng steps {treated in detayl an Fefs. 13 anc 14 1

‘a) An estirate of the order of magnitude of .:{H] for the rentioned
rone would be given by .{MN), the averz2ce value of the s272 parzneler
{or the £1rcuu-Patlfic Belt, within which the former zone 15 loczted.
The averace properties of the Circum-Paci{y¢ Belt are rol ceterdminis-
tically known, 2lthough uncertzinty 1n the corresponling parareters
would be cleariy smaller than that in ¢1{H].

b} The ezpected value of ;x[Hl associated with its imitial distrivu-

1ion may be tzken a3 eguzl to the expected value of o{B). The initial

conf{ficient af v2riztian of ax{HJ must account for the unteriainties

in both .{K) and «I{H]fA{H]. The coefficrent of veriation of this qua-

1ient is a reasure of the non-uniformity in the serszicr iy properties

- .of regions that belong to the Dircuc-Pacific Belt., It s 2 function
of the ratio df the volumes of the zone of {nterest end of the Circun-
Facific Eelt, and has been esticated for different vzlues of this reiip
and of H.[13‘14}

. - Suppose that the initial gistributions of loca) seismicity of
the regions close o a station have been proposed., The corresponding
initfal distributions of . [y) and {y) may be estirated {2t least the
tnitial expeciations and caeff1c1ent. verigiion gf ihcie parereiers)
after application of Egs. {20), 121), {22), 2and (23). mpplicaticn of
Bzyes® theorem to chian @ postenor distribution af the seisricity
parareters will be exalatnec yn the nexl peragrepn, 2ssuming that guan- |
titative intensity caia are recordec.  1f rat intansities, sut only
pagnituces have been recordad, computed intensities rav be ghizired by
applicatien ef fos [?U] znd (21), eénd +%e raxt prrgzresh also anrlies if

1 ‘I-
in all cases ihe word intensity jg Subsitiutied witn fz-auted fprcrgity, [
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:Let H{y1.r2,t} be the nurher of exrthquakes uiih_in:cnsities
in the interval {yl.fgj that have occurred during tire peripd § at a
aiven station. This nurber w1l) be assurad to be a Poisson process
wuith mean u{y],rz} per unit tire, and indecendent of the correscanc-

" _finn processes in any other intensity intervals, Yence, i(y,t} =

'-le.*.t] the nunber of earthguakes excmagine 2 pivén intens{ty cur-

ina tie specified time interval, will also be a Poisson process with

‘gapected value {y)t.

. Assume that .(y) ray be exoressed as a function of known fer
and ynkngun parameters, . vy [Z . } let f{z 2 ] te the
2 priori m-di-:asional joint p-ntzﬂ1.iry gensity antinq u‘ the parac--
gters, and A the event that during ticz {nterval t, Apa oneally e2r:n-
quakes have occurred With inkens1t1es in tha 1nterxals iy ,j‘]

{yk 1,yt] re;pectiva-y Then, if g = u!i 31-1 .the prﬂbebl1.Ly

of A, given the hvpnthn51s [1 *z WJ21,.-.,n) is obhtained as folicus:

. : ) |3 E -oovt {aixt]“{]
Pz, e T-ll {2e)

Hence, the posterior distritution of the parameters would be

o

. . It' ] B . LT - k !- -r:!ii\rt {Aiut}nﬁ 1
-_f{t.‘ .I-:-.znlh} . Fffh-“'"m} 1%[ ¢ '—Ti"_J' . {28y

where X {s & normalizing constant.

4.4 Desion Decisiong with Uncertain Seisricitv Parzreters, If
o{y) s now assured to be equal to Ky-r. where K and r are cefinsc ty
their joint orobability density function, the expreted valusg of the
cost of failure would now have to atcount for uncertainty in X an? r,
The result {3 that Eq. (A} would tum to the follosing:

-

Y- E - B - A],“ :L i x;’ i rFicrde (39)
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‘- _Solving of this equation for ¥ Teads to the optirum value of the frsien

. fntensity. .

. I:ar.-.p:le_ After performing studies of local and renional sefs- -
micity, & desicner ends up with two altemmeie assumplicns 1o rearesent
viy) 2t 2 s4:2. Since to him boib assumoiions are consicered to be
ecually likely, their corresponging probehilities of beino true are
taken as 0.5, Eoth hypotheses take o = K}r. with the following values

of the parareters for each of therm

- & --: n
. “l 107, " 2
-3 -
Iz =10 7, ry ?.5
The expecied utility ray be written: .

b L (LA T2
U _;-»Ao- #-.Ij' —;[Kly P et Koy pz]

¥hen 1his eguation is differentiated and the derivative set equal to
_zero, one oblains:

Ry ) -r -r
) e I"I n 1 7
R (R AN L V4 LA P Lo L7

which wis numerically selved to obtain y = 0.55. This is the opticun
desfon intensity. )

¥. CONTLUSICNS

The pocurrence of earthguale rotions 2t a site §5 a stoghastic
process. Seiszic desien decisions should be based on studies that ca=-
pare initie} cosis of 2 structere, its expecled ecluszlizgd beesfiis,
and its eapecied actualiznd cosis of failure. Cansequently, 1% i5 un-
reasonaale in rost cases to establish f2sign Intensities at a siie
wilhput previoes considoration of Doth the sejsnicizy rirarolers ind

the comsequences of excn rissitle raaner of structursl Lemavigr,
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- The distribution of intensities 3t 2 site has in many cases
to be estirated from the In:ai seiscicity parameters. These in turn
;éy be evaluated throuoh the use of statistical data on frequency,
pagnitudes and focal coprdinates of shocks, or through tﬂe uvse of core
indirect forms of inforration. NWide marging of uncertainty a2y char- .
acterize the form znd the parzceters of the stochastic process wmodel
that is used to represent seismicity. Hence, point estirates of these
' _parareters may not suffice for an adequate forrulatinn of cesion de-
cisions. Considzration has 10 be rade of all possible 2lternative
hypotheses and thelr Enrrespendiﬁg consequences, This is accorplished
“through the use of Bayesian statistics. '
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EXAMPLE OF SELECTION OF TIs{CG INTESSITY. PROSLEM VARIASLES

_a) SEIsMICITY

. Station 1 Station ?

x 107 1<
r. 2 -2
Intensity 0.01 ] 0.1
for v = 1 - :

v{0.1) B.0) S

b} PARAMETEES OF STRUCTURE

] Structure 1 ; Structyre 2
r 1,.'1.’#-“‘—.- - —....-p 2 2'
LI : 2 . T I -
D/A, 2 - 20
b/k, 1 10
CTABLE 2
COMPARISON CF DISIGY INTEXNSITIES
- Stat{on 1 1 2 . 2
" Structure 1. . 2 1 2
Y, Co0an? 0.316 - 0.565
vly,) 0.0032 6.00) 0.032 _0.01

W) 1000 32 100
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@ tlon-structural subsystcm

- . ,(D.*.'min struciural freme-

Fig.l Two-component structural sysiem



-171-

»
+

" {See *Selsmicity of the Farth and Assozfated
Fhenorens,” by 8. Guigrberg and C. 7. Bichter,
Princelon University Press, Pringeion, heq
Jerseys  Publisned rore recently by STecnert
L Hafiner, New York City, 1963).

FIGURE 2
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Chapler 6
SEESMICITY

LIS ESTEVA

Institalo de fngeaicedia, Univcrnided Nacional Aurdnema de Méxica, Mexieo

6.1 Ox SRIRMICITY MODELS

Katiemal forentlation of enginecring decisions In seismic ar¢éas requires
guanditalive deseriptions of seswncicy. These desceriptions should conform
with their intercded appheations: in some instances, Simbltaneotts 10000sILeS
during cacli carthguake have wa be predicled al several locations, whiliy in
others it _alfices Lo nake independent eraloations of the proboble effeets of
carthguakes at each ol those localions,

The second model is adequate Tor the selection of desicn paranaters of
individual components ol a ratwonal svsivm (hwe shiaclubes inoa tegien or
country ] when no signifieant interpelion exisls botwoeon response or dame
of severad such Ddividuad companents, or bedween any of themy and the
system as a whole, Tn other wonls, il applies when thae dunape — or negative
utility — inflicted upon the system by an earthogueke con be laken simply as
the addition of the lesses in the individual companents,

The lincarity betseen monctary values and otilities woglied G the secend
motdel 15 nut always applicable. Such is the caze, for instance, when a sig-
nificant porlion of the gational wealth or of the production sysiom is con-
conliated in o celutively namow area, or when latluee of life-line companents
may disrupt emergeney and relicl actions just after an cartheguakn, Evalua-
tion ol risk for the whole revdicna! system has Lhen 1o be based on selsmicily
models of the first type, that s, models that predict siimultanegus inlensities
" at several Yoeations during each event; for the prurprose of decision making,
vonlincarity belween monetary valoes and utilitics can he aceounted for by
means of achequate scale transformations, These models are also of inletest to
instrance cowpanies, when the probability distribution of the maximuwm loss
tna piven regon during a given Gme inkerval is 1o be estimataed.

Whatever the eatepory to whiell o seiamic risk problem belongs, it requines
the prediction of probability distributions of ccriin ground motion char-
acteristics (such s peak ground sceeleration or velowity, spectral densily,
response or Fourier spectn, ditralion ) at a given stte during o singhe shoek or
of maximum values af same of those characterislics in carthgquakes oceurning
during given tme intervals, Waen the relerenee interval tends to infinity, the
probability distribution of the maxinin value of a given characleristiv ap-
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proaches that of its maximum possibfe value. Because different systems or
subsystems are sensitive to different ground motion cnaracteristics, the term
fntensity cheracteristic will be used throunhout this ehapler tu mean a partic-
ular pararacter of set of parameners of an carthguake motion, in tenns of
which the respansa is te be predicted, Thus, when dealing with the failare
probability of a strocture, intensity can be alternatively measured — with
dilferent degrees of corelation with struetural response — by the ordinate of
the response spectrum far the corresponding period and dmuping, the peak
ground acceleration., or the peak tround velocity.

In gencral, loeal instrumental infarmation doces not sulfice for estimating
the protability distnibitions of mesimum intensity charucteristics, sl use
has 1o be made of data on subieclive measures of intensitics of past vprify-
quakes, of madels of foeel setsticity, and of expressions relating characleris-
tics with magniturde and site-to-source distance. Models af local seismicity
caniist, at least, of expressions relating moemitudis of earthotikes fenerated
in piven volumes of the earth®s crust with their returs periodls. More often
than not, 2 more detaiied deseription of logal seismicity is required, inelhuel-
ing estimates of the maximuwm magnitade that ean be generated in thesy
volumes, as well as probalalisiic (siochasiie progess) models of Lhe pesille
hislovies of selzmic events (dofined by mognitudes and coordinatoes),

This chapler deals with the various sicps o he fotlowed 2 the evaluation
of seismic risk al sites where information oither than diceet instrumentsl
recards of imlepsitios has to be used! idestilying potestial sourees of ae-
tivity near the gite, lormulating mathercbhiesl models of local seismeity Tor
ench spurce, iptnining the contribigtion of pael seuroe W seismie sk a0 the
site and addineg v contributions of the various saurces and combining ip-
formation obituined from local seismicity of sources near e site with dala’
o inslrumental ar sulsjective itensitics ehserved al the site.

The foreguing steps consider Usg of information stemming from sources of
difforent mattre, Quantitative values derived therefrom are ordinarily tied to
witle uneerlainty margins. Heoee they demand probabilistic evaluation, even
thotiph they cannot alvways be intempreted oo werms of relative froguencies of
oulromes of given experiments. Thus, pealogists talk of the maximum mag-
nitwde hat ein be penerated o glven ared, asseasedd by eoking at the di-
moensiens of 1o peological 2ecidents and Ly extropolaiing the olservations
of olher repions whivh available eviclence allows w0 bruwl as similr to the
one of intereae the estpmates preduced are olbviously unceriain, and the
depree of unceriainty should b expressed topether with the most probable
value, Following |u~.u]3 pacalicl lines, sume peaphysicists vstimate the eneegy
ihal can be liberated by a single shock in a given area by makimg quantitative
asstiuplions dhout seuree dinweosions, disloeation amplitacde i siress drop,
consiztent with wecionie meode!'s of the eegion and, aegin, wilh compansons
with arcas of similar Leclonic elisraclenislivcs,

Uncertaintivs attached 1o cstimates of the type just deseribed are in gen-
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eral extremely large: some studies relating faulh rupture atea, stress drop,
and marnitude (Brune, 1965) show that, considering not unusaally high
stress drops, it does not take very large source dinepsions to oot magnitudes
B.0 and greater, and those studics are practicabiy restricted tu the simplese
typers of fault displacemoent. b is not clear, therefore, that realistic bouruls
can abvays be ausiwned 10 potential magznitades in given aweas or thaz, when
this is feasibliy, those bouncs are solliciently fow, so that designing siructures
to withstand the correspanding intensitios is weonormicably suund, particelars
ly when eccurrence of those inlensities is nol very lkely in the near Tuture,
Because uncertaintivs in maximum feasible magmitades and in other param.
elers dofining magaitude-rogurrenee laws cun Le s sipnificant as their mean
values when trying o mzke rational seismic design decisions, those uncer-
taintics e to be exphicitly recopnized ond acvounted fur by means of
adeguiate probaldlislic criteria, & corallary is thad geophysicelly based cstis
mates of sclsmicity paramcoters should Le aceompanicd with corresponding
uncertamly pu-gsures.

Seisnie risk estimates are often based only on statistical infurmation {ol-
servedl meamnitudhes amd hy poeentral coardinates ), Waen this is chepe, o wealth
of reb-vant goophysica! Inforosation s peglected, while the probahilistic pre-
diclion of the fulure is made to tely on o sample 1hat is often spmeall and af
Little value, particulatly if the ssampling peried is short as compured with the
desiralle return period of the events capabic o severoly damacing a piven
syslemn.

The eriterion advocalad here intends Lo unily he foregoing approaches
and rationally 1o assimilile the corresponding picees of information. Its
pthilosophy cansists in using e gealogical, geopiveicnl, and all other svail-
able nonssladistiecwt evidenee for producing a setl of altersaie dssumpliions
concerning 2 aatematien) (slocihustie process) moded ef seismicjty in o piven
source are- An initial preolalality histribution iz asstracd (o Uhe sot of hy-
potheses, imd the statistical infonmation is then used 1o improve that probabil-
ity mevignmont, The eriterion is based g application of Raves teorem, wso
called the theorcm of the probabililics of hypolficies. Siove vstimates of
risk depend largely on vonceptual models of the geaphysical proeesses in-
w:ul;..'n_-d, el Lhose are known with difforent doearees of uncerltatnty in differ-
ent zones al the carth’s crast, those estimates will be dervod from stochastic
Cprovess models with uncertzin fonms of paraomelers. The demiee Lo which
these uncertaintics can be reduced depends on the fimitations of the stale
of the arl of peoplivsical scietces and on the efforl that can be put into
compilation and interpretation of peophysical and statistival information,
This 1s an economival problem that should be landled, formaliy or informal.
ly, by the criteria of decision makiyy under uncerliinty,
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6.2 INTENRSITY ATTENUATION

Available criteria for the evaluation of the contribution of potential seis-
mic sources to the risk at a site moke use of fteasity aftenudtion oxpressions
that relate intensity characieristies with maonilude and distanee from site to”
source. Bepending on the aoplication envisaced, the intensity characterislic
to be predicted can be expressed in o number of macners, ranging from a
subjective index, such as the Madified Mercalli intensity, to 2 combination of
one or more guanditative measures of graad shaking (see Chapter 1)

A number of expressions for attenuation of varicus intensity characteris.
tics with distance have been developed, but there is little areement among
mosk of them {Ambroseys, 19733, This is due in part Lo diserepancices in the
definitions of some parameters, in the ranses of values analyzed, in the oe’
tual wave propapation properties of the peolsgical formations iving bulween
sovree aned site, in the dominating shock meochanisms, and in the farms of
the analylics) cxpressions adopled a priori.

Mosh intensity.attenuation studies concern the prediction of earlhguake
characteristios oo rock or finm ground, and nssume that these eharaeteristics,
properly moadified in terms of Mregquency-dependent soil amplificstion e
lors, should consiitute the basis for estimating Lheir counterparts on seft
ground. Oleenmitions about e influenes ol sl proseriiee an et prake
damage supporl the assumption of a strond cortelation between tpe of loeal
sround and intensity oo given shock, Allempis 1o anadvtically prediet the
chataeleristivs of motions an soql given those on Fivm growond o an bedrock
have nol bern loo sucressful, Bowever (Crouse, 1973 Hodsorr and Ldwadldia,
1973, Sall, 19743, with the exceplion of some peculiar cases, like Mexico
City (Hleroern ol al, 19650, whoere leeal contditions Taver the fulfilbinend
of the assumphbions implicd by aeseal analytics) models, The [ollowing para-
Eraphs concentate o prediction op istensilies an finn ground; the influeonce
of Joeal sall is diseussed in Chapler .

6.2.1 Infensity attenuation un firem prround

When fsoscismals flines joiting sites showing egual inlensity) of a given
shock are bied only on intensities olservied un homoerencous pround con-
ditions, such as firm proxod lvompact soils) or bedrack: they are rowzhly
clliplicad mmd the orieotations of the correspording axes are eften correlnivd
with local or regionn] peolagival teernds (F s, 6163, In some vegions — Tor
instance near major (aults i the western Linked States — thse trends are well
tefined and the correlations are clear enowel: a5 to pernit prediction of in-
Eepsily in the near and Gar fields o teoms ol moenidude o] dizimee o the
Eenciading faull or to the controid of the energy Rlaerating solune., inooiher
regions, such as the castern United States and most of Mexico, boseismals
ecem Lo elongate systemativaliy inoa direction that is a function of the epi-
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Fig. G-1. Isasrivmals of an cartheuabe in Mexico, (S Her Figuoraa, 19633

cenlral eoondingtes (Bollinger, 197 3: Fipueron, 19630, Tn that case, intensity
should be express-d as a function of mazniiwle amnd coonlinates of sourer
and site. For most areas in the world, intensity has to be predicted interms
of simple — and cruder — expressions that depend only on magnitude and
distance fram site Lo instrumental hypocenter, This stems from inzdequate
knowledge of peotectonic cotcditions and Teom limited informoation eon-
cerning the voluine where cnenry is hbrerated in each shoek,

A comparisen of the rates of atbenuation of inlensitivs on firm ground {at
shocks an westem and castern North Americn bas diselosed systematic dif-
ferences Dolwern Lhose rates {Milne and Doavenport, 19627, This is the source
ol a basic, bul oflen epaveidable, weakness el jwost inlensityv-atlenuation ex-
presstons, because Lhey are based an helerogencous data, recorded o Jif-
ferent zones, and Lhe verey nature of their applications implics that the less is
known aboul possible systematic deviations in a given zone, as a conse-
quence of the meagerness of locul Infurmation, the greater weipght is given
to predictions with respeet to ohservations.

&.2.1.1 Mewtified Morealli iniensitfes
An analysis of the Modified Mercatli intensities on [inn cround reported
for eartheunkes vecurpipg in Mesico in the Jast few degades leads to the fol-
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Jowing cxpression 1elating magnidude M, hypocentral distance 2 (in kilo-
melers) and Bdensity F(Esleva, TRGS)

F=1.455 =57 log, R+ 79 {(G.1)

The predicion witor, deflined as the differenee between goliserved aned
‘computed intensily, is roughly nermally distributed, with a standaed devize-
tion of 2.0, which means {kat there s o probability of 0% ihat an obe
seoved intensily Is more Lhan one Jdegoee gresser or smaller than its pre-
dicted value, ’

G.2.1.2 Dealr prownd aeeeferations amd velogitivs

A few of the availuble expressions will be deseribyed . Thair comparison wit)
show how cattliously a designer intendine to use them shoubd procecd.

Flousner studicd the attenuation of peak ground accelerations in several
regions of the United States and presented bis resalts craphicaily (1969 in
Llerms of foult lemrl din ture a Cunetion of macoitudey, shapes of soscisnats
and arcas experiencing inteosities preater than given volues (P30 G4 and 6.5

L]
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He shewed that intensitics albenuate faster with dstaoee on the wesl coast
Al in e rest uf e country. This eomparizon & in apgneament with Midne
and Dovenport (19089), who performed « similaz analysis for Cnnila. rom
vbicrvations of strong earthquakes in Califarnia and in British Columbia,
they developed the fallowinyg exprevssion fur a, the peak pround aceeicration,
as & fraction of gravity:

ofg = 0.0AGH 1ML 1 WY e 1Y (6.2

Here, Nis epicentral distance in kilometers. The aceeleration varies
roughly as e®" ™M ET2 for larce £2, and as o®**Y where M approaches ecro.
This reflects 1o some extent the fact that energy is reteased nol at o single
point Lub from o fioile volome A later study Ly Davenport (18727 Jod bim
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Fig. £.5. Area in squate mibes experiencing shaking nf x Tz or greater Tor shocks of dilfer.
it paagnitudes, (AT Howser, 10060,)

Le propos: the eapression:

ale = 0259 tIl'.tF..'l.:llrl]r:-I.l'.I- ”}3]

The slatistical emror af Lhis equation was studiesd by [iine a Younarmal
probability dislribution fa the ralios of ubaerved to compuled aeccherations,
A standard deviation of 0.71 was found in the pataral logarithis of those
ratios.

Esteva andl Villaverde (19730, on the basis of aceelerations roported Ly
Hudsen (3951, 197200, derived ul:{prr.-s.r.inns fur pesk pround accclerations
andd velocitios, as lollow;s:

afg = 5.7 "BV + 40) - (6.4)

_p=32€WR+2m” {G.5)

Here v iz peak pround velovily in emfsec and the other symbols mean he
same as above. The standard devintion of the nalural lopanihm of the ralip
of observed to predicted mtensity js 0.6 Tor aecebrtutions and 0.71 Tor
velocitios. IF judied by Uhis paramicier, eqs. 6.7 amd 6.4 seem equatly roliable,
However, us shown by Ui 66, their mean values difler significantly in some
ngcs. -

With the exeeption of eq. 6.2, ali the lopyoine attenuation expres-ions
arce praduets of o Tonetion of £ amd o function of A This lorm, whicl is e
ceptable when the dimenstons of the envrgy-liberating seurce are small cum-
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paredt with K, s nadequate when dealing with cartbauake sources whaose
dimensions are of the arder of moderate Lypocentral distances, and ofien
preater than them, Allboush veptation errors dprobuability distridations of the
ratio of vubierved to prodieted intensiviest hove been ovalwated by Davenport
(1072 aned Estesa and Villaverdte (12530 their depoendence gn M and F s ot
been analyzid. Beeause seismic risk estimates are very sensitive 1o the al-
tenuation exprossions in e vanee of Lege masnitudes and short distances,
more detailed studivs should T underaken, aiming ot impresios those ox-
pressions in the moentioned coagee, aml ol evalaating Lhe pfluenee of 3 oaod i
on equalion error, Informuaticn on strongaotion fecords will probaidy be
scanly for Lhose studics, and hence they will have to e largety bosed on
analylical or physical muodels of the gencratiun antl propasation of seismiic
wiwes, Altheugh sipnilicant progress has Leen biely atiained i this diceciion
{Trilanme, 19735 the resulls from such maodels have bardly influenced the
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practice of seismic risk estimation because they have remained either un-

r imporiectly apprecia endineers in charge o £ £0T-
known to o perlvctly apprecisted by engineers harge of the co
responding decisions, '

6.2.1.3 liesponse spectra .

Prak ground acceleration mul displacernent are fairly food indicatars of
the response ol structures possesaing rospectively vory biziv and very small
natural frequencies. 'eak velocity is eorrelated with the response of intor-
mediale-perind sysiems, but the correlation is less precise than that tying the
formoer pararmcters: hence, iU is matural Lo formulate seismic risk evaluation
and ¢ngineering desizn eniterix in terms of spectral ordinates,

Response specirum prediction for given maznitude and hypocentral or

site-to-Taplt distinee vsually enlails o two-step process, according to which
" prak proum! zcocleration, veleeily and displagement are initially estimated
and then used as refenmer vialues for prodiction of the ordinates of the -
sponse spectruny. et Yhe second sbep in Lthe process be reprosented by the
operalion ¥, = oy, whern v, 5 an ordinate of the response specirum for a
fiven natural period and damping ratio, and v s aopatmneler isuch as peak
grotined acecleration or velocity) thal can be directly oltcined frony the tinne
history record of a piven shook rerardless of the dynamic propertios of the
systemns whose resprontic 18 Do D prodicbed . Porgiven Woamd B, v, s randdom
and so s ¥, fy, = o Lhe nwan sod stundard devintion of ¥, depencd on thase
of ¥, and & and on the coeflicient of cornelition of the Jatter varighlos. As
shiown abwove, ¥, can only e prodicled within wite uncertainty lmits, often
wilor thon those thed 1oy, (Esteva and Villaverde, TOT3) The confTcient of
vaniation of ¥, piven M and B ocan be smaller thon that of 2, only il o aned
¥ e oepshively correlaved, which s ollen the cose: the preater tie devia-
tion of an olsereed value of v owith respect o its expectation for given A
and K, the Tower s likely o e ool T other wonds, io seems tinad i the inker-
mediale range of natural periods (e expecied valecs of speetral ordinutes Lor
given damping ralios can be predicled direelly in terms of masnitude ond
" foen] distance with narrower (or at must equal b marging of uncertainty than
those Lied to prodicted peok proand seloeities. Par the ranges of very short
or very long natural periods, peak amplitades of groumd motion and spectral
ordinite: appraaclt vitcs other and their standaril errors are therefore nearly
raual. ’ '

MeGuire {1970% his derived altenualion expressions for e conditional
valucs {given A and 1} of the mean and of varews pereenliles of the prob-
ability dastribualions of Ve ocdiooales of the response spectra for given natural
petiods and dumping mitios, Those expressions hove the sime form as oqs.
G4 amd G5, bat their parameters show that the sites of attepuntion of sppee:
tral onlinales differ sioilicantdy Trom those of peak praund aceetorations or
welocilivs, Tor Dnstanee, AeGuive finds chat peak ground veloeity atlenostes
in proportien to {12 + 25)7%% while the mean of the psendovelocity for a
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Meliuire's attepualion caprossrons ¥ = &, 1!)*3'“[}{ + 25]_"1

¥ by b2 by Viy) = coefl. af
var, of ¥

a pahs 1723 . 0,278 1.301 0.518

v omfsec 561 0401 1.2432 069G

dem 0393 0434 O.ESS GHESS

Undanmijed speclral pacudevelocities

T=071cc 11.0 0275, 1,246 0911
0.5 3.05 0.38] 1.0G] 0.630
1.0 0.031 0.3%8 7 0.nin 0.70%
2.0 ] QOTGH 4409 0.11% 0.959
Y o.u311 BTN O.AG7 1344

A% damprd apectral pseudovelogitios

T=h] ser 1000 0.232 l.an G.651
0.5 551 0.350 1.197 0.
1.0 043¢ 0409 0,701 4702
20 0.122 000 0675 0.an
6.0 0.0700G 0357 0.935 1.133

palural period of 1 sec and a dnping ratio of 25 wilenuates o proportion
o (£ 4 28720 hese results stom rone the way that fegquency content
changes wilhh f ardd lead o the conclusion that the ratio of spectral velocity
should be tiken as a [unction of M and £l

Table G sumenarizes delieiee’s dlberaabion expressions and Lheir coef-
ficienls of variation for ordingies of the paeadovelority speatra and for peak
prownd accelepation, velocity and diaplacement. similar eapressians were
derived Ly Fsteva mnd Villawezde (L3730, bat they are intended Lo predicl
anly the mospng of the cxpected geeelermtion aned velocily specira, regurd-
less of the periods associnted with thoze maxinu, No anabysis hos been
perforimed of the relative validity of MeGuire's and Esteva and Villaverde's
expressions for various ranges of 7 ancd K.

.3 LOCAL SEIEMICITY

The 1enn fecsl seismicity will be wsed here to designate the degree of
seismic aclivity in a given volume of the carth’s crusd; it can be quantitatinely
deserilbed awecording (o various criteria, eich providing a different anoant of
information, Most usuad eriteria are based o Gpper bownds Lo the mag-
nitudes of vivthguakes that can originate in a ghoen seismic souree, on the



190

amount of cnerey liberated by shocks per unit volume and per unit time ar
on more detailed slatistical descriptions of the process.

6.0.1 Mepnitudo-recurrence expressions

Cutenberg and Hichter {1951} obiained expressions relating carthquake
magnitudes with their ates of ocourrenee for several zones of the carth,
Their resulls can be put in the form:

X = go Y {G.6)
whrere X is Lhe mean number of corihaquakes per unit volinne and per unit
time having marmitude greatee than M and o and 3 are zone<dependent cun.
stanls; o varies widely [from poinl to peiit, 25 evidenced by the map of
epicenters shovwn o e 6.7, wihile § rematns within a relatively nareow
range, 2t shown in Fip 6.8, Eqoation 5.6 implics a distribution of the en-
ergy liberated por shoek sohich is very similar W that observed in Lhe process
of mivrofracturing of Joburaory specimuns of several types of rock subjected
o gradually inereasing compressive or ieending steain (Mopi, 1932, Sebols,
1965). The wilues of 3 determined in the fabaommtory are of the same order
a5 those ablaloed frotm scismic events, and hive been siwowt to depend an
the heteropescily of the specimens el on their ability to viehd lovally,
Thus, in heletogeacous spechimens made of boins minteriz!s mom simall
shocks precede o major fracture, while in homosencons or plastic materials
the number of goall shoeks s relatively small, These eonses corrospond 1o
Large and smnll Jvadues, respectively. So genead tolationship = known to the
wriler bietween g and geoteclomic features of scismic provinees: compleaity
ol erustalb stroeture amd of siness nadienls preclhwdes extrapointion ol k-
prateny resulis; wwd stagistival reconds Tor relatively small cones of the carlh
are not, & a nule, adoguate Tor establishing local values of 1 Pigore 6.8
shows that for very high nugnitudes the observed freguency of events js
loweer than predicied b eg, 606, Tn addition, Rosenblueth 1469 has shown
that § cannot Be smafler than 3.0, since that would imply an infinige
amount of enerey heaued per unit time, However, Fin 6.8 shows that the
values of J which result fram fitting expressions of the form 6.6 to ubsersed
data are smaller than 3.0006; ke, for very bigh valees of M {above T, ap-
proximately) the curve should bend down, in pccerdonce sl statistica
cvidenee. )

Expresstons alicrnative to vq. 6.6 huve been proposed, attempling Lo rep-
resent more adegoately the observed maenitudesveurnoce data {Rosens
blucth, 12461 Mers and Covaeld, 197 3), dMost of e expressions also fail 1o
recognize Lhe existenee of an upper bound Lo the magnilude that van e pen-
crated in o given source. Althoush no precise vstiniales of his upper ot
can yob be obliined, receupition of its existencer and ol ils dependence on
the peotectonic characleristics of the source is inescapabie. Indeod, the prae-
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tice of scismic zoning in the Sevict Union Las boen based on ihis concepl
(Czoviky, 1002 Ananiin ot al., 198 and In many coundries design speetira
for very imporan structures, such as nuclear rewctors or larpe das, are
usually derived from the assuraption of a maximom eredible intensily at 2
ity ot inlensdity is ordimorily olidncd by taline the masionmum of the
imdensities that resull of the site when 2 eoh of the pelential sourees an
cartbiguake with maznitude equal o the maximum TeasIble valae for thal
source it generatod 2l the meost wnfyvourable location within the same
source. When ihis oriterion s applhied po attention s wsually paid e the
uncerlainty in the maximum feasivle moagsitude nor 1o the probatality that
an carlbguake with that mazsnitude will ovcor daring a given Hine poroed.
The neod to Torwwdaie seismic-risk.relaimd delislons thal pecoam both Tor
uppor boutdds to maenitudes aml {oo ther probatibities of occurrence sug-
gesis adoption of maenitude recurrence expressions of the form:

A=k G for M, € M Ay
= ;"‘L fDr Al ﬂ-IL '
e for M > My ' (G.7)

where M|, = lowest magnitude whose contribution o risk is sipnificant, My
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= maximum fexsible magnitude, and &%) = complementary curulative
probability distribution of magnitudes every time that an event (M2 M, }
oocurs. A partivular form of G* (MY that lends jisell to analytical derivations
is: .

GHM) = Ap+ Ay exp{—LM) ~ A, exp[—{F — f;11] {6.8)
where:

Ag ¥ Afy expl—-gldy — M )]

Ay = AB - &)} exp{fd,)}

Ay = Ag oxp{—R, A, + BML) |

A w (B = exp{=F (Mg — M]3 (L —exp[~HMy— A3 170

As M tonds Lo My from above, eq. 6.7 appreaches og. 6.6, Aduption of
adeguade volues of My ard [T, permits satisfyving {wo additionat conditions:
the mauximum feasible mamnitude and the rate of variation of & i its vieinity.
When [, - =, ego 6.8 tendds o an oxpression proposed by Cornell and
Varunzreke (1069).

Yeeulatp and Kuo £1971) have applicd the theory of extremio-values Lo
estimuting Lhe probabilities thal piver maznitedes are execeded ingiven bime
intervals, They wssume those probalelities e {ib o extreme bype-l odis-
Irilsition piven iy

Far, (M) = oxp[=C(Mu— 4] Tor A < Al
=0 for M > My (6.9}

IHcre Fy, M) indicates the probabilily thal the maximum magnilude ob-
servel in f years §s senaller than AL My has the same meaning as above, and
Coand K oare zonedepeadent parameters. This distribution 18 consistent
with Lhe assumption Lhat eanhguakes with magnitudues greater than M ek
Place in accordonce with a Poisson process with mesn rate M equal Lo G e
— AN, Equdion 5.0 produces mapnitode recurrenee curves that It olasely
the statistical data on which thoy are based Tor magnitudes above 5.2 and
retucn peritrls from 1 o 38 years. even thouth the values of M. that
resull from puare statistical analvsis are not pelinble measures of Lhe uppet
bound o mugnitudes, since in many cases they turn out inadmissibly high,

For low masaitudes, only o [raction af the nuaber of shocks thit take
place is deteeted. As o consequence, devalues based an statistical informa-
tion lie below those compuled accarding to ees. 6.8 wnd 5.5 for M smadier
than alowt 3.5, Inaddition, Fiz 6.9, taken from Yectlalp amd Kuo (19741
shows that the numbers of detected shacks fit the extreme tvpe H in ey, 6.9
beticr than the extrerae Lype-l distribution implicd by eq. G.G.. coupled with
the assummplion of Pejzsen distyibution of the number of events, I i not
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clear whal portion of G deviation frem e estremae byped disteibution is
duc Lo the low values of the detectability levels and what porlion comes
[rom differences titween the actual form of varintion of X with A o that
given by eq, 6.8, The problem deserves atbention heciuese estimates of expect-
od osses due to nonstructursl damaoe may be sensitive Lo the values of X Tor
siall mapnitudes (s below 3.5 and Geeause te evpaluation af the level af
seisaic activily oo ropion is often made tedopend on the recocded numleys of
small magnitude shocks amd on assumed detectability levels, e, of ratiog of
numbicrs of detected and occeurred ecanthguakes (Kaila and Ko 1971,
Eailnol al,, 1972, 10714, .

None of the expressions for & presented in Lhizs chapter possess the desir-
able properly thot s applicability over a numbnr ol non-overtappig repions
of {the carth's crost implies e validity of an eapression of the sane furm
cver the addilion of those revions, unless some restrictions are imposced on
e paramelers of each b Por instance, the addition of expressions Jike 6.6
gives e Looan vapression of the sae Torm only if §is the smae for all
torms i Lhe sum. Similar vbjeciions can be made to g, G.5. In wha follows
these forms will be preservad, hipwever, as their mecuracy is consistent with
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the amount of available information and their adoption offers signilicant |
avantages in the evaluation of regional seismicity, a3 shown later,

6.3.2 Varigtion with depth

Tepth of provaiting seismic activity in a reglon depends on its tectonie
slrnuelure. For instance, most of the activity in the western coast of the
United States and Canada consists of shocks with hypocentral depths in the
range of 20=30 kin. In other ureas, such as the southern coast of Mexieo,
seismice evepls can e grooped into two enseipbles: one of sinall shublow
shocks and one of varthquakes with mamiiudes comptised in a wide range,
and with depths whose meun value increases with distanee from the shorcline
(Fig. G.10}) Firure 5,11 shows the depth disteibution of corthoguoakes with
mygmitude above 3.8 for the whole circum-Facific belt.

6..3.3 Stochestic models of carthgual:e occurreten

Mrean excerdance raies of piven mamiludes are expected averages during
long time- intervals, Fur decision-making purposes the times of earthouaakoe
oecurience are alse significant, At prosent those 1imes oo enly by predicted
wilhiin o prolabibistic context. . ' .

Let £, (i = 1, ..., &) be the unknown times of occurrence of carthiuakes
peneraled in 2 piven velume of the carth's erust (aring a given 1ime intereald,
aned let 3 be e corresponeding macwitades. Far the moment ibowill e as-
sumend thzt Lhe risk s umformly distributed throuzshout the given velmme,
atid honee no attention will be mid 1o the focal coordinates of each shock.

Clausical muthods of time-werios analysis have Doen applicd Dy ejflerent
researchirs attempling e devise aralytical inodels for rindom carthoguake
sequenees. T he following approachkes are often fownd in the literature:

() Ploding of histograms of waitime Gimes between shocks (lsnopofT,
TOG4; Aki, 1963), '

{b) Bvakluation of Poisson's index of dispersion, that is of the rtio of the
samjile varignee of the number of shocks o its axpected value {Vere-lones,
1970 Shtien e Tokstz, TH70) This index equals unity for Poisson pro.
cesses, is smaller Lor nearly periodic sequences, and is greater than one when
ovenls lend o cluster, )

{r)] Determination of autacovariance functions, that is, of funclions rop-
reseoting {he covarianee of tw oumbers of events abserved in given time
inlervals, expressed in terms of the tme elapsed beltweent those intervals
{Vere-Jones, 1970; shlien amt Toksdz, 19700, The autovmvatiance funciion
of u Poissan process @5 a 1icae doeliy function. This feature is characlenistiy
for the Poisson nuadel sinee it does nat hold for any other stochastic process.

{d} The hazard funclion i), defined so that f{E1 B3 the copcditional
probubility that an event wiill ke place m the interval ¢, ¢+ df) piven that
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no events have occurted before 0 1 Fit) is the cumulalive probability dis.
Lribution ¢f the time between ovents;

R{2) = f{[1 — Fii)] (6.10)
“where f(1) = 3118 0t
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osenblucth, 1371,

" 'For the Puisson model, fi{t} is o constant equal Lo the mean rate of the pro-
CO55.

6.3.3.1 Poisson modef

Most comamunly applied stochastic models of selsmicily assume thal the
cvenls ol earlhouake oceurrenes constitate o Molsson process and thal {he
M's awe lndependent and identieally distributed. This assumption jmphies
thalt the probahility of having N earthgeakes with magnitude excecding M
during time interval (9, £) equals:

pu = [expl—ry )y )Y 51 (6.11)
whoere ey s the moean rate of sxecedance of magnitwte M in the given vol-
ume, [EN s taken cyual to zero in eq. G.11. one olitains that the probabifity
distribution of the maximoum maznitude durnng time interval { is equal to
exp(—ry £). U vy is given by oq. 6.6, the extreme type-] distribution is ob-
Lainod,

Some weaknesses of this model became evidunt it the lislie of statistical
information and of an analyvsis of e plysival processes invalved: the Pois-
son assumption implies that the distributivn of the waiting time to the next
event is not muedificd by the knowledze uf the time elapsgd singe the last
one, while physical models of gradually accumulated and suddenly releasmd
cnergy cill for o nuore general renewal process such thad, unlike what THIAE
pens in the Poisson process, the expected time 1o 1he nest evepl decreases ns
lime pgoes on (Fsteva, 19540, Statistical dala show that the Iaisson [Esump-
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tion may he acceplakle when dealing with larfe shocks throuchout the
wotld {Bern-Menuhorn, 19607, implying lack of correlation belween seismicl-
ties of diffvrent regions: however, whon considering small volumes of thé
carlh, of the onder of those that can sipnifteantly contnbule to seismic risk
gl m site, dota olton conteadioy "olsson's modoel, wsoally eentse of elustering
of earlhguakes i time: Lthe oliserved numbers of shorl intervals between
evenis are signifivanily hizher than predicwed by the exponeniizl disiribu-
tion, and values of Poisson’s index of dispersion are well above unity (Figs.
6.12 and 6.13). In somde inatances, however, deviations in the opposite direc-
tion have been observed: waitine Limes tend 0 he more nearly periodic,
Poisson's ndex of dispersion is smallee than one, el the process e b
represented by 2 remews] madel, This condition has been reperted, for
imstance, in the soullern coast of Mexico (Esteva, 19700, and in 1he Kam-
chalku and Pamir—ilindu Kuosh regions {Gaisky, 1966 and 19673, The mod-
els under discussion also {2 10 aceount for clnstering in space {Tsuboi,
1958; Cajurdo and Lomnitz, 19604, for the cvolution of scismicity with
time, and for the systersatic shifting of active sotrrees alonp geologic ae-
cidents (Allen, Chaptee 3 of this booky, Qo aceeund of its simplicity, hews
ever, Lhe Polsson prosess model proviehes oovaluable tool for the Tormulbation
of some seinuic-rish-relaled deasions, parlicularly of toese that are sensitive
only 1o namitwles of evenls having very long retdrn periotds.

6.3.3.2 Trizgyer madels

Statiatical analvsis of waiting times belveen carthauakes does now favor
the mioption of the Peisson model or of other fotms of tonewaf processes,
such as hose that pssume that wailing Geves ave toalosely deponrest will
lopnormal or gammedisteibutions (Shlien and Toksda, TUTOL Altermative
mededs hive been develaped, most of them of Lhe "tripaer Ly pe {Ven-dones,
1970). 1.6 the overall process afl ecarthguske generation is considensd as iw
superpesition of a number of time seties, each howing a different origein,
where the orizin Hmes are the events of @& loisson process. in penend, by &
Be the number of events that (ke place dutingg tinee mecval (0, 4), 7. = orl-
gin time of the mith serices, W (8 1,00 the correspobding namber of cvents
o instant &y and a; he sodam nmber of Lime series iitiated in the
interval (0, 1) The wetal numibey of events thal ocowr before insjant ! i e

h

o
Ne=2o W it 1) o - (6.12)

Ly ] 3

I{ origin times are disiributed according to a homogeneoils Meisson proeess

wilh mead rale e, amd oll W % are idenlically distrilanted stachastiv prrocesse
with respect {o (8 — 1, ], it can Le shown (farzen, 19062) thatl the mean aid
varianee of &N cin be oblained {rom:

{
E{Ny= s fglu'{:. 3)ds (6.13)
o
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\ .
var {N1=:rf::{u'2n, 7}ds . (5.14)
4]

Parzen {1962) pives also an expression lor Lhe probiability generating fung-
tion Yy {7 1) of the Jistribution of M in tenus of Yy (252, 7Y, the generat-
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ing funclion of cach of the component processes:

] .
OnlZi ) s exp (et + v [UglZin 7)de) (6.15)
Ly}
where:
2t 1)+ ¥ 7 pLRtL 1) = ) (6.16)
n*Q

and the probability ass function of N can Le obtained from g, (25 £ by
recatling that:

“
Gz t) = 2o 2PN = n)
a=Q

expanding ¥y in power series af Z, and Llaking PLNV = #} cqual te the coef-
ficienl of 27 in that expansion. For instapcee, if ic is of interost wo -;o'n;:utc
P{N = 0}, expansion of @, (4 1) in a Tuylor’s series with respect to £ =0
leads Lo

UnlZ:0) = Ol0:0) F 205 00+ ZL R0 o (6.17)

where the prime signifies derivative with respect to 2. From the definition of
Cu, PV =0)= g (001D

Decause the component proeesses af "Lrigger’ l:, |we Limne series appoar over-
appoed In sanple histories, their analytical representation vsually entials
stiely of a number of altermative nredels, estimation ot thedr paaeeters, and
comparizon of mudel and sample propertics — oflen second-order properlivs
(Cox and Lewis, 1VG0).

VereJones miodels. Applicability of some peneral “rirer” models to Tep-



201

resent tocal selsmicity processes was discussed ina comprehensive paner by
Yere-Jones (10700, who calibrated them mainly ag¢ninst records of sclanste ac-
livity i New Zealand, In addition to simple and compound Poissan pro-
cesses (Marzen, 1962), he constdered Neyman-Seott and Bartlett-Lowis mod-
els, hoth of which assome that carthgquakes geete in elusters and that the
number af events in cach cluster is stecasttcally independent of s ongin
time, In the Noyman-Scott mothd, the process of clesters s assumoed station-
ary and Poisson, and ecach cluster s defined by pay, the probalniily mass
Tunction of s mumber of events, and A, the comulative distribution fune-
Lian of the Ume of an event cormeaponding to a given cluster, measured from
the eluster origin, The Hartlet-Lowis mode] 38 4 speeial ease of the former,
where cach elusier is o renewal vrocess Lhat ends afler a finile oumber of
renewals, To wse muodels Lhe conditioral probabilicy of an event taking
place during the intereal (8, ¢ + i), piven thal the cluster consists of N
shocks, s vquoad to NNl whers M) = dA{)BL.

Because elusiers overlap in time they cannetl casily be idenlified and

separatod, Estimation of process parnmeters 18 acenmptished by assuming
dilferenl 2oty of those parameters andd evaluating the corresponding poodncss
of fit willt alserved dada,

- Various alternative forms of Neyman-Scotl’s podel were compared by
Voerc-dones with oliseoved datn on the hasis of fimst ond second-andler stalis-
ties: hodard funclions, interval distoibutions (in the form of power spectra}
apd varionnor Lme curves, The statistiea! record comprises about one thou-
sanedd New Zealand -*arlhqu.ﬂwﬁ with magmtudes proater than 4.5, recortded
from 1912 1 1961, Figures 6.13—0.15 show results of the analysis [or shal-
Jow New V-L‘nlland shocks as well as the comparison of observed Jdata with scv-

0.4
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Fir, 6.1 Smoathed pericddopram for New Yealond shallow shocks. {Aler Yere-Jones,
1956}
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eral aliernative mondels, The process of cluster arjins is Poisson ig all COsrs,
but the distributions of cluster sizes £ and of (ines of evenls within clys-
Lers differ among U various instenees: in the Poissan model o clistoering
tiukes place {the distribusion of X s a Dirae Jolia funetton centered 2t X a 1)
white in the exponentizl and in the powerdaw maodels the distribution of A is
extremely shewed towards NV = 1, and Aff) is 1aken respechividy as 1 — g M
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and 1 — [cfle + t3]° Tor t 3 0, and as zere for £ < 0, whore X, e, and & are
posilive paramelers. [n Figs. 6.13—6.15, & = 0.25, ¢ = 2.3 days. anddl A =
0.061 shocksfday. The sipnificance of clustering is evidenced by the high
value of Puisson’s dispetsion index i Fig. 5,12, while ne sivmficant poeriod-
icity can be inferred fromy Fic, G141 Both fitures show tha! the power-law
model prowvicdes the best Tit 1o Lhe stolistws of the samphes, A simlar susalysis
for New Zealand's deep shocks shows much less clustering: Poissan’s disper-
sion Mdex oguals 2, amd the hazard Tanction s oearly constanl with time.

Sl daba reported by Gaisky (19671 have hazard functions that susrest
models where the cluster origins as well as the clusters themselves miay be
reproscnted by renewnd procesies. Mean return periods are of the order of
several maonihs, and henwe these processcs do not correspond, st least in the
lime scale, o the process of alternate poriods of activity and guisscense of
so1ie peolopical stiacluees cibid by Rolleler vtal (1273 ) which luse bed to
the concept of “lemporal seismie gaps ', discussed nvtow,

Simplified trigper poedefss Shlten and Toksde (Y9700 proposed a simple
particular case of the Neyman-Scotl pracess; they himped topether all carth-
ruakes takinge place during nom-overopping tioee intescds of asiven et anl
dofined e as closters Tor whicl A was o Lvae ol Punetion, Worling
wilh onebiy inlervals, Ly assumed Lhe pumber of events per clusicr Lo
e distribaled in aceordanee witl (b diserete Pareto Yasw and applicd o o
mut-litefilood  eriterion 1o the jnlopmatine econsicting of 35000 parhe
guakes reparted by the USCGS from Jonuary 1971 Lo Avogust 1065, The
yncddel proposed reprosents reasonably well Dot the distribsation of the pume
ber of carthguakes in oneday intensls and the dispersion nmdex. Hwesr,
owing 1o the assiimptien thal no ciuster Lists more than one day, the ineies)
fzils 1o represent the antecorrelation fupcelion o the daily oumbers of
shocks for small time lags, The degrer of clustering is shown to be a reptional
function, and Lo diminish with the e nitacle threshoddl wilue and with the
focal depth,

Aftershack sequences. The tripuer processes deseriliedd have been branded
as reascnable representidions of Topiona seismie aetivily, even when after-
shock sequences and carthquake swarms are suppressed [rom statistical
Creconds, however arhitriary that suppression may be. The most sivnificant
instances of clustenny are related, however, 1o allershock sequences which
often Toflow shallow shuagks anet only rarely inlennedinte and JGeep vrents.
Tersistenee of Jarge oumhers of altersiocks Tor o few days or weeks has
propitiated the detaikad slatistival aoalvsis ol Lhose sequences sinee last
cenlury. (mort {159 painued out the deeay i the mean rote of afier.
shock occurrence with , the Linwe elupeed since the main shoeks he expreised
that rate as inversely proportional Lo £+ g, waere g is an #mpirical constant.
Utswt (1901 proposed o more geueral expression, proportional ta (0 + ) F
where §is o constant: Utsu's proposal is consistent with the powerdaw ex-
presston for M) presentad shove.
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Lomnitz and Hax (1965) proposed o clustering model to represent after-
shock setquences: it 5 3 modilied version of Nevman and scott’s modcl,
where the process of cluster oripins is non-hemosencous Poisson will mean
rale decaying in ovcordapce wilh Gmotr's Low, the number of evends ineach
cluster has a Poisson distribution, and A is exponeniial. All the resulis
an<d methods of analysis descried by Vere-dones (1970) for the stationary
process ol cluster ariging can be applicd Lo the nonstationary case throush a
transfermation of the Lime seale. Filting of paramreters to four alcorshoek
sequences was accomplished through use of the second-grder information of
the sample defined on a trinsformed time seales By applyving this eriterian to
earthquake scis having masnitudes above different thresholl values il was
noliced that the depree ef clusteniog decreases as the threshold value in-
CroNGes.

The mamnitude of the main shock inflluences the number of altershocks
andd the distrilndion of their maggituedes and, althoueh the rate of activity
decreases with Lime, the distribuation of magnitudes remnins stable throush-
out each sequence (Lompitz, 196G; U, 1062 rakepoulos, 1971 Egua-
tion 6.5 represcnts fuirly well the distribution of magnitudes observed n
muasl aftershock seaurnees, Yalues of 3 raage from 0.0 to 3.9 und deerease.
as Lthe dopih inercases. Since values of 3 for sepular (men) exrthguakes are
uswally  estimated  from relatively sl numibers of shocks penerated
throushiout erusd volumes much wider than (hese acetive durmg alletshock
sequences, ao relation las been estabiialeg o Jvilees Tor serics of bhoth
trpes of events, The parameters of Ulsu's oxpression for the deeay of after-
shock activity with Line Lave been cslimated for several scopences, fur ine
stance Lhwse foflowine (e Aleation carthegoake of Sorek 90 1957, L Cen-
tral Alaska curthouake of Apnil 7, 1858, and the sonthesiem Alasks earth-
gquake of duly 10, 1958 {Uisu, 1262) willh magnitacdes voual te AN
amd 7.8, respectivelys o {in doys) was 057, 00 and Q02 while ¥ wns 1.05,
1.05 and 1.03, respectively, The relationship of g wolal numibe of after-
shocks whose maynitude exveeds o given valiee winth the mugpitude ol the
main shock was studicd by Drakepoulos (1957) for 1410 aftershock se-
guences i Grevee from 1912 o Y988, 1Ns resufts can be expressed by
MAD = A exp{--3M), where NM) s the todal number of aftershocks wilh
mapnilude greater than M, znd A s a funcdon of M, the magnitude of the
main shock:

A=exp(3.62 5+ 110y — 3.46) (6.18)

Formulalion of stochaslic provess models Tor given carthouale segquenees is
feasible vnee this relationship and the avtivity decay Lew are aviulalabe for the
sonrce of interestl, For soismic-risk estimatinn ol a given site the spatial dis.
tribution of aftershoecks may Y as sipnelcant as the distrilation of mag-
nibuddes amd the time varalion ol activily, patticulady for sourees of rela-
tively large dimensions.
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6.3.3.3 lencwal proeess models

The trisger models deseribed are based on infermation ahout earthquakes
wilh magnitudes sbove relatively low thresholds recorded during time inter-
vals of at most ten years, The degrees of clustering obizerved amd the dis-
trbulions of times between elusters cinnot be extrapolated 1o hizsher mag-
nitude Lhresholds amd lonper time intervals withoot further study, :

Available information shows heyoml doubl that significant clusiering is
the rule, ot least whoen deabing witih shiallow shocks. However, Lthere s con-
siderable pround for discussion on Vhe nature of the process of cluster ortpine
during tnternvals of the order of one century or lorgaee. While lack of stabisti-
cal daty hingers the fermulation of seizmicity modeis valid over longo time
intervals, gualitative consideration of the physical processes of varthguake
generation may point to models whicl al least are consisient with the siate
of knowledpe of peaphysical sciences, Thas, il strain cney stored e a e
gion grows in a maone or hess sysbemalic muner, the hagand funcuien should
grow with the Lime elepsed since the Tnst ovenl, and et rennun constant as
Ahe Poissen ussumption imphes. The eoncept of a prowing hazd funetion is
cansistent with the conclosions of Relleher el oal, (1973} conveming the
{theory of periodic aclivation of seispric peps. “Yhis toeory is partially sup-
ported by resulls of nearly qualitalive analyvsis'of the mivration of seismic
aclivily along a number of fealopical struetutes, An stance s provided by
the soulthern const of Aexico, oo of the most aclive cegiops in the warld,
Larpe shollow shocks e peoerabed prolably by the interaction of tee cons
tinental mass and the sulkloctive oceanic Coces plale that underthrosts it
and Ly comprosspee or Qesaeal foluee of the latter (Chepter 23, Selsimaolopi-
cal data show sipnificant gops of activily along the coast darine the present
cenlury sl not mach is hnown abaut poevious history (Fips GG Along
these paps; scismicrisk estimates based solely on obwrved intensilios ae
guile low, although no staulwant difference s evident in the peglogieal
siructure of these regions with tespecl Lo the rest of the const, sove some
transverse faults which divide the continental formation nie several hlocks.
Without looking ol Lhe stadsiieal records o goojthvsicist would assign eoual

*risk throughouot the arex. On the bass of sesmdcity dota, Kelloher et ol have
concluded ol aclivity mideates along w egion, in stch a manner thal large
carthquakes tond Lo oceur 31 seismic paps, thus inplying that the hazoed
Tuaection srows with Lirwe sinee Whe last carthquake, Similar phengmena nave
bicen obsorved 10 othwr regions; of partivular interest is 1he Morth Anatatian
Fault where activity has shifted sysiematically atong it rom east tu wooesl due-
ing the laslt Torty years (Alben, 190G ),

Conclusions rolative to actvation of semicgaps are controversiid Deeguse
the abservatitnt poriods have nob exceeded one eyele of cach process. Never-
theless, those conclusions point o the formulation of stoviustie models of
seismicity thiad rellect plausiinice features of the ceophysteal proce-ses.

These considerations sugeest the use ol renewalpwocess models o ep-
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resent sequences of individual shocks or of elusters. Such models are char-
actevized because times belween events are independent apd identically
distributed. The Poisson process is a panticular resewal mode! Tor which the
distribution af the waiting tiue is exponential, Wider generality is achicved,
without much loss of mathempatical tracizbility, il inter-event Limes are sup.-
posed Lo be distributed in accordance with a gamma fonction:

frf) = Er:ﬂ;fl'!}"‘ (6.19)
which berones the exponential distribution when & = 1. I & < 1, short in-
tervals are more frequent and the cocfficiont of variation is greater Lthan i
ihe Poisson model, if 11 > 1, the reverse is true. Shtten mel Tolistz (1970)
found that patnmid models were unable to represent the sequences of in-
dividua! shoacks they apalvzed: bul these avthers hapdled time interyils ot
least an order of miagnitode shorter than those referoed 1o this sectian.

On he Lasis of hoagard Tunction estimated rom sequences of small shocks
- in the NHindu-Kush, Vete-dones 119703 dedaces (he validity of ‘hranching
renewal process” models, inowhich the ntersals between clusler centers, as
well as Lhose between eluster membwers, constibuate renewal processes.

Owing to the scarcity of statistival inforination, reliable compurisons he-
tveen alternote models will buve to rost partiadly op stmulation of the pro-
ci'ss of storage and liberation of strain coengy (Burridze aoud lonopolT, 1967
Veneziant and Comell, 377 3). ' )

.04 Fnflivence of the seisizicity model on sefsmie risk

Nominal values of investimenls made ab 3 piven instant inceease with Lime
when placing them at cempoun] interest rates, e when capitelizing them.
Their real value — angd not only the nompat ene — witl also prosw, prosvided
the nderesd rale overshadows infation, Conversely, Tor the parpose ol mak.
ing design decisions, nominal values of expected Glitities and cosls inflicted
uprent i the future have (o e eonveried oo present oF aetdalized values,
which can b directly comparzed with initial expenditures, IDescriptions of
seismic risk at a site are nsufficivat for that purpose unless the probability
distributions of the times of vevurrence of different intensitics = ar mae-
nitudes al neiphbouring sources — are stipubated: this entails more than sim-
ple magnittde-recurrence graphs or even thag m'nlmum fensible magnitude
eslimalos.

Immediately after the ovruerence of adarpe Earthqu:tkc seismie risk s al»
normally high due Lo afterstoack activity awd o the' prohabilicy that danuge
infhicted Ly the main shock eov have weakened nidural or man-made strye-
Lures il cmergenty measune: goe nel taken in Liime, When altershock activiey
has ceased nnd alamaed sysiems hoave Been repained, 8 vermad gk Jovel s
attuined, which doepends oo the probability-densicy functions of the waitipe
tinmes Lo the cnsuing damaging cartiiahes.
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For the purpose of llustration, let it be assumed that 2 fixed and deter-
ministically known damage 1, ocenrs whenever o muinitude alove a given
value is generated ab 3 given source. IE f(1) is the probability -<density funciion
of the wailing thue to the occurrence of the damaging event, and i€ the risk
Level is sufficiently low that only Lhe Miest failure s of concenn, Lhe expected
value of the aclualized cust of dammie s (see Chapreer 992

I]=1};,f e ML)l
1]

{6.20)

where ¥ is the discount (or compound inlerest) coclficienl and the overbar
denoles expneelatton, I the process is Poisson with mwan rate v, then fid) i
exponcential and Frm gy ey however, if damaping events take place in
clustoes atel maost of the damace produced by each cluster correspands 1o il
First vent, the computation of 12 should moke vse of the mean rate e eor.
responding to the clusters, insbesud of that applicabie 1o Individus! overts,
Tabile 6T shows a comparison of scismic risk delermined under e altern.
ive ossumprions of a Porsson and a gaoumna moeddel (& = 20 both with the
e mein peturn poeciod, e [Eskeva, 10705 Three descriptions of riskoare
presenbed ag functions of the time £, ehypeed sinee the Jast damaoaeing event:
Ty, e cxpeched time to the next event, messdred from instant £y Uhwe ex.
prected vulue of the prisent cost of Tailure computed Trom ee. 6,20, and the
hazaed function {or mean failuee raley, Since clostoriong s aelected, nisk of
allershock ocrutrence must be cither apeludetl i 2y or sapernmpaased on
{hal disprilayed in e Gible,
This Laltle shows very sipnificant dillerences among risk bevels Tor both
processes. AL small vilues of £, i3k s lower [or Uw gamana process, but il

TALLE G

Comporisan af Pojscen ] mnn proeesses

iy vk ".F:l ok Poison prrocess, ko= 1 Wlfe 1y el Gamma process, b =2 Wk
DY, 10y "t
Fhie= 10 L= 100 yhfew 10 b= 100
0 1.0 ©  0ODn27H 0.0001 4]
0.1 D92 T D51 ooiG 0.347
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grows wilh time, until it outrides thyt for the Poisson process, which remains
constant. The differences shown clewrly alfeetl engineering decisicns,

6.4 ASSESSMENT OF LOCAL SEISMICITY

Only exceplionzlly can magnitude-recurtence relations for small volumes
of the carlh’s erust and slatistical corrclation funclons of the process of
earthquake genveation be derivid exclusively from statistical analysis of
recarded shocks. In most cases this information s toc el for thatl pur-
pose and it iloes noL always retlect geolepical evidence. sipee the Tutder, s
well as its connection with seismicity, 13 besel with wrle oneerlainty mar-
gins, information of different nature has 1o be ovaluated, ity unceriainty
analyzed, 2nd conclusions teached consistent with olf preces of infuroation.
A protabilistic eriterion that aecomplishes this is presented herer on the
Basis of protectonic data aml of conceptual models af the physical processes
involved, a sel of alpernate assunplions can be mapde conrerning e fuges
tions in question {magnitidde recutrener, Ume, and space correlntion) and an
initial prefability distribution assivocd thereto; statistieal information
is used 1ov Judime the likelihood of cecl assumplion, and g posterior prol-
ability distrilution is otiained. How statisticnl information comtibates to the
posterinr prababilities of the altermate assumptions depends oo'the extent of
that infomation and oo the depree of apcertadney fmplied Dy the il
probabilities, Thus, if peolopical evidence supports confidence I a particulor
assumptinon or moge of assumpiions, stadistical information should Kot
prcatly muoddify the ipitiat prosalalivies, 1, on the otber handdy o oo and
relinble statistical record i availalde, i practically determiines the form aml
parameters af the mathematical moelel selected 1o pepresent local seismuicity,

G.4.1 Bayesign cslimation of sefsmicily

Buyesinn slatisties provide o fmmework for probabilistic inference that
acrounls for poer prot ©-Llies assizned lo a set of alternoie hypothetical
moddels of a given ples. . enon 28 weil as for siatistical samples o events ro-
Taled to that plienoosesen, Unlike conventionad methods of statstieal is-
ference, Boavesian methods pgive weichl Lo probability measutes oblained
fram samptles or from olher sourves; numbers, coordingtvs aml macoilndes
of carthouakes obsorveld To piven time intervals serve G asecrlnin the prob-
able validity of cach of the alternative models of loeal setsmiceity that can e
pivabulatedd o the proovnds of ceological evidened, Ay eniterion intoaded Lo
veloh information of diffeoent soture s Qifferent degrees of uncertainty
should el 1o prolmhilistic conciusions consistent with the degree of con-
fidenee ablached to cach souree of information. This 15 accomplizhad by
Boyesion mothods.
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Let H, (i = 1, ..., n) be a comprehensive set of mutually exclusive assump-
tions concerning a given, imperfectly known phenomenon and let A be the
obsened cutcome of such a phenpomenon. Before abserving outcome A we
assign an initial probability P{/{) to cach hypothesis. 1If P{AiH)) is the
probability of A in case hypothesis H, is true, then Bayes' theorem (Rmifa
and Schiailer, 1968 states that:

PLAIH)} .
PUINA) = U S0y ma i) | (6.21)

The first member in this eguation is the {posterior] probability thal
essumplion ff; is true, given the chserved ulcome A, )

In the evaluation of seismic risk, Bayes' theprem can be used to improve
initial estimales of A{A) and its variation with depth in 2 given area as wellas -
those of the parameters that define the shape of XM or, equivalently. the. .
conditional distribution of mapnitudes given the occurrence of an earth. «
quake. For that purpose, take ALM) as the product of a rate function A, =
(ML) by a shape function G*{ALB}, equal to tlic conditionnal complemen-
tary distritaition of magnitudes given Lhe occurrence of an carthquake with
A > My where My is the magnitude threshald of the set of statistical data
uscd 1 the estimation, and 8 is the vector of (uncerlain) paromelers By, .
B, that define the shape of AiM). For inslance, if A(M} is taken a3 given by
cg. 6.8 A is u veclor of three elements cqual respectively to 8, 5y, and My
if eq. 6.9 is adopted, B is defined by & and M,

The initial distribulion of seismicity is in this case expressed by the initial
jeint probability density function of hy and B: £, B). The ohserved out-
come A ecan be expressed by the magnitudes of all carthguakes geperated ina
given source during a given time inlerval. For instance, suppose that NV earth-
quakes were ghserved during Uime inlerval £ and that their magnitudes were
my, My, .., My Bayes” expression 1akes the form:

[m,, My, o, My Ay, B

S my, Mg, .. sip s 2L, b {L0)EIED
(6.22)

where £() is Lhe posterior probability density function, and | and & arc
dummy variables Lhat stand {or all vaiues that may be taken by k, and B,
respectively, Estimalion of hy, can usually be formulated independently of
that of the other parametors. The observed fael is then expressed by M, the
number of earthquakes with mapnilude aboye M| during lime !, and the
following expression is olbtained, as a {irst slep in the estimation ol MM):

' ‘ AN I..-' I|:'~L}
PN ) = F ) RN O ihat

&.4.1.1 Initia! probalilities of hyvpoihelival models
Where statistical informalion is scarce, seismicily estimates will be very

FO, Blmy, gm0 = Fihy, B) =7

. (6.23}
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sensilive to initial prohabilities assisned to altemative hypothetical meodels,
the opinions of geclogists and grophysicists aboul probable modoels, about
the parameters of these models, and the corresponding margins of uncertain-
ty should be adequately inlerpreted and expressed in terms of a funclion /7,
as required by eguanons similar te 6.22 and 6323, ldeally, these apinions
should he based on the formulation of potential earthquake spurces and on
their compan:on with possibly similar geotectonic struclures. This is usually
done by gealogists, more gualitatively than guantitztively, when they estj-
mate Af-. Inmitial estimates of A are seldom made, despite the sipnificance of
this parameter for the design of mederalely important structures (see Chap-
ler O).

Analysis of geologca! Information must consider local details as well as
general structtire and cvolulion. ln some arcas it 15 clear that Wl polential
earthguake sources can be identified by surface faults, and their displage-
“mends in recent geolopical times mepsured. When mean displiwementis per
unit Lime can be esiimated, the order of magnitude of creep and of energy
liberated by shocks and hence of the recurronee intervals al piven maThi-
tudes can bLe established {Wallace, 1970: Davies amd Broupe. 19711, Lthe cor-
responding uncenalinly evalualed, and an initial prohability distribution as-
signed, The faet tha: magnitide-recurrence relations are only weakly cor-
related with the size of recent displacements is reflected in large uneertain-
Lies (Pelrushevsky, 19645),

Application of the criterion described in 1the Tortepoiag parzgraph can be
unfeasible or inadeqguite in many proflems, as o areas where the phundanee
of faulls of different sizes, ages, and activity, and the Insufficient decuracy
with which foral conrdinates are determined preelude a dilferentiotion of al
sources, Regional setimicily may then be evaluatex! under the assumption
that at least part of the seismic petivity is distribated in & given volume
rather than concentrated in faults of different importance. The same situa-
tion would be faced when dealing with aciive zones where there is no surface
evidency ef motions. Honee, considoration of the overall behavior of eom-
Mex prological siructures 15 often more signilivanl than the study of local
details,

Jeot much work has been done in the analvsis of the overall hehavior of
Iarpe peological structures with respect to the encrgy that can be expected
1o be lilerated per unil velume and per unil time in piven portions of those
structures. Impartant research and applications should be expreted, how-
ever, since, a5 a resull of the conttibution of phite-toctonics theory Lo the
understanding of larpe-seale teclenic processes, the numeriesl values of some
of the variables correlated with encepy liberation are beiny determined, and
can be used ol least 1o oblain erders of magnitude of expeeled activily alomr
Plale boundanies. Far less well underaslood are the oceurrence of shacks in
apparently inactive ripions of continentz) shields and the behavior of com-
plcxl continental Blocks or repions of intense folding, but cven there snme
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progress s expected in the study of accumulation of stresses in the cpoest.

Fnowledge of the peological structure can serve to formulate initial prob-
ability distributions of seismicity even when guantidative use of geophysical
infermalion secems beyvond reach. Initial probability distnbutions of local
seismicily paramelers Ay, A in the small velumes of Lhe ecarth’s crust that
contribute” significantly to seismic risk at 2 site, can be assigned by com-
parison with the sverage selsmicily ohserved in wider areas’ of similar Lec-
tonic -characteristics, of where the extent and completencss of siatistical
information warrant reliable estimates of magnilude-recurrence  cures
{Esteva, 1969). In this manner we can, for instance, use the information
about the average distribution of the depths of earthquakes of different
magnitudes throughaut a seismic province Lo estimaie the cerresponding
distribution in an area of that province, where aclivity has been fow during
the observation interval, even though Lhere might be ne apparent peephysical
reason toaccount for the dilference, Similarly, the expected value and cocfli-
cient of variation of-A, In a given ared of moderate or low seismicity (asa con-
tinental skicld) can be oblained from the statislics of the motions orignated
at all the supposedly stable or aselsmic tegions in the world.

The significance of initial probahilities in seismic risk estimates, apainst
the weight given to purely statistical informalion. becoines cvidept in the
example of Fig. 6.18: if Keileher's theory abyout zclivation of selsmic zaps is
true, rish 38 preater gt e 2ans than anywhere elee 2lonp the coast: if Poisson
models are deemed represeniative of the process of enerpgy liberation, the ox-
tent of statistical information is encugh to substaptiale the hypothesis of
reduced risk at gaps. Because both models are still controversial, angd rep-
resent at most two exlreme positions concerning the properlies of the
actual proress, Hisk estimates will necessarily reflect subjective opinions.

6.4.7.2 Significance of stelistical information

Estimation of k. Application of vq. 6.23 to estimate )y independently
of other paramcters will be Mirst discussed, because it is a relatively sunple
preblem and because X s usually more uncertain than A and much more

50 than f.

- A model 25 deflined by eq. 5,19 will be assumed 1o apply. IF the possilde
assumplions concerpning Lhe vajues of & econstitute 2 continuous interval,
Lhe initia} prolmabilities of the alternmazive hypotheses can be expressed in
terms of a probability-density function of Ay, 1f, in additicn, & certain as-
sumplicn 5 made concerning the form of this prebahilily <lensity Junction,
only the initial values of L3 ) and V(&) bave to be assumed. 1t is advanta-
Eeous to assion to v » R/E{T) a gamma distribution. 'Then, if 2 and p ore the
paramelers ol Lhis inilial distribulion of ¢, if 1 is assumed to be known, and
if the observed outcome is expressel as the lime ¢ elapsed during 7 + 1
conseculive evenls (cartheguakes wilth magnitude =M, ) application of eq.
6.23 leads 1o the conclusien that the posterior prohability funclion of v is
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alse gamma, now with parameters p + nk and ¢ + f,. The initial and the
posterior expected values of ¥ are respectively equal to pfu, and to (g + ak)f
{uz + I,). When initial uncertainty aboui v is small, p and p will be large and”
the initial and the posterior expected values of ¥ will not differ greatly. On
the other hand, if only staistical information were deemed sigmiicant, g and
p should be given very small values in the inilial distribution, and E{e), and
hence Ap, will be practically defined by n, &k, and t,. This means that the
inilial estimates of peclogists should not only include expected or most
probable valbes of the differant parameters, but also statements about ranges
of possible values and degrees of confidence attached to cach.

In the case studied above only a portion of the statistical information was -
used. In maost cases, especially if seismic activity has becn low during the
observation interval, significant information is provided by the durations of
.lhe inlervals elapsed from the initiation of observations ta the first of the'n +
) events considered, and from the last of these events until the epd of the

. ohsen'atmn pennd Here, application of eq. 8.23 leads to expressions shightly
more complicated than those obtained when only information about i, is
used. |

The particular case when the statistical rocord reports no events during af
leagt an inlerval {0, !y) comes vp freguently in practical preblems. The
probabilitydensity functien of Lhe lime T| from t; to the occurrence of
the first event must account for the corresponding shifting of the time axis,
Furthermore, if the time of occuwrrence of the last event hefore the arigin is
unknown, the distribution of the wailing time from ¢t = 0 0 the first event
coincides with that of the excess life in a renewal process at an arbitrary
value aof ¢t Lhat approaches inlinity {Parzen, 1962). For the parcticular case
when the waiting times constitute a gamma process, T is measured lrom i =
0, T i5 the waiting time between conseculive events, and it is known that
Ty = tg, the conditional densily function of r, = (T —(,}/E(T} is given by
eq. §.21 {Esteva, 1973), where by = 1/E(T):

X
E —-— [hfe + ug)]™"1

fry GulTy1 3 £o) = "":{ — ) e (6.24)
"?:‘;1 = {ﬂ 1]1 “ t-l'g]-‘l—:l

v

Consider now the implicatians of .Bayesian analysis when appliced o one of
the scismic gaps in Fig. 6.16, under the conditions implicit in ¢g. 6.24. An
initial set of assumptions and corresponding probabilities was adepled as
deseribed in the following. From previous sludies referring Lo all the south.
ern coast of Mexico, Jocal seismicity in the gap arca (measured in terms of
A for M &> 65) was represenledt by a gamma process with & = 2, Ap initizl
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probability density function for # was adopted such that the expected value
of X{6.5) for the repion coincided with its average throughout the complete
seismic provinve, Two values of p were considered: 2 and 10, which cor-
respond to coefficients of variation of 0.71 and 0.32, respeclively. Values in
Table £.011] were obtained for the ratio of the [inal to ihe initial expected
vilues of », in terms of 1.

The last two columns in Lhe lable contain the ratios af the computed
values of E°(T|) and £°{T) when » js laken as equal respectively to its initial
or lo its posterior expeeted value. This table shows that, for p = 10, Lhat is,
when uncerfainty altached to the freologically based assumplions is low, the
cxpected valua of Lhe time Lo Lhe next event keeps decreasing, in accordance
with the conclusions of Kelleher et zl. (1973). However, as time pocs on and
no events occur, the statistical evidence leads 1o a reduction in the estimated
risk, which shows in Lhe increased conditional expected values of 7. For p=
2, the geologieal evidenee is less significunt and risk estimates decrease at g
faster raie.

6.4.1.3 Bayesian estimation of jointly distributed peramciers

In the general case, estimation of B wil]l consist in the determination of
the posterior Bayesian joint probability function of its components, taking
as stalistical evidence the relative frequencies of observed mapnitudes. Thus,
¥ event A iz deseribed as thoe oceurtence of N shocks, wilh mapnitudes
my, .., my.and b, (i = 1, ..., r) are values that may be adoptidd by Lthe com-
ponents of veetor & being estimaled, eq. 6.21 becomes:

FlDye ooy BB, ooy By)
Jo Pfatug, o, w, WA g, oy iy, o, die,

rﬂr['blt e brtl"i'] = {525]

where P{Aluy, .., u,) is propottional to: ‘

»
H Elmluy. o 1}
=1

and glm) = —o G *{m)}am.

Closed-form solutions for f7 as ghven by eq. 6.29 are not {rasible in general.
For the purpose of vvaluating risk, however, estimates of the posterior fimst
ad second mmoments of {7 can by obtained from eq. £.23, making use of
available Nist-order approximations [Benjamin and Comell, 1970; Rosen-
blueth, 1973) Thus, the posterior expected value of B, is given by § {3 (&)
i du, where f;J[u,-] = o f fufty, o, 1)) Ay, o dieg, and the maltiple inte-
gral 15 of order r — 1, bocause it is nol extended to the dominjon of B,.
Hence;

LalB AL, ... B)]

BB =" v, B - (6.28)
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TABLE G.1

Baymian ralimates of seiemicity in one soismic pap -
up = 1p/E(T) E{viE () ENT T = L WE(T)
p=2 £=10 pa2 p=10
1] 1.0 .o 0.75 0.75
01 D85 0.99 076 0.714
a5 075 0.4 051 <071
1 - 0.58 Q.87 1.14 0.73
5 020 0.54 a.11 1.05
10 0.1} 0.36 5.47 1.55
20 0.06 0.22 10.50 248

where £ and E* stand Tor initis] and posterior expectation, and subscript B
means that expeclation:is taken with respect to all the components of 8.
Likewise, the {ollowing posterior moments can be oblained:

Covariance of B, and 8;

Ey[BB,P(AB,, - B,)]
T Ealf(A18,, .., B

Expected value of A(Af) -

E"[Aa)] = EV(ET[G* {8 BY)

Fﬁ-lc*ta‘f B]-P':f’l fB1 » e 'Br_l.}
TELPAIE, ]

Cov''{B,. H,) = — E"{H)}E"(];) (6.27)

= E' ()=

Marging! disiributions. The posterior expectation of A{M) s in some vases
all 1hat is requircd fo describe seismicity for decision-making purpgses. Of-
ten, however, uncorlainty in AN} must also be acounted for. For instance,
the probabilily of exccedance of a given magnitude during a given time inter-
val has Lo be obtained as the oxpectation of the corzespanding probabiiities
over all alternative hypetheses conceming A(M) In this manner it can be
shown that, if the pecurrence of ecarthguakes is a Poisson process and the
Bayesian distribution of A, is gamma with mean X and ¢oelficient of varia-
tion Vy, the marginal distribution of the number of carthyuakes is negalive
binoinial with mean Ap. In particular, the marpinal probability of zerp
evenls during time interval f = cquivalently, the complementiry distribulion
funciion of the wailing time between events ~— is cgual to {1 + (47)7"
where r™ = Vi? and 1" = r"fA.. The marginal probability density funclion of
the waiting lime, thal should be substituted in eg. 6.20, is A (1 + ¢/217)™" 77,
which tends Lo the exponeatial probability function 2s ¢” and (" tend to
infinity (and V|, -~ 0) while their ratio remains equal to Ay,

r

(6.28)



215

Bayesian uncertainty tied to the joint distribution of sl seismicity param-
cters (Ap, By, ..., B,) can be included in the computation of the probability .
of occurrenee of o given event Z Ly taking the expeetation of that prob-
ability with respect to 2ll parameiers:

P2y = E;,Ih,[f’{zlj: Ay By, ... B {6.29)

When the joint distribution of A, B stems from Bayesian analysis of an
initial distribution and an observed event, .1, this equation adopls the form:
[F(Z1X,, BYP(AIN, B)]

s wn [POATR, Bl
where " and " sland for initial and poslerior, rospeclively. -

Spatiel veriebility, Figure 6.17 shows a map of peoleclonic provinees of
Mesico, according te F. Mooser. Each province is characterized by the larpe-
scale features of its tectonic struclure, but significant local perturbations Lo
the averall patterns can be identified. Take for instonce zone 1, whase
selsmateclonic features were deseribed above, and are schematically shown
in Fiz. 6.18 (Singh, 1973): the Pacilic plate underthrusts the continental
Llock and is thought to break into several blocks, separated by faults trans-
verse 1o the comst, that dip ot different angles. The continental mass is also

o
Pz = 2P {6.30)

T e

Ir
L e sy

LR L 3T 1 1Y

Fig. 6.17. Seismotectunic pravinees of Mexico. {After F, Mooser.)
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Vewghet Iront

Borly>8,
Fig. 6.16. Schematie drawing of the sepmenting of Cocos plate ac it subducly below
Americen plate. {Aler Singh, 1374.)

made up of several large blocks. Seismic activity at the underthrusting plate
or at is interface with the continental mass s characterized by magnitudes
that may reach very high values and by the inerease of mean hypocentrat
depth with distance from the coast; small and moderate shallow shocks are
gencrated at the blocks themseives. Variability of statistical data slong the
whole tectonic system was discussed above and is apparent in Fig. 6.10.
Bayesian estimatian of local selsmicity averaged throuphoul the system is &
matter of applying eq. 6.21 or any of its special forms (eqs. 6.22 and (.23},
taking as statistival evidence the infermation corresponding to the whole
systern. However, seismic risk cslimates are sensitive to values of local
seismicity averaged over much smaller volumes of the earth’s crust; hence the
need to develop criteria Tor probabilistic inference of possible patterns of
space varjability of seismicity along tectonically homogeneous zones.

O the basis of seismotectonie information, - the system under considera-
Lion can first be subdivided into the undenhrusting plate and the subsystem
of shallow sources; cach subsystem can then be separately analyzed. Take for
instance the underthrusting plate and subdivide it inte s sufficiently small
equal-volume subzones. Lol ¢ be the rate of excerdance of magnitude M,
“throughout the main system, vy, the corresponding rate al cach subzene, and
define p, as vy fv ., with p, independent of ¥, (#, 15 cqual to the probability
that an earthquake known to have been generated in the overall sysicm orig-
inated at subzone ). Initial infurmation abeut possible space vasiability of
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vy, cah be expressed in terms af an initial probability distribution of p, and
of the correlation among p; ant p; for any i and j. Because Zvy, = 1, ohe
ochtamns Xp, = 1. This imposes two restactions an the initial joint probability
distribution of the p’s: F'(p,} = 1, var’ Ep; = O, I all p)s are assigned cequal
cxpectations and all pairs g,, p,, [ = j are a2ssumed Lo possess the same cor-
relation coefficient p; = p', the restrictions mentioned lead to £7(p,) = 1/s
and p' = —1j{s —1). Posterior values of £(p) and p,, arc oblained according
to the same principles Lhat {ed o egs. 6.25—G.28, Statistical evidence is in
this case described by N, the total number of carthguakes generated in the
syslem, and n; {0 = 1, .., 5] the corresponding numbers for the subzones.
Given the g2js, the prabability ef this event is the mullinemial distribution:

rl

! n
Plawy, o p) = 5 == o e (.31}

If the correlation ecoeflicients among seismicities of Lhe various sulvzones ¢an
be neglected, cach @ can be separately cstimated. Because p, has to Le
comprised hetween 0 and 1, it 15 natural 1o assign it a beta initial probability
distribution, defined by its parameters A and N, such that £'{p,) = 1N
and var{p,) = A (N — 8NN + 1)) (Heiffa and Schlaifer, 19G8), The
paramelers of ihe postenor distribution will be:

ﬂ'- a }'II-. £ n |."‘Ir'n- - ‘h\y;‘ + N

[

Take for instange a zone whose prior distiih‘utimis assumed camma
with expected value AL and coefficient of variation Vi . Suppose that, on the
basis of geolopical evidence and of the dimensions involved, it fs decided Lo
subdivide the zone into lour subzoncs of equal dimensions; a-prion cun-
siderations Jead te Lthe assignmuent of expected values and coofficients of
varialion of p; for those subzones, say £'(jy) = 0.25 Vg =025 (=1, ...,
4). From previous consideralions for s = 4 take p, = —1/3 for { + J. Suppuse
now that, during & given time interval £, ten earthguakes were obsernved in
ihe zone, of which 0, 1, 3, and 6 oeeurred respectively in cach subzone. If
the Poisson process model is wlopted, A and Vi can be expressed in terms
of a letitious number of evemts n° = V77 oceurred during a fictitious time
interval £' = a'fAp; afier observing 1 earthquakes during an interval ¢, the
Bayesian mean and ceefficient of variation of A will be A = (»' + n)f
(" + 3 VL =in” +a)~ M2 (Esteva, 1965). Henee:

A= (VTP OO . VS (V 210707

Local deviations of selsmicity in each subzone with respect to the average
AL van be analyzed in terms of p, (1= 1, ..., 1) Bayesian anaivsis of the pro-
“portion in which the ten carlhquakes were disttibuted among the subzonces
proceeds according to:

ElpMAlp,. o

__E_r_ Pir oo 21 )] (6.32)
E|P{Alp,, ... pall

E'(p;ld) =
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The expectations that appear in this equation have to be computed with re-
spect to the initial jeinl distribution of the ps. [n practice, gtlequate approx-
imations are required. For instance, Benjamin and Cornells’ (19703 first-
order approsimalion leads te ET (p, ) = 0.226, £7(p,) = 0,204,

I correlation among subzone seismicities is neglected, and statistical in-
formation @l cach subzone is independently analyzed, when the p/s are as-
signed beta probability-density functions svith means and coelficients of
variation as defined above, one gbtains E7(p,} = 0.206, £ {p,) = 0.311,
which are not very dilferent from those [armerly obtained; however, when
E'(p] = 0.25 and V'{p,] = 0.5, the {irst criterion leads to  E7{(p,) = 0.208,
E"{p,) = 0.314, while the second produces 0.131 and 0.416, respectively.
Parl of I'.he dilference may be due to neglect of py;, but probably a significant

* part stems from inaccuracies of the first-order approximation te the expecta-
tions that appear in eq. 6.22; allernate approvimations are lhierelore desir-
able.

Incomplete dote. Statistical infarmation is known ta be fairly reliable only
for mapnitudes above thresheld values Lthal depend an the region considered,
its level of activity, and the quality of local and nearby seismic instrumenia-
tion. Even incomplete statistical recerds may be significanl when evaluating
some seismicity paramelers; Lheir use has'to be aceompanicd by estimates of
delectability values, that is, of ratios of ths numbers of events recerded to
total numbers of evenis in given ranges {Esteva, 1970; Kaila ard Narain,
1971}.

6.5 REGIONAL SEISMICITY

The final gon! of local seismicity assessment is the eatimation ef regional
seismicily, that is, ef prohability distributions of inlensitics at piven sites,
and of probabilistic correlations among them. These functions are obtained
by integraling the contribulions of lecal seismicities of nearby sources, amd
hence their estimates rellect Bayesian unceriainties Uied to those seizsmicities,
In the {ollowing, regional seismicity will be expressed in terms of mean rates
- of exceedunce of given intensilivs: more detailed prohabilistic descriptions
would entuil adoption of specific hypotheses cun(‘rrmng space and time cor-
relations of carthquake gencralion.

§.5.1 Fatensity-recurrence curtes

The case when uncertzinty in scismicity paramcters is neglected will be
discussed first. Consider an elementury scismic source with volume dV and
bocal seismicity (A1) per unit volume, distant R from a site S, where intensity-
recurrence functions are 1o be cstimated. Every time that a magnitude M
shock is gencerated ot thal source, Lhe intensily at § equals:
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Y = €Y, = eby exp(b,Mg(R) | (6.33)

{see egs. 6.4 and 6.5}, where ¢ is a random facter and Y and Y, stand {or
actual 2nd predicied intensities, b, and b; =re given constants, and gift) s
funciion of hypocentral distance. The probability that an earthquake orng-
inating al the souree will have an intensity greater than v is equal to the
probability that c¥, > ». If Y, is expressed in lerms of M and randemness
in € i9 accounted for, one obtains:

“L
Py} = [ v (s (u)du (6.34)

where ¢ and ¥, are respectively mean rates al which actual and predicted
intensities excecd given values, ay = ¥/, oL = ¥y, Yy, and ¥ are the
predicied inlensities {hat correspond 10 Ay and My, and /. the probability-
donsily function ef ¢. 1f eq. 6.33 is assumed 1o hold-

vly) = Kg+ K137 "1 — Ry~ {6.35)
where!

K= [5,gtR)])"AMN AV {i=0,1,2) . {(6.36)
o =0, r,=Blby, r2=(8—F )by , {6.37)

Substitution of eq, 6.35 into .34, voupled with the assumplion that ln e
is normally distributed with mean m and standard deviation o leads lo:

Px) = Cohip + O K 3T oy Ky T2 ' (6-38)

where; .
Ro,, —# In ey —u;

c; = explQ;) [¢ ('————'5—*‘) - (——%—H (6.39)

& js the standard normal cumulalive distribulion function, @; = 1/2 0% +
mr,, and u; = m + 0%r,. Similar expressions have been proesented by Merz and
Cormell (1573) for the special case of eq. 6.8 when 3; -- <= and for 2 quadra-
tic form of the relation between magnitude and logarithm of exceedance
rate. Closed-ferm solutions in terms of incomplele pamma functions are ob-
lained when magnitudes are assumed to possess exlremes type-I11 distribu-
tions {eq. G.O).

Intensity-recurrence curves at given sites are ::-bt::mvd Iy integration of
. the contributions of all sipnificant sources. Uncertainties in lecnd seismicities
can be handled by describing regional seismicity in terms of means and varj-
anced of #(y) and cssimaling these moments rom eq. 6.3 1 and suitalde first-
and second-mmomenti approximations. Infiuence of these uncerlainties in
design decisions has been discussed by Rosenblucth (in preparacion).
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652 Seismic probability maps

When intensity-recurrence functions are determined for a numtber of sites
wilh uniform local ground eonditions the results are conveniently rep.
resented by sets of seismic probability maps, each map showing contours
of intensities that correspond to a ghven return period. For instance, Figs.
6.1% and 6.20 show peak ground veloeities and aceelerations that correspond
to 1 years retumn perod on firm ground in Mexico. These maps form part
of a set that was obtained through application of the crileria descrilwed in
this chapter, Becavse the ratio of peak ground accelerations and velogities
does nat remain constant throughout a region, the corresponding design
spectra will nal only vary in scale but also in shape {(Irequency content); in
other words, seismic Hsk will usually. have to be expressed in terms of at
ieast the values of two paramelers (for.instance, as in Lhis case, peak ground
accelerations and velocities that correspond Lo vanious risk levels {roturn
petiods)).

6.5.3 Microzoning

Implicit in the above eriterta for evalualion of reginnal seismivity is the
adoption of intensity attenuation expressions valid on firpy ground, Scalter
of actual iniensities with respect to predicted velues was ascried to differ-
ences in source mechanisms, propagation paths, and local site conditions; at
least the latter group of variables can introduce systematic deviations in the
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Fig. B.19. Prak ground velocitivs with return period of 100 years {cmficc).
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Fig. .20, Figk rround acceleralions with return Pﬂ}iﬂd of 100 veurs {-:m.n’svcz}.

ratic of actual to predicled intensilies: and geological details ms sipnifi-
cantly alter tocal scismicity in a small region, as well as energy radiation pat-
terns, and hence regional seismicity in the neighbourhood. These sysiomatic
deviations are the matier of microzoning, that is, of loeal medification of
risk rmaps similar to Figs. 5.19 and 6.20.

Most of the effert invested in microzoning has heen devoled to study of
the influence of loea! soil stratigraphy on the intensity and frequency cone
tenl of carthquakes {see Chapter 4), Analvtical models have been practivally
limited to response analysis of stralifted formations of linear or nonlinear
soils to vertically traveling shear waves. The results of comparing ohserved
cand predicted behavior have ranped frem satisfactorny (Herrera ot al., 19635)
to poor (1ludson and Udwadia, 1972). Topographic irepularities, as hills or
slopes of firm ground formations underlying sediments, may intraduce sig-
nificant syslematic perturbations in the surface motion, as a consequence of
wave fucusing or dynamiec amplification. The latter eflect was probably re-
sponsible [or the exceptlionalty high aceelerations recorded al the abulment
of Pacolma dam during the 1971 San Fernando earthquake.

Present practice of micrezoning delermines selsmic intensities or design
raramelers in two steps. First the values of those parameters on firm ground
are ostimated by means of sultable attenuation expressions and then Lhey are
amplilicd aecording to the properties of logal soil: Lut this implics an ar.
bitrary decision to which seismie risk is very sensitive: seleeting the hound-
ary between soil and firm ground. A specially difficull problem stems when
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trying to fix that boundary for the purpose of predicting the motion at Lthe
top of a hill or the slope stability of a high eliff { Rukos, 1974).

[t can be coneluded that rational formulation of micrezonine for selsmic”
risk is still in its infaney and that new criteria will appear that will probably
require intensity attenuation models which include the influence of local
systematic perturbations. Whether these models are available or the two-step
process described above is acceptable, inlensily-Tecurrence expressions can
be obtained as for the unperturbated case, after multiplying the second
member of eq. 6.24 by an ndequate intensily-dependent corrective factor.
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(otormional) propagzates at the same sebocily fry = \’(_.T;';} in borh He pod
arpd e julimte mediym,

3.1 Vaves {a an Elastic Hall-520ce

ln Sec. 3.2 0 was found that twe Bapes of wawes were possilde in an
it clasate medivn =swaves of dlation and waaes of disioction, Inoan
elashic haltspace, basever, it is possible ta fd aihind wolotion for e cqua-
Liant of metion vwhich n!rl'q:spnmh e g v e whose awaljon W odaiined o a
zooc noar the bonndary ol the Rallspace. This wanve was firg siodiod by
Lord Faulvish (1885} and Liter was doenbed in daraid by Lami [1904)
Tz vhosane wane desoribed by these fmocatigators is knawn as the Kavleinh
way e [ B-ngve) amb is conlined 10 the pezhharhosd of the shrface of 4 hall-
spare. The infuegtce of 1he It:t:.'ls.‘igh wake dpsredses I.lp:id]_}' with depth,

R leiple e Velaorty ~

A warg with the characiorfsbics noted abave can be obrained by siaring
with the cquations of mation (Lgs. }<2, 3-3%, and 1.d5) and lmpasdng the
apjrepriate boundary eondaivns for o Iree surfice. We define 1he surlace
af the half-epace a3 tie v plage with 2 Saesed a B2 postihe rowaed the
interios of the 30space, 25 shown in Flg 302 1%ar & plane waee traneliag
ia th: w-dircction, packsle displacements wiil be imdependent of the -
dircclion. Displacenicnts in the £ and o-diresiions. denored by u and w
respeclivety, con be wratled in ferms of twa poenal {uactions S and '

| - Zul .
e PP LBy L F

dr  dz " éz Oz

The dilatavien § of the wave defined by wand wis

e Bw @gEh . @Y L A &y o
LIS L L ) -~ vy
‘ 3.':+B‘: Fe\ax | E:) )

-"-B_: 8z dx

and the ratation 2, in the x-z pline iy

. Bu 8w B gD 34 00 e .
5, dr @ oz (E.r E:) 21 \s: Ex)

Niw it can be scen thal the potential functions & apd ¥ bave boen chotea

us 13

oLt In &% ELaRnC warrseacs Al

Fzure 112 Coarcinaie convems
vion tgr elasog PolkEpacn.

such that o i zssociated with datation of the medivm and ¥ anacidted

with sotaten of the mediuf. .
Substuuling w and w inte Lgs. {3-42) and £3-448] yields

E[u) E(ﬂ_"i) i 262 0+ LY (049
,a‘e* a,'[ a:

alar) TP
ang )
g &0 Y Gl ey — 6 2 (W) (330)
PE(F)_PE;[EF) “ 13: fx

Lguations (3~49) and (530} are catished if

. F_'i* _ i T T . {3-51)
art p
an:l
Eii‘,: {—;)T"I+= AR (3-52)
&t P

Now. by avuming a wolciion for a siauwdidal wave Lraveling, 10 the .

msitive a-direeiion, expressions for & and '1* ¢an be wriliep

O = F{z) enp [t — Na] {3-53)
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and
4" = Giz) eap [ifar — N} . (3-55)

The funstians Fi2) and Giz) desaribe she varation ia ampliude of the wiue
at a function of depth, and NV is the wane rumber defined by

N o= 1z
L
where L s the wave lenpgeh,
Maw, subsiiuling the expressions for & and ¥° from Egs. (3.53) and
(3-34} into Egs. (3-51) and {3-52) yields )

LT
-5 e =R £ ) (3-34)
5
and F
3
- ":L; Gl = = XN3G{oy+ GTz) {3-30)

By rearanging Egs. (3-55) and (5-56), we get

o) — (.\" - ‘i_:) F{z) =0 (3-57)
d -
[ 111
*
Gy — [.\" - ‘:_L!)Gt:; -0 {3-5%)
£

where F{z) and G(z) are derivadives with respeet 1o = Now, louting

1
g - (.‘-" _ :i:) 1359}
and

. 3 - (-\'* - 5’:) (360

Eqs. (3-37) and (M358} can te rewriiten as

. Fiieh —g'Fiz) m O . {3-61}
and

G — 57 Giz) =0 {3-621

stc. 3.3 WAYES IN AN ELaSTIC Hatkspact Bl
The solutions of Eqs. {3-61) and (3-62) can be exfiressed in the lormm

Fiziwm 4, cxp [=gz} =+ B exp fg=) _ {2-61)
Gz} Ay exp [—52) = Byenp{az) {(3-64)

A solution that allows the amplidude of The wawe 1o become infiniie with
depth cannot be tolerated; therclore,

8, w5y =0
and Egs. (3-53) and (334} become

© = 4, exp [-g7 + itat — ¥3)] (3-63)
and
Y A enp [0 o e — N]) {3-£6)

Wow, the boundary con&iiﬁnm specifying po stress at the surfacz of 3
half-space imply 1hat o, = Qand v, = 03t the surface 7 = 0. Therefore, at
the surface,

g'ﬂ'af'—:hzct'-;..l-+ 251—? =

and
. aﬂ.' B Eu
= ==+ =|m0
Tin G}'u G(a: az]

Using the defnitions of w and w and the solutions for @ and ‘I" fram Eqs.
{(3-65)} and {3.661, the above equalions for boundary conditiank can be
writieR

Ol me= A2+ 20 — AN — HAGNr = D {3-67)

znd .
Fopamp HANG 4 AT AT =0 (3-68)

Upon reacranging, Egs. (3-67) and {3-45) become

. - T L |
AT 26 =380 g (3-69)
A, 2iGNy

and

AN L g e
L N {33
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Now we add thew two equations ta get

(& + My = ixN? 2y
TGNy Taloat (3-14)
and eresi-multiply in Uy, (3-713 10 ohtaio
dgiyadt = (o 4 _,"-“j [(d -+ 20rlg? = A1) {3-72)

Squaring both sides of Cg. {3.72) and introductng ¢ fram Eg. {3-59) and &
from Eq. (1-80], we pet

IEG'H‘(N' - ‘"_:) (,*»;' _

o, L

= [{i + ZG}(N‘ - g) —i.\"]r[h" + (.\" - %)]1 {3.73)

Wow, dividing through by GEAY, we abiain

ofi- )0 - 62

()7

Then, uting the follawing relavionships derived in the footnole® gives

ek [ 1401 _

- —_— gt 373

i - ehn? b * ¢ ) )
ot t E ’

—— m == 176

L';.’\" 1;1_ ( )

LB 1. QM)

* By definition,

L=

h)

{Let Ly nod ry ba the wave enpth and welocily, respeciively, of Lhe surflacz wave}

e 1} warEL 1% a¥ FLASTK: HalFtract 85

Eq. {}-74) ¢as be wtitlen
% |

. |y .
CIBL = AT — K = (3 - -,-fs’){: - &y {3-78)
i
After capansion and rearrangement, By, [3-78) becomes
Kb— BRY = (24 — 168 KT -+ 16{x' — 1=} (379
Equatian {3-79) can be considered a cubic cquation in K7 and real walued

soutions ¢an be found for given valusy of v The Guantity & represents a ratio
belween the velasity ¢f tie surface wave and the weloaly of 1he shear wave.

Also,
- P
Ly ? ™
g, [rom nbowe,
ir Cal®
Lam o=
therefare,
N
fa
andg \
PE P
a
Ler & and m be defned such fhai ’
Ly e
K ownd e etAY
A Ly
Then
SoalN.s SO
TR
and .
LA S
[ L

Subatituiion of 2, abd v, from Eqe. {344 and {153 e

AL I
I r,'.. Ll - P -

i a'  wl - .

" #
ard ygan

4 5 .
o ——
Ui = &, '

L] ] ==|.

bw2g =3 1
T T i—Ir =
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[T}

T T T =T
Ll‘\\-!;.: s
-
B
4
>
T 2 -
&
g
v S awy
[ A — Figure  1-17. Ralition Bevecen
~Vid-es Foiacon™s (A0, 1. anZ salacde af
progagacen of comprenion (M.
ul_ 0-1 olz n l.':-’.i _'_0:4 5 shear {11, #nd Faglegn () waved
’ in 3 tep-indfine s el mediam
Poriupny Fotw, r Urom Siehart, 15433

From (his salwtion it is clear that K7 is iadepeadent af the frequeney of the
waie: comeguently, the selocity of the surface wave is indspendent of fre-
quency amd it noabispersise.

Raties of 1 pfre and rpfrs can be obiained from Eq. {3-59) for w2lues ol
Paistons ratig v from 9 w0 0.5, Corves of these ravies 35 2 fanctien of v arc
shown in Fig. 11

Rgidvigh-Ware Maphicemend

So far, o relativnship for the ratio of the Rasleich-wase selocity 1o the
shear-w e relovity has been abfaiped, but addiboral information abact the
Rasleigh wave can be dowermined by obiaining the expeessions far ¢ and w
in torms of hnown quantiies, Upan subsiiiating e expressions [or o aad
Y from Eqs. {3-65) and {3-68) inlo the eapressiony foru and w, we get

g dx + H
- AN exp | =gz + Mot — Nx)] — Ay exp {—2: = Bewt — Nxl)
- . {35
and
i 4
:  ix
— A e g 4 Ml — N2} AN eap [ e — N
(351}

s 33 . WAVES bH N LLASTIC WalF-sracy @7

" From Eq. (3-70) we can gel
L liNA,

Ay -
1 },+J"'Il

and substiation aof 4, fnio Eqs. (3-30) and (3-81} g

"= ,h[-.'.v exp(—qi) + l_._f‘i’:‘ “p{—::}] exp et — N3) (381
and

) gt
W= A,LI Y exp{—52] — gEap (—q:}] gap el — Nx) (3-83)

FEquations (3-52) and (3-§3) can be rowrilien

-4
Lo AN —ewp [ — 3:{::\’,!] + a” a cap [— -!;{z.\']} )
l L N 31"" y N
) .
® enpifad — N3} (3-84)
and
h .
. h H
W AN o £xp [-- ‘L{:le — I-E- Exp [— -;&(:N}J
T

¥ oexpilrel — Nxy {3-85)"

Now. [fom Egs [3-34) and {3-85), the variation of w and with deph can be
Suwplotied as

144

Lz} m —exp [— {_—{:N}il + FN—‘L eap [f i{:.‘b’jjl (3-38)

: EE h .

and . = »
s -

. ha . }

=)y = i ., 1 [-—- i{:.‘a}] - J%up [— i-_l{:.\j] . {]*IW]
NE

. T Tresipufoazse of the preseace of 1o the enzrossion for  (Eq. 3B utd it uineoet
i she Euprgaon for w {Eg. 3803 16 1he) the wcompencs of dilplacement s 9537 out of
phase with the w00 pongel of displacemen), . ’
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The functions L) amld W) represeat i spadial variations of i displece-
ments u and w. Cquatious (3-3%) and {3-60) can be rewritien

e (3-83)
At Ak,

and

: . . .
Iomt— (3-8
v e

and then, wang Eqs. (3-75}and (176}, Eqs. {5-88) and (3-39) can be peduved

1] - )

‘i—_: -] — 2K {390)
and '

{_‘—, -1 Kt {3-91)

Seaw, Ly and () can be evalwaied i toows of [RE Wase RUmOsE Mior

any given salue of Paisson’s ratie. For exzmple, i ¢ = §, Lz) 20d o)
are pivei by

thzr e —exp [OEBITS {2 + 031 enp [—03932 {20 {3-53}
and
(=) re 08475 evp [ =0E4TS(28]] = L2672 exp [—0.39332NY)] (3-59)

Figuie 314 whaw s curves For © (2] and FU=) s, dislande feotn the sutfize in
wawe lenzibs of the Rasleigh wove L) for Paisseary raliss af 023 035,
040, and 10.50.

Hure Systvut ar Serface of Hall-Sruce

In preceding parageaphs erpressiam have besn determined lor the wae
velocities af the Theee prinaipal wares which oesur in an elasus hatfispsce,
K nowine Lhese wedootiet, we van pasity predict the oederin wlich waisi will
AEIAE a1 4 Eiven POIRT doe 19 3 SiMUrRARCE 1 AR roiet. ia Ji‘j'"'afff"'
prediclag the ander af agrsal of the waves atoag the surfase. Lama (164
derenibed in detail the surface motion that owius 3t barge distances (ram 3

" point source at the surface of an ideal medium.

e 1l WAVIE JN A% EVAKTIC Halr-spacE B

Artghiyce ¢l Dezh
hmuilute Gl Surigce
-Q6 -4 -7 [+] Q2 4 ok 03 10 12
H H - e — e L

B T T T T [+]
" mgerarizl “
L Do o est Joz
| [uta)] 1.
L Werhtol J
Compraesnl
[* Ok —
reQ 57 "I-.l:
N r"'l:l.!ll"" [T
L r=d &0 laon <
-'0.5!':! f._'-. g
L - niz
o] =
- 415 i
2 -
B -1.2
=4
2 A 1 1 1

Frgure .14 Ampliedt racie vk dirupsonlen: capih lar Ragleigh wyes

LUndee the comdilions consideeed by Lamb, a disiyrbasse spreads oul
fraan he poist spured in the fonn of & ssmmcwical sapuiar-wive spifem.
The initial forr of this wave sysiem il depend an the inpat iepulse; bt
i ke input is af shart durzlion. the charatizeiviic wane sasem shosanin Fig,
305wl devglop, This wane sesiem has thret sabioal fealires corresponding
13 the arroals of ke Posare, Swase, and A-uive. The hudizonial and
vertical coinpungeis of paslicks molion are shown separntely in Fig 305
A particde a: she swrface A expenences 3 diplavenicnt in 1ke Ko of an
osztlation ar the arznval of the Posare, foilowmed by agelatively guel periad
lzzding up 19 anmher oailladion at the arsival of the S-uave, These evenls
arz referred to b Lamhb as the mieer bromor and 2z fullowed By 3 much lerger
mugniiide gsaation, the majer teempr, 3l the time of arrival afthe Reware,

The time irierval briween wave areivals becomes greater and che
amphitude ol thz esadlations Sozomes smaller with inzicasing distanes [rom
tee sovrce, Inaddiion, the minor remes decass mere rapidly than the major
tremsar. Ib s evident, therefare, that the R-wive is the most sigaificant dis-
turbance alozg the surface of a katfrpace and, at large distances from the
sauisr, may be Lhe anly clearly distianguishable wase,
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7.10, LOYE wWAYES

1n the Rayleigh waves examined in the previeus section the material
particles move in the plane of propagation. Thus, in Rayleigh wives mer
the hall-space 3 3 O along the surface y = 0, propagating in the x-directien,
the z<omponent uf displacement w vanishes, 15 nay Be shown thut surfice
. waves with displacements perpendic-

] F oM ular to ke direction of prepagalion
N Y\\\\“ﬁ S (the so-ealled SH wares) is impossible
\\Mffgl-lifft\\&\\ \'IL% in a homogencous half-space. How-

. " ever, §H surfice waves are observed

R/

%; C{{{/?//! as prominenily on the Earth's surfage

f%/ as other surface waves. Love showed
) 4 that a theory safficient to include SH

d: surface waves cun be construcled by
y having a homogencous layer of a
Fig. 7.10:1. A tayeced hali-space. medium A, of unifgrim thickness M,
overlying 2 homogencous half-space
of anather madium M.
Using axes as in Fig. 70000, we takc w = v = {), and

{n w e A 2xp [—I: 1 —%!-_v} oxp [ik{x — 1}]
c
in Af, and T
H N T
R Y e R U

K oexp [Ik{x — cr)]
in M,. 1tis easily verified that these cquations sutisly the tavier's equations,
Il ¢ < cy, then w =+ Q as y— w0, as desirad.

The boundary conditions are that w and o,, must be continupus 4cross

the surface y == 0, and o,, zero at y = — Ky, On applying these conditions
ta {13 and (2], we obtain

(3) A=A+ A
(4} GATL = (cJepl Mt m G4y — ADI — (/BT
(5} A, exp (KHll — {efePY 1"} = Ajexp {—kH {1 — (cfe' PV T

Ehminaling 4 from (3) and (4, 2nd then ﬁs’mg (5) 1o eiminate A, and A7,
we have .
GM = feleg?)? Ay — A7 . f

= = itan {ikH, [l — {cle'f

Goll — ('EYI T A, + 4 (kg = (efer

}E]'I..'E}.

See. 7,10 Lir,, HA&YLS 183

Hence, we have
) Gl = (efea IV = Gl = 1" van (kM Wefci)F — 1]} = 0

as the tquation 1o give the SH surface wave velogity ¢ in the present condis
Lions,

If ¢ < g, By (6) yields o real value of ¢ which lies in the range
el g e < o7 and depends on & and /i, (as well as on G, G,. ¢7, and ¢
hecanse for ¢ in 1his range the valugs ul the left-hand-side terms in (8} are
real and opposite in sign. Thus, SI/ surfuge wases can occur under the
stated buundary conditivns, provided the shear velocity ¢7? in the upper layer
i less than that in the medium M. These waves arc called Love waret.

Love waves of gencral shape may be derived by superposing harmaonic
Love waves of the type (2) with ditferent k. The dependence of the wave
speed ¢ on the wave number & 1nlrocuces a dispersion phenomenon which
will be considered Tater.

FROLBLEMS

1.2, Dwrive Navier's cqualion in spherical polar coordinates.
7.3, From data given in various handbooks, determine the longatudinal and
shear wave speeds in the following malvrials:

fa) Gases: air at sea level, and ot 1908000 F1 alitude,

{b) Metals: iron, a carbon steel, a stainkess sieel, copper, bronze, brass, nickle,
aluminium, 30 aluminism alloy, tilaaium, tanium carbide, berylium, berylium
oxide.

tcy Rocks and soils: o grapite, 4 sandy loam.

(d) Wood: Spruce, maligany, bulza.

{¢) Plastics: lucite, a foam rubber.

7.4, Sheich the inslaulancous wave surface, patticle velocities, and particle
paths of a Love wave,

7.5. Imvestigate plane wavc Propagations in an anisatropic clastic material.
Apply the results 10 4 cubie eryshul. Note:

&, CITH

[ —_— P I L bl VETY
P ac fial 33,31, ] i
where K(ky, kg, Kol is the wave veclas normal o the wave front.

2.6, Determine the stress figld in a rotating. gravitaling sphere of uniform
Jdensity. )



EFFECT OF LOTAL SOIL CaCTITIANs

UPQLi EARTREUIRE BAGULD SOTI0NS

by Robert ¥, Wkitman
1. LuTRQEUETION
It has lony teen recognized that Tocal =oil cpnditigns fan nave

2 orafound eflect upgn the damage Caused by an eapthgazke.  S2ch an
effect wat clearly ceident in accounts of the crest Lishon earthquaie
af 1755, and in Lthe a¢counts of aloosht every wwosequens rajar earzh-
Quabe that afrected a large clty. The effest of soll -onditions wpan
dazage dyring the 1536 5an Francisco sarthguils was well rpcognizes

In stedier of that earthguaie, The topie recelved considerzble siudy
fallowing the kanto (Tekya)] earthquake af 192), Tre effect of Tocil
sob] conditicns upon earihgudbe damage 15 havdly 2 rew greblem,  The
se{aric cades of rast fauntries saecifically rednire 2iffarent parsh-
squate resdstarce for different $olY condbifons, Codés nog 1n effe:£
in Lke Uatted States centain no such requirc=27, Sut nct Reciuse

sol! canditdcns dr= thocvghe to Ye wnimogrtant.  The nelters af ke L5,
codzs recggnized the Ireoctance of sedl cfncttlens, Dot falt the prab-
Tew wis 50 ¢ocplen and poorly uaderstood thed adsuate cade provisions
eould not ba =ritten. Withoul a doukt, toi) conditions wiil e incor-
porated Inta U.5, selsmlc codes In the wory near foture.

Hyeh of the earihduaie dazage to bulldings Buill woon poor toils
results from cartial or corplete failure of the soil.  Such fallures
IacluZe slu=ping ¢f river banks, flil;rt ofwaterfraat rrlaining §irug-
turcs., large lendslicdes, foundation satilemen: ama Turcatiit faliures.
Lecd (1973) has provided an excelleal sorery descripticn &f suoh fail-
ures. Many suth faifures are caused by tatah or partial 1lguefagticn

of Tpose shiorated cohesicnless soits,  The massisility af 3o.n fedicred,

especially liguefaction fallures, in any given lacale ar site requires
fnfividual stody by esperts, Apnencix 3 ceotaint 3 vary briel &iscus-
sion of licuefactian.

This chaptap considers the effect ¢f Tezat 1ofl spnsisicns upon

#arthquake ground estions, and heace upen the shaking of Buildings,
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whea trere §5 ro fadlure of the soll, Fileld absérvaticns and tre-
pratlical studises of thls ef¥oact Lave Leen surrarized 1n recent pagers
Ly Ohaaki (19530 and Seed (1963]. FKuch i35 now heown abaut the arob-
lem, aithzugh =y no means is there complete understanding, There .are
soveral ways 1n which this rew krowiedse can be put to practical wie,
One way it the develeprent of site-conditioned sarthquate rotioss for
frout &0 the analysis of lzcortans strufteres; this azgreach |5 ngw
heihg wsed in the cdesign o *all bulleinge in San Francisco and Tokyo.
The secons -2y 15 to guide the cevelooment of new bullding ¢ode pro-
wizigns. This chapter deals pricearily with the latier apslication.
That is, the chaster wlil discuss how toe base shear ¢oeflicieat C
should vary witn $217 corditions. A plet &f T w5, T, the fundamental
period of the beifding, will be called 2 sels-ic coefficient elazram.

Figure 1 11luszraies several different forms of selsmic coef-
Piclenr clagracs Incorzorating soil comsiticas, The simalest foros
are thote 1n Figires la gnd 1b: here aTl.-erdinates are pultiplles by
L facte: that 15 imdenencent of foriod. That is:

L cnttl m

where & 12 & ggjl_fadtﬁr and Cn[IJ iy the sefszie¢ coefficfent fang-
tlen for 2 reference 32§) condltizm, Cheakt (1553) has tztuleted
vatuver of § reguired by the codes of 13 eountries. Table 1 glves
exzTries of tuch faeiora, rangleg from the epry slT2ie Lable vied Sn
Cinada o the somewhat compies table In effect in Japsn.

Flguras 1e thrgugh 1F shew mzre compifcated procoials for Introp-
ducing the effect of logal soil conditicns inip seds—ic coelFlcient
dlagra=s; oow the effect of s0i1 is varied depanding wpon the period T,

1. Figare ¢ co=es frag the cew Chileam code. The ciree of £
vs, T waries in shape leponding upen a paramoter Ta‘ The
paraseter Tn is reizted to the characieristic fresuency of
the site of tie building being designed.

2. Flgure 12 shows @ seismic coefficlent dlugram proposesd by
Foto {n Japan in 1963, Buth the macioum setlsalc.ccefficiant
and the serizd scafe are adfuised in accorcaace witn tha
type o grownd.
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J. Pcearding by the propesed gurves shown i Figure Te, Tow
$UITF bullding having 4 $mall peripd [ wiuld ba Zesigres
for & larger sebsaic coefficient iF gn harsd ground Shan
1f ¢n soft grownd. For tall fleadible suffdings, the re
werse would be troe.

4. Figyre 1T showt the code provisions Zeveloped far Maxico
City, so as to accoent for the ofrfect of the usascally soft
and deey elay which uncerl s pych of that city.

Thus, a greal varlsty of methads nawe besn aradasad far Incors
porating the effecty af seils conditicne into the Seismic provisions
of building codes. A byllding afficiatl faced with the seleztion of
4 sultable provision, ar an engineer faced ~ith implemanting such
provizions, ouit urderstang the basic thieiing 1ying Sehing the vard-
ous propgsais. To develsp suth baslc ynderstanding, {t 05 useful to
coasfeer four categaries of 5ol conditlons: )

I. Srailow soll desosft with & 2istinci characteristiz freg.eacy.
il. _Deep depaslt ar firm soil,

[IT. Shallow sofr sali overiying deep deposlt of Fimm sall.
[¥. Desp depn;1: of saft alT,

While thase four cates do nob encompiss all possible sall cendi-
tions, they serve to bring oul the fundamental consfderations.

{7 2. BOLE AND STETUS OF Tiffar

In order to urderstand adequately +he elfect of local sell condi-
tlons, we mist cemblno interpretations cf actual acceleragraph recards
together with bhegretical enaiysis. Within tne recedt past, 1% has
begn mecessary to rely wepy h2avtly upen thazzy, singe the field datd
from acceterographs hat been wery scanty indsed, Badizse of the many
pecelercgrazhs which have been installed within the past faw years
and wl1l Be 1njts}led within the rear fﬁ:uru, there §0ca shoayld be
'nany rore records Invglving 4 varfety cf scil conditfons. roeever,
theary will gontinue to be of vital {zsortance in kelping fo sort out

_and wnceritand the potentlally Stiggering quantity of rather eonfosdag -

daty.

! “h

The theory of ground a=plification as 1fF exises tod3y is By
np reyns carfect. Bawewer, in cany cates prediciigns froz the theory

T oare in accord wlih ebservations [Seed, 1529, Thpre nae Ras been

consicerable exserienze in the praciical wse of Lhe theary, 4na e
‘understand both fts dimizations a5 well &s how 1t can be used. Used
with Jeggesesnt, this thegry i% 3 very wieful toel for understanding
~the effects of Tocal soil conditions.

3, CASE I: SHALLOW §01L CEPGSET Wit C[STInCT CHERACTERISTIEC

B FREQUESCY

For & woiform $oi1 depesit [F1g. 24}, the fundamental pericd fa

" glwen byt -

ldH
G T (2)
whgre H = Chlckress of deposit

Es = chear ways yolocity
]

Case 113 typifred by T, © 0.5 sec. The followlng tabulatton Indi=
Lcaten typica] co=ninations of Lo 4nd o astisfylng this condibion.

[
]

ES{szec] Him]

] I0G {Very soft clay ar silt] < 12,5

200 Tioase sand, sofs clay} < 25
300 {Dense sand, stlfFf clay) c 37.5
400 (Compact sand, hard clay]s 50

o 2 I

1

1

"Eaf] dapaslis with a Zeath greater tThan about 50 meters probablty do
‘not belgng in Case T. The sofl <escristions 1n the Batle ara {atanded

« t3 give & very ganeral icea of typical shear wave velocitfes 1n spils;

for furtker discussion of toe evaicatics of soil sroperties for szecl-
15 cases, sc Apnenals A and Brltman (1968), Siege tne soil Is non-
:1i:¢ar, the shesr wave wilocity and henze *he funfsrenta] Serldol Cepend
:upcn the intenstey of the earthguake. cecressing as the intensity 1ps

CFEALES.
1

Tha nalure af this tredry 353 oeilined im Apzendfz A-
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Tregratical Coansidnrations

The thezty of 5001 amplification may tanveniently bha ysad to
Indlcate the erzectad effects of & shallow soil desanit. I

Arplification spectrum: An amplbficatlon spectrum is the ratio
of the Fourier 4plitude spectry for motiond :ton the soll io the
Fourfer amphitude spectra for cebicns af tha urderlying rock.  Tnus
an arplification spe<tnum 3hoas how the varicus fréguency companents
N edmthquais cokicn are acpl[fied by the soll,

“Figure M shows a typleal amplification $pectrun for a shallow
soll cecosit. It is characterized Sy 4 predomimant peak, which cocurs
At the perlad givea by £5. X, Smaller, unimaoriadc seaks Yy azeyr
at wery 27411 periods.  The pean gmpldfication ratle is & functisn of:

Y. The ratio af the sefsaic {spedance of the 32§l to the sel;:ic
lepedance of the underlying rack

['I‘CSJ . o

iail
s rack i
where v dengles wabt welghl, As discussed in Axnesdla A,
this factor efceunts for the lnss af ererey bach fnba the
underiying rock. The smaller thic ratio, the greacer iLe
ampYification. Thus, for 2 given rozh, the peak aralificy-
tlon ratio intrezses as the everlying soil becozes softer.

2. The Iniernal daaping within the soil: 7his dzing is Sp-
termlned pricarily by the magnitude pf the dynamic strains
which occur within Lhe solt. Thut, the sirg=ger the earih-
Guake, the greater the dysping and the smaller the amplifica-
tign,

Cna polnt feem the theary is wamtil e=phasizing: the erplificatlon fra=
an ouicrezzing of rock to i8¢ surface of soi) is Jess than the amali-
flrdtion fram the dnterfice beiween Soil and rgch 20 Che Surfice of 'ka
sol1. Teus, cosmarison of ootions measured at several Zapths may mer-
eitimate ire arplification betwess the surface n-.:ra #ings of ¢iffer-
ent zot! or rock.

A TE—— i
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For cases of inigrest, the peak arplificaticn ratio betwesn
sull and an puterggning of underlying rage i% ty20iCally Set=een 3 and
{6, with tha larger values applying to the safier splls during smailer
tlr‘""ulkes '

Ferk pcceterarion: Fo- Gase [, T, Ues within tre racze of ihe
Tprefosinant serigds i eirthguaks ground motigas.  Hesce the proid-

o fylrg effec: of a shallow satl layer causes the ceak acteleration at

the ground surface to gacepd Ehat 4t an o.terpe of Lhe pAderiying rock.
Flgure 3 cofpares CoC-uiet grouns raticns Tor ke chie coreesime 2ing
« to Fig., 2. As the peak of thy asplification specirum drcreases, the
; ratlc of zaak secelerations increases; Rewaver, the Increass in Ceak
aceeteration 15 le1s than che peak amzlificatlon ratlo. Fer tppical
cases Lhe corputed razio ef peak agemleratlens is }nun 1.5 tn 4, with
the largervalues during 4mailer eartiquates. In Figyre 3, rote alto
the obviaus charge in predeminant frecuBngy.

Pefoo-cse Soecird: Fligure 4 Comlares rewgonse spectry cosiuted
from the motloss on soil and on vock, AL & perded corresponding to
the fundacental zerlod of ke soil, the ordimates of the s72stra frea
5911 motiens &re considerasiy greiter than thoae for the specira Urom
roce —atiens, Tows, a twllding whose fundsmantal gerind 15 approcd-
matay tre sare 35 the fumdarental period of the sofl will respond rJ.l.l.:J_i
cure strongly o7 on ke §2i1 than ¥ on the ropgx.

ko diasria forced by taking the ratio of the response specirs at
gach perlod 15 very $iollar td Lhe amplaficatlon spegtei, althaush bhe
. peaic of the Foreer Is nat 5o Righ at tne peax of fte latier

fField fviderce

While there sre ooty fleces of esicerce which sszrort the general
eoacivsions of the theory {sce tre pajers by Qhsasd and Seed], 1t {s
er prssiiie gt ihls Dice o peetent evidence wnick tolally subsientl-

ates the theary. [n carticw.ar, there zre very few Instances of recards
et ioftroments ohdced Sver very Si1?¥fergnt todls in tre same irmediate
wizinity. & samaling af the avaliahie evidence 5 presented in the fol-
Towing subsections.

- vmm omm s -
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Arplitigaticn soggtrat Jigure 5 sheas 2 Jomparisin of acrual

and predicted a=plification spestra [Cobry, Y971). Tre hoavy 3ine 1%
an averige of arplification spettra far sic garthgodhes at 2 gives )
§ite, Basod 0n ressuTemants medp Ab dlffareal daszhs ia J4p2n. <an-
sidering that there are vncertainties in the aztual amplification
date introdaced by the processing of the data, ihe theoretical curve
followd tre sctual bheravior very well,

Prak accelergbions: There are & ruther of oxamples within the

Ldaparese Literature shoming that pean acoelerziicn ircreases 23 the
graund surfage 1% approached, in aceordance with the theary. A% che
served In ratker small carthquaies, daring waics the internal awping
iz 3=a1}, this increase is bypicdlly im che ratia of Jer 4. Flgure 6
shoms peda accelerations observed, mostly In bytements of buildings,
4t wirfogus deptha Beaeath the surface of the croued in Tocyo., It
should be srphasized that suth an fncrease dccurs in rock 45 well as
1 4211, Secause the atiffness of sgi) decreates néar the s.rface,
parlls because af saarkering and partly bezivie of delragid i Gair-
burden $tress,

Rerpons# sTecira: Figure 7 compares respontie spéc:ru forputad
from ground matioey ooasored oo sgft soil amd Yirm ol durirg the sars
* earthzvake.  Tn each diagram, the spectral ordinates have been ngrmal-
{red to the peak pcceleratlon, aps herce the affuc: of sgil conditigns
shows gnly in Lhe stape and not ln the crdinates of the specira. he
shift in the period at which the spactrs pesk is5 the result of anpli-
ficatien by the sll.

[iwsns ta byglidingy: Hast af Lhe evidencsr concerning the effect
of Tecad zof) corditions fs indirect: In the foarm =F Jiffarpates ia

€373ge o Buildings fagrded over differest acils [Iheaki, 1553 Doke
and Leeds, 19583}, Emall bulldings, whose fundimonzal peciod is dn

i the range from 2.7 to ©.5 second, genercliy ecverience greater dazage
when fognded ower 3oft 3011 thin whes founded vign firm safl. These
ohservatians for the soat pant are consistent with the theary. Mowever,
sore of the dlfferesces in dimage ray have rescltes froo  paridl
failure of softar sofls {n addition ta differences in ground matlons,

Perscastive froa freld peldonce:  Cingddering the avallanle cpa-

perisons becwesn pragictigns and abiesvations, 1% Zay be cenciudad that
the =mepry may bé dsed to guize ne crafce of seismic coefficient e
grats for sractica] wark, HMowever, i€ 2lso 1§ claar that eore aciial
gxparience 15 regassary before geedfer aceuracy can be expected frm

HA Sy

MizroctreTer Studies

Yaaaf ant Tansia (1551) bave sropused g pethed of cicrozoning
baipd uron meacuremant of ambisat wikrazions. The messured vabrotions
Eart plotied In the form cf an arplizude specita: in ranai’s orlginal
iuark thit Epecord was Sonstrucied in oan approximete way, LUl care
recently Fourter araiysis has been used for this parpste. Figore B
:Lihu.; soez tyorcal resyltsg for {featificzaiton of the i) Lypen, e
‘Tabte 1. Both *he pericl and the mzgndtuca of the peak of “he tpectira

care ssed to dezermire Lha selsmic Zinei twe 1onjer the perlod and tha
-I.hi_-:'-er tho masl kha mosg oravars JRe su-actgd dapann o fuTing L QETINe

Joquaka.  rasmat has eorrelated the cosersez period and arpliiuce 10 the

four types of grsuwns considered In the Jzpinese sefsnle cade.

This zpareach =as specifically davelosed to zredict the effest of
shalioe 4071 dezngits wpan <smegh o buildings havieg only 2 Tew ftorles.
For these corditions, lre predicticss made By Fanai's approdch arm
astirely cangistent with tne precfctions of Joptificaiden treory. ThaE,
there 14 4 seund redsan why Kenal's appraagh has been 1n dccord with

pxzerience during sciudl earthpuakes.

¥agvadoy's Matred

The Russien selsmalegist Fediedew {15E2) ras prepesed & metnod for
gsslzazing the effecs of ground gandliléas upon eering-dop lntensity,
Sasdd upon tad Taciors:

1. The ratip

{T:B} sofl - I {‘J
ETE;} grézitm
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where Eu 15 e ditataticnal, or compressive, wave velogity,
The wive relacity for grinite terves 2 3 reference aziinsd
which & sofl 15 rated, The smaller this raiio, the more
severe Lhe expected dazdge during Lo earthdudid.

4. The depeh to the water tadle. The shallower the water table,
the greater the eapected damage.

Thess Ttwa factars 4re cochired in the equation

(vCn) rock 2
0 ] o g0 040 (5]

now 167 quln[
) - (+{g) sen)
where n |5 the incrersnl in intensisy umiis on a scatle eguivaient to
the codlfled Percs] it scale, and h 1 the dapth to the waler taste in
eeters, B 5 typically glies an increase in 1 10 2 Intensity uanrts
feculeslant 1o x 2 or & fold 1ncresss In aczplorazignt far soee griund
ar capared 1o {iem ground, Medvedes's gatrod wes originally develszed
for use tn conne:tion with shallew soll deposits and uu11u1ngs having
anly l few stories.

The relatiorship bepweea Medvedoyw™s sathaod aad amplification
Lheary may be gnlarstogd by reans of the eaaszle §n Flgure 9. Yhen the
wiler table U5 wvery Tow, thex the ratip cn'" 13 tha same Myr Eoth the
selT and the ok, Thus ratlos 3 and 4 are sguivalent, and Fedwetey's
mathsd gnd a=plification theary wll] predict the same trends. The sofl
(n Figore 53 hai the sare €. as In Figure 51, 933 hws azpilfizatien
theary =ould predict the sare behavice for Bath cxses. Ralsizg tha
whter tible pownn that Eu INIrEakes ceniideradly dn the spll, and tnos
the First cerm 1n Mevedex's eguation defrelset  hzwaver, tRiS decreass
15 corpentited by an Inzresde In the 3e03nd Lerm.  Thas. Medveser's
twy FEZlors taken together give roughly the samg rasult as amplification
theary, FHareguer, the bncredsss in dotensily sradicied by Medcedev
+rd conststent wich Increases in dccelersaticn predicted by ampiification
theary,

Ci
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For the common case of shallow soil depssits, the predictions of
arplificstion theary are s2eeraliy In acenrd wiih actual wsgerience
during earthqaakes end moreg.ar are in accord with the semi-erpirical
petncds gf Clzrofoning propased by Ransi aad Recvedey.

Figure 10 su=-irizes the effest af lgacal =ol! and rock concltions
Uobn respanse specira {say for E% dazpingy &% a given distance from ihe
esicenter af an parthquike, Wi Increasing saftness of the earth
caterial, The peav of the specira increases and shafrt ta @ larger
period,  Thus, the reipdnse of Tgw SEUEF butldings is streanzly affected
by 5ol condicigns.  On the gther hand, a SRallow so11 depafit has
1tttle or no effect upon Lke response of the funda-ertal peripd of tall
buildings having lang natural periocs {although the shillew soll wil)
affect the response of the higher soder of such @ building;.

fased wpon carrent krpwledga. 4 seisAbC costFicient diagran 3uch
as tyze (8) tn Figwre 1 showld be uses 1o arcouat For gifferences in
pear surface earth matarials within 2 small region, That &5 Lo s2y,
Lo s2i1 1eciar § shaule te incependent of pericd. There ace several
reasgns far zhls vecormendatlon,

1, Eestuse of nf:zr afnzfes fn ==t thz “undevenial perlcd of the
$ail and t*e predampars periods in the fazut ground ma.ian.
{p is alfTicalt te predic: the precy-inaat period in nation
30 the top of so1l  Use of ¢onstant § for T « 0.3 sec.
govers thess Lncertainiies.

7. use af ¢onstant 5 far 7 - 0.F sed. recogeizes that the cons
tributign of 1he higher zeces wil1 te sffeciec ty sall ron-
ditions, and provides extra conservatism wich regard ka the
destgn af tall buiicings.

With further research, it oay be possible &= uwia reduced value of 5

for T > 0.5 sec.
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Tabtle 2 gives recomrepded 3011 Fectors, These fictors are bafed
upan both thrary and esperience, #nd consider pessible septlement probe
Tezs In addition to amplification effects, In the 20d column of Lhe _
table, hard crystalline rogh foynd at :m:fdluble_ depth has been taken
a5 the reference. the soql factor for s soft 5041 15 4. However, 1t
generaliy {4 more practical to ute surface seposures of rock 45 a
reference [Ird coluown), apd then the 1ol factor for soft soll 1% 2.2.
In soew Tocallties, it may even be desirable to use Alrm soil 25 &
reference [4th column), §n which case the soil factor for soft satl
iz only 1.6.

4. CASE I1 DEEF DEPOSIT OF FIRM LOIL

Several areds that have saperiencad major earthguakes are under-
Tatn by mare than 100 eters of compact I”l.!'ﬂl-l'h Los Angeles. Caracas,
Venerusla, and Seatraqo, Chile sre priok kraeples.

v

Tragretlcal Considerattong

Amplification speckry: Fi-guu'll 11 lustrates, the géntrn haturs of
the smplification spectrum for this cass.
the range of building periods of prictical interesc.

The fundsmental perigd {3 gredter thas in Caze |, and temds ko
eoincide with the pariod gf taller structures, Secauly the shear wave
velocity of compact alluyium fx rather high {3190 tz 450 nfagc) the
radhation dasping alsc 1y greatar than 1n Case I, and hence the ampli-
ficatlon at the fundamenta) peak gener4lly {5 less than in Cave 1.
donetheless, this splification can b quite ispariant,

The higher order peaks typloally accur Ak pericds less than 0.5
tecond; that 15, within the zaee range of periods for phich asplification
occurred in Caze 1.
wades, and hance shen intarnal damping 15 smalle-a5 during small 2erth-

. quabmi--the pesks corresponding L8 Chedw mxdes may baoacarly a5 high -

45 the fundisrntal peak,

How sevéral pepks cccur within -

Radistion damping 11 lets 1eportine for theis higher I

o

- T ' -12-

Peak sccelarations: Figure ;2 snowy compuled acieleqabion at
grecad Syrface, for conditions corresponding o Flgura 10 (the 1aput
15 the same as 1# Fig, 3, but with 4 peak acceleration of 0.034].
typical increases dre factors af 1.5
te 3, with the Yarger values JpPlying to smiller earthquates. This
increase 15 caused by the kigher podes of Che 50115 these modes Rave

Peah accoleration 15 Incredsed;

- gl fication pedis In the range of the pradominant periods af the inpat
«potion. The fundaments] pode d0es ngt cLusw 40 1ACTease In paak

acculerarion, but coes amplify the lonper pariod companents af ground
natlon.

Rasponse spectra: Figurth goenpares response specira for motions &t
the turface of teveral different deatns of cpact o1luviua,  Changing
thy depth of the alluwfum has retacively 1iecle #ffect upan the geners)
poaition of the spectra far T « 0.5 wecand, Howewer, Increasing tha
degpth of the dliuvium RES 3 very sigatficint effect vpon the pectra
ut farger periods corresponding to taller butiding:,

Figld Evldencu

There 1%, [0 the author's iknﬁuhdgu. nd adejuate diract Confiroation
ﬂfltheu theorntical rusults, although Gutenberg (1957) hit shomm Lhal
deep depogits amplify the long period companents of ground sotion, Agtund
acewleragraph records from nearhy sites with very diffarant dapihs al
aMiuvium must be pbtatned befort adequite confirmation 15 possible.

Chaervations of deage to bulldings doring the Caracas sdrthqoaie
of July 1967 dy provide strong indirect conflrzabion of the theary (LnitL-
man, V3E§; Seed ot al, 1970}, Caracas 135 underlsin by a cocpact
a1 uvium whose depeh ganerally 13 1ess than 100 weters. Howdver, under
v portion of the city the depth {1 a5 much a5 100 acter.  Andlyils of
tha patierns of dimage Shows:

L. For buildings having B stortes ar Weis. Lhe percealige of
P bulldings desaged 15 more-gr-Tess canstent for all pares of
the city. *
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2. Burldings having ware than § stories, and parbycularly those
having nore than 15 stories, were euch more hgavily damaged
in the part of the City over the very deep 21 luvivm Lhin else-
where 1n the City.

These abtarvationy show clearly that o great depth of glluviva signifl-
cantly ampli Hes the sarthquake thraa? to a1l bulldipgy,

Surrary )

Tha 'I'.hﬂl:j. togethar with the eyidence From Che Carscas pdrthguake
" shws tha nexd L0 guerd dgainst the strong whaking that can eccur when
tha fundanental period of & tall building cotncides with the Fundamanta)
paricd of & dtep agil dapondt. Thuy, the fundamantal period of tha soil
mst entar inte the code, When diffgrences in depth or tofl, rather
than diffarences (n the mature of the 1011, are of conearn, 1t appears
that & seismie coefficient diagram of typs [c) in Figurs 1 1% suitable,
An wopaple 35 e following formuala from the Chilean code:

C
cel® TxT

: {¢}
2Ty 1
- My [ 1T )R =

" The so1lperiad Td wust b deiermined from & coobinatlon of saperisnce,
careful anelynls of warthquike recards and theoretiSal studles. Useally
1t 131 not pessible to deisrmine ‘u by measurement of Mlcrotremors, ${nce
the high frequenties present in ssbient vibratlons mask the low fre-
quencies associited with the fundamentsl period. When wsing Eq. 6, T,
should alwiys be ot 1edst 0.4 evan if the fundaaental puriad 1 s-alier
than this Timit, :

5, CASE IIT  SuALLOW SOFT 507, aveEgLyim: DEEF DEPOsiT
’ DF FIRh 514

Thearetical tonsiderationy

—————

. ——— e e o o —  ———— T

&

————

.

At yet, this cese [whicn 15 sheiched 'n Figueg 14} has ngp begn
siudied cospletely from a thearetical standpoint. The effact of Lhe spft
shallow deposits entee throwgh the higher modes, snd The responge of
these Nigher modes 15 quite Sensitive {0 the detalls of the analysls--
aspecially the assunptiong congerning damplng. The bhearetical results
which have baen computes are not entirely savisfectiory.

However, In @ (enerd] way It oy Bo sald that Case 11D 1¢ a com-

binstiom of Case | and Cyze I1. Thus the fundamenta] sode of the decp

compact slluvlum will a=pl1fy long period motions while the Righer mdes
of the deep alluytum will also np'I.Hy shgrter period motioas, The
shallow soll deposity will further amp!1fy the shart paricd mﬁt:nn;
BIth respect to the affect upon bulldings, the folleaing can be upecttd

1. Buildings with T ¢ 0.5 second. Dansge wil} be grester ir
these bulldings sre fownded vpon Che soft soll than o f they
rast wpon firm alluyium, The depth of the Firn 2l luviua
Geneisn 4 bulldipg hay Tittle effect upon The dawags 19 that
butlding, Tnuy conclusrons applicanle to Case ! apply.

2. Butldings with T » 0.5 second, Oamage wl!l be greater 11 4
building 19 founded over 2 great depth of fim alluviun than
12 11 Fests upon & shallaw depth of this alluvlon. The
presencd or absence of soft so1] near tha Suvface has Tesy
affect upan the demage, Thuy conclusions applicable ta
Case I1 apply. '

!
Flald Eyldence T - . e g

Damage 1n ?11u1111 and Concepcifin during thu 1960 earthquakes has
bears sCydied entensivaly (Duke and Leeds, 1951, lﬂd subseguenl ¢tudies
At the Yniversity of Chile), This demage was greatest where there was
soft 5o} it tha surface. The great majocity of this deedge wis 1o
Tand 2 seory buildings. Thus the behavlor guring these earthauakes fy
consistent with Cave [. Heecn 1t 45 ot Surprising that predictions
basad upsn Kanal's and Madvedey's methods corrstatad HIII u1th the
darige palterns. :
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At both of :ntse eitles, therw exist deep Qeposits of fiem o1,

. C g ltp1lf|:ltton thlnrr. dttecols hava been made 1o correlaie dan- - f

_i; age o thli lnlll depth. However, sinca there wera wvery Tew buildina
o having p!rmdi graater thaa 0.5 second, ng Such caernlinnon was possible,
Mormover, sinia the theary for a yoft thallow lager ovar & deep St17F
laysr 15 st} not relaable, the theory afcen ¢id not show correctly

. the effect of the shallow Tayar,

Thus the eaperience from the 1960 edrthguakes showed tha effect
of shallow soft deposits but géve ma indication a5 te the effect of

: virying depths of the compact &1luvtu, However, the sffect of tha I

. Seep #1luvivm mast Aor be Ignored when establisning microreglonalizatfon .

.; qr byilding code pravisions for fugure construction, because mare J4nd ;

i‘ e tall bulldlags certadaly wil) be construcled 1n these and obhar !

- citfes with similar so0il condnmn:. e i

-7 . 1,[., R O T -5_5* L .
= *:,-,“. ?11*':,‘:1!“, a0 B . o i
‘-.-ML '. ".éu "‘-'t_.'h':""' 5 *J_":J..r ' ' e

»;1' - A niuic rmffi:hnt Clagrem for thil cese Tust recogalrs both the

¥
‘lffl:t af shll1nu |nft dtpns!t: upon buildlags haviag T < 0.% second

1
:

1}
wand alse the |ffl:t uf deep 501t upon buildings having longer pariods, }
i
1

;
" Thase rwquireeents wight be et by cosbintag tqs. 1 and &: .

“ .k
Lo L3
.L‘- L] T:Tﬂ

. 2t . mn
a : ' Lo . T>t .
: - . 1'ITJTﬂ]z ='a

-The 5011 factar 5 would Be chosen based upon the shedr wive velocity
of the near-surfaca toils, while TI:| would bring in the «ifecc of the deep
deposit  Such a code provisicon wmight apply o wdny clities, suth &
.t Bostan for scample, where very poor soils at the surface ovarile desp
] dtpﬂiitiqaf cluy. Such & provisicn protably shéuld be used only far
i T ¢« 1.5 teconds. IFf the fundamental periog of the soil 15 grester,
“ Ipltill pravipions sunh 41 Chat described In the neEst Gecticn dre {:’
~whrranied.” hlmmu!m|MMWmT1sD4

: . T

1E-

§. CASE IV DEEP CEPGSIT OF SOFT 011

Theoretrcsl Constderstiony

Frgura 15 shows &0 amplification specird
Thiy wpectrem 13 1@ lar to-that
now Lhe paak dmpliFicalion

Amplifrgation spectri:
for & deep depostt of wery soft clay.
in Fig. 10, w1tn one 1mportant diffmrence;
et the fundamentd] made 13 distinctly greacer (han thiét for the higher
modes.  This chaage occurt bechuse, with o deep depesit af soft soll,
rediation damping 'a less Ieporisst and stréins {and hance inlernal

dasmping] are ldrger.

Reyponse specira: FiQure 16 compares responis spectra fram moLlang
peasured o top of Lhe selt with thei from soilond 4F an guitropping

of Lhe wnderlytng hard 5013, There 1% an ancreass in the ordinates &t

low periods  Howswe, [he reoackable faalura 13 The wiry gredt inerease’
in the range from 2 tn 2 5 seconds, Now the peak of the spectra has

- bean shified Lo a wuch larger perlad.

" Pesh acceleration: In the case corresponding to Figure 14, pat
accelaratlon on top of tha soil wis telce that on the hard outcropping.
In athar cases which have Been Tnvastigated thearatically, peak dcenlera-

t1on 43 decraased. -

Field Evidence

The clastic esampls of thig case Is the sofu deep daposit of clay
wnderlying Healco City  The esampies In Figs 1% #nd 16 apply for the
ial) conditient n Meadce City, and haee been Confirmed by actual
sceelerograph records :

It has often been suggested that & deep soft deposlt can wctually

chuse 4 decredse in peik accelesation  While there 15 Title ar no

f1eld gy!dence to prove thii. such might occur during & strong carths
gukke when tha 1ntacnd! damping within ihs 1211 wguld e Incredsed,
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Surery

For this sltueifon, 1¢ 13 appropriate to Lie 4 $eltmic gaafricient
Mow the seTsmic toefficient i3 less for

_ disgria of Type (f1 1n Fig 1,
" wery smali periods than for intermediate peeiods. Hoaewer, at this
Lise vk of such & diagram 15 Justified anly for S1tEs wherz thers 15
considerable ackual evparignce which has bean stuZled 1n detadl.

T. PILE FOUNDATIONS

The evidence currently avellable suggests that piles usually do
not after the 9round wotfsns 2t the base of & bullding (Bhsaki, 1553},
This 1y bacause piles genecally are flexible mrough to follow the
harlzents] mottons of the sor) {for enample, 3¢ Yamzmotn and Sekd,
1970)  Howaver, piles mdy {mprose the ab1l1ty of the byilding to
resist the effects of the ground motian--by reducing both static
sebtlements {that mdy wse yp toms of the raserve Stremgth of the
building) and dynamc Eacnng matlon, Recause of the nged for lesg
conservatism, the v017 factor S might be reduced vomewhat for piles
tupparred buildings. ) . !
. o ‘ L . o
- harge Jluéur tlissa;-m may bz sTiff wnough to resisc following
the moteans of o 30ft 5001 through which they pait [Dhaaki, 1969).
Then the splifying effect of the soll-calsson system 11} be more
Tike that of & Firm 3030 rather than & soft sofl. Thuz for caisson-

supprled butldings, ‘i_‘.'l died in Eq. T could te somewhaLl 1ess than the
fundamenral pervod of the coit, | '

Unfortunately, ot tha present Limg thers are no sound rules for

declding just howr suth 5 and T, wight ta mdifted ia attardancn with
these considerations.

B, RESPOASE SPECTRA ANT TIME HISTORIES

4

Tha emphasis in th1s chapter has been upon code provisions to

.i8.

o reflect 3ail condit-gns  Howeste, these 13 & groming trend Towaed

requiring dynawic analyses for tall or amporeant bulldings.

The principhes discussed 1n conneclion wi th Casas I, I1, and Il
can b med 1o Swgpest (he possibla farm for o general design reiponie
' specrrum Incgrparsling Eoil conditions:

Ti‘rq

1 [ T 18}
4] [+]

- |(5-1) = * 1]
1 1 T:1,

whery 5. Is the spectral sccelerdiion ang S.n: Is the spectral dccelaras
tion for the reference $931 condition. Thiy eguition 11 plotied in
figure 17. The sorl factor 5, which brings in the effect of Lhe nedr-
surface apil, might be Tess 1han 'n Tabile 2, singe use of dynande

I* andlysiy smanc Vess peed for tomservatism, For ecisple, the folloming

O

vilues might be used:

Groynd condition _ 3

Evpoted rotk }.a
Firm sat 1.2
SofL foil 1.m

The eftect af the mear-surfxce soil upon speciral dccelération decrtasas
far T » rn. This 1% {0 contradt 1o Eq. 7 where thers wias need Lo
actpuat for the contributions feom higher medess when 3 dynsalc

analysls 13 perforsed, Lhe responye of higher modes 11 Introducag

—-————

i dirgctly

For 7 » 3 aeconds and T+ 3 second, Eq. 8 becomtl tod {ontErva-

" tivg., Tercan [1977) has receatly pressated s fore genaral Approach

y 1o duvelopment of reapbase species ncluding 4211 effects.

3 0 Time histaries whose spectrd Vg abost the spectré glven by Eq. B
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mld ht lullllﬂl uil
he faTlould 1r| uslnq 1ndh|dua1 tfnl h1|tur1e: genzrd ted h_f the
thwutl:ﬂ pmeﬂum dncribtd 1n menﬁu A, since there are un-
cartéinting bnl.h in thl qu!ty ‘ot the procedurss and tha selection
- qf wall pruperun.ﬂlf such procadurds gre uswd to genarate &1 te-
conditioned tise Ristoried, 1t {5 vary esauntis) that o set of Lime
Fi!tﬂrili by developed by varying the 1nput nssumnt;cnl-

8.
The four cates which have bemm dscusred In this chapter car-
tainly do rat cover all possible se1) conditions, and wany prob)ess
remain to ba 3olved by further theoratical reseirch plus analysis
af sccelwrograph records.
betwgen Cases Il and IV 15 not ot 211 ¢lear.

"

.*._F

leput | rnr Mllic analysis. Great caution should’

FIMAL COMMENTS

» the Tink of demarcation
Howsver, the Current

e ———— L - s T T

underitanding of the sffect of Yocal 1011 conditions 15 almdst agual-- :

#nd parhaps even equal--to the current undprstandicg of the aaturs
dnd smglitude of sarthquiks ground mations for averzge sait con-
That (3 ta zay, the affact of 101l condltisas can ba
wralusted with aiogst u m:n :anﬂdlnca a1 can tha rafergnce

- selumic couffictant 1:

ditions.
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Canada Argentina
Canaral 1.0 Hard 0.1%
sart 1.5 Madium 1.06

ieft 1.25
Yary goft .50
Japin
GroundsStructurs Wood Steel Reinf. Conc.
I Rock 0.6 0.6 0.4
I Tluviua 6.8 ‘0.8 t.9
11 Abluviva 1.2 1.0 ' 1.0
I¥  Yery seft 1,5 1.0 1.0

4

' 20

Tabla L

L. " EXAMPLES OF SOIL FACTORS
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Tabla 2 T . Lo ) L |
P - - | C . . (11 C - ) CH"
RECOMMENDED SDIL FACTORS T ACCOUNT FOR o X
EFFECT OF NEAR SURFACE satLs - E ) N Soft =ail

L _ .
: Fiem ganl . .
Y i

ook

Reference grovnd condition

Grognd condd Lien Hil:d roti Expoted rock Firm tai'l-

Hard trystalline rock . . |

At depth (Lo » 1200 waec) 1 I K S0
Exposed rock with ain- e - )
1oal weathering | 1.8 . B B Q.7

ECS = 700 mf1ec)

Firm ¢lay, compact
sandfgravel, deeply 1.5 : ) .I.i . 1.0
westhered rogk .
{t = 350 wec) .'

Sart clay or g11t

(€ = 120 a/sec} a0 .2 . 11.5

) wRE 1 Vamious Tvrees oF Setswic CoeFRICIENT
' - TiaswRaAMS
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Freface
The purpose of these rates 75 o rresent 5ore of the o.ihocs
now available to inclyde the effect of lecal soil conditions in .
the derivation of design edrthguaiet dr respongs spectra.

The dynasic chiracteristics of a €291 deposit can be pxpressed
by 1ts Trinsfer fumtiicn representing the avplificaticn eceri-
arced from waticm ko top by 4 sineseidal steady siate moiipa, The
derivetion of amplification curves wiing both 4 centinuous and
a dlscrete salutlon Is presented In 10 and the relative advanbaze
of each methpd 13 digcussed.

The genecal protlem of considering &a acscll earthg-aie recard
and filtering 11 throogh the scil 15 ciscussed in 101, Fimally,
approximate sioplified methods arw presznied to pbtain directly
res;code aptotra which dnglode the effect of the sqll friz tw
bnowledge of o rasponse cpactrua an fiom ground or at bedrock.
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ANDAMENTALS OF SOIL AMPLIFICATION

[] hr
4. W, Roepsat .

I-=-INTRODUCT IO

1.1 Staterent of the Probles,

During the {nitia) phases of development, Earthquake Englneering

- wht ealnly concarned with deweloping methods to #3timate tha reiponse

af & structure to given dynamlc toads. htls theok are sti1] many probe
h"u_f.n bt solved fn the ars of Structural Oynamics, particularly in
_th! non! Inear range, i3 soeewhal disturbing to obierva lne Tarce dls=
':repuncy between the sccurscy 3ouoht by scre pethods of analysis and
“the uncartainty in the fature and ragnitude of the loads to which the
gtructurs wil!l b subjected. This incensistency has been recognlzed

in the Tatt yeary and #n ingraasing smmunt of effort 13 now bDeing de-
voted to fRudy the charpcteristics of sarthouake mgtions 43 2 function
of magnitude, distanca to tha epicentar and local sell conditions, The
purpose of this research §3 I8 arrive 3t sieple, but readistic methods
to represent tha charactericties of the ground estion at a partieular
site. Ammyg thete eethods one of Cha most powerfyul ones 11 through the

uiw of desTgn responsE SPECErE.

Determination of the appropriste earthqua.h mations at any aiven
site fnvolves bwd Fumdarental steps:

1. Evaluation of the swismic risk af the regios.
fraguent 3trong sarihguakes his step may ba relatively iy and #ngi-
nedrs May Liready know that a certatn city 15 perdedically subject 1o
sarthouzkes of $ome ntlrlge magnitudes with epicenters at some avarage
distances. For regiont with relatively scarie marthguake mistory, cha
determination of & desipn earthquike becomes euch rore complicated ind
reguites 1n oeneeal gegliogical and sefsmloglcal studies, which sttecgt
“tp fdentify posEible spurcas of earthquakes or active faults.

For an ares with

* ¢ Massachusetty Institute of Technology, March 1969

2.

The results of this step can take d{ffareat forms, the simplest
one being & serles of valves for probable papndtodey and #tsociated
ppicentral distances. It {5 poszible from these yalues, using the for-
mulas suggasted by Apsentiueth, to characierize each passible derlgn
garthouake by 1ty maxiwwm ground scceleration, velogity and displace-

[ pant, Mesmark hay derived 3 simle sppronleate pethad by which the

carmesponding desdan spectra can be watlimatad, knowing theie tiree Char-
sctaristics. It 1% possitle then to draw response spectss for eath

geiion earthoushs and to find thelr sverage or envilope. Altermatively
one carl try to generate art{ficlal warthquakes that would have the wame

averape characteriztics, It mual be realized, however, thal iF this

+ procedgre ir used 1t will not be enough to generate Just one sample
' warthqueks for & glven sat of values of magmitude and epicentral dis-

tance, [Quite the contrary, s substantial number of saxnles should be
genarated and usad for each parilbla sarihquake, making tha procadvrse
extreme’; long end costly.

In sy :lil.tht corresponding design sarthquatss or respoase fpec-
tra will apply to an overall region for fimm ground conditions.

Z. Having obtainad cne or more sirthquake records which coul“ ocur at
the site on fira ground, ar better,d et of daslgn resgonss speckry, the
naxt step 13 1o study ho thegn moLicony wmould be modified by the local
soll conditions of the particular site where the structure iz galng ta
be tullt. The effect of the 2oll i3 gaing to be one 0f rlitering the
motions, increating their smp)itude in Some ranges of fregysncies and
decreasing 1t in others. This problem 1t porwaliy raferred to as soll
amplification end will be the subject of the foliowing discussicn,

The particuler problem under cong!derstion can then be stated
as: Given a sol} piui'ih and & dexign $arthquake or rasponie Spectrum
at bedrock, daterilne tha corresponding earthquake or specirum at the
top of the aoil. . ’ :

It should bk notlcad that in crder to be able to apply thece
resylts directly in the dynamic snalysis of the structurs, 1t il be



- -thase waves are basically ¢f two types!

~problem of sail-structure imteraction,

3=

atsmed that 1ty mass is pegligible in comparison to that of tha under-
1ying soil. Otherwisws & Lhird step 15 tnvolved corresponding ta the

passitle to consider the structurs and the soll as uncoupled systams.

1.2 Genersl Considerations, -

- Earthquake matlens smay be decomposed Tnto 2 saries of waves which
propagete from the focus 1n a1l directioas. Glven an 1nfipite medium
dilatatinnal or compresaional

maves and shedr wives. The first pre ndrmally colled P owaves. The

*"iecond can be decomposed agalin by projecting the sqtion in tws erihooongl
dlrections. ” 5Y¥ wives Corredpond U0 mottons in a vertical plane, 5H waves
" ta'harizontal eotions,

Of course when the direction of propagatlon is
vertical, bath %H and ¥ wave$ would Correspond Lo harfzontal motion.

When the waves propagating throvgh & continuous eediom Find & frae
surface, o new type of wave 13 cenerated, normally referred to &5 Surface
or Paylelgh woves. 1f, in addition. the medium §5 not homogeesys, byt
there {x & clear discontinuily at yome depth from the free surface, &
second type of surface wave, called Love wave, 15 qeaerated, khent Chere
are severa) surfaces of discontinuities in tha propertles, gbher fypes
of waves are created. ' - -

The avers]) problem of fallowing an szrthquike &% it propagates
from 1ty focus 13 of cowrs® & threk-dime-sional wave propacation prablem,
By assuming for instance a 1i{re source OF relatively Targe Jennth o by
considering only the effects a1 some distance from the epicenter, the
problem can be reasonably reduced to & two-dirensional oms for 5S¢ gad
P wives and 4 one-dimensioaal problea for che propagation of SH wawves.

. The methods detcribed here relate 417 of them to the solution of
tha one-dimensional wive propagaticn sguation. Thair besic }imitgtfons
are thus: ’

In other words 1t will 1#¢ ba = °

— — ol A -

|

-

" gongtants [modulus, wive propagition velogity],

-4

v

1, Only thear waves are condidered, ciiher 53 ar 5Y §f they are propa-
gating vertically, and only 5H !f they propagats xf gn angle. P owives
propagating vertlcally coutd be considered by replacing the sppropeiate
Surface wiyey are, how-
ever, neglected,

2. The different layers of sail 4re assured 1o be parellel and extend-

i ing in the horizontal direction for & distance several times larger than

the total depth to bedrock.

In spite of these Timitations, the solutlons obtiined by theis
methods seem 1o provice & useful and regionable estimate of the fllter-
ing effect af the 5(;11. Two-dimenslanal wave propagation problems can
pow be solved by the uie of the Finiie element mechad, Thess technigues
offer & proxising futers. Their application i3, however, still Piobted
and there are saverdl gquestions which stil1 haen to be solvad tefors
thiy can Le used with confidence.

© The t1llering erfect of the 4011 chn te Measured In two d11Fer-
EnL wiyi:

1. Ey considering a steady state harmonic oscillation of the 5ot} end
the mmderlylng rock and determining the ratio of the wrplitede Lt the
free surface of Lhe soll to the amplitude at bedrock or at Che outerop-
ping of rock (without any soil on top). This ratio will be & function
of the frequency of the wotion, and {f ther# §s darmping, 2 complen func-
tien. It 1% normally referrad to 45 the Transder Funcrion of the woil.
Tty modwlus fs the amplification function, arplification retia or ampli-
Floation spectnm,

2. By considering a glven warthquake recard [time history of accelers-
tion] at bedrock or ab the autcropping ¢f rock, and determining the
carrespanding dccelerogram at the free surface of the sgil. The result
in this cése 45 not only & complets Lize history of atceleration at the
frae surfdce of the soil byt alsno, 1f so desired, time histories of
shaar stresies and siratas ot any point within the soll, IL provides
tharefors & much more camplabe solution, butb 1t requiret conslderably



5a

e (orputdr timw, Furthermore, Becavie of the reasons previcusly men-
tigesd, the comglate analynis wouid hive Lo be repeated for sach sarth-

quike sampla, and {1t would make 11ttle sease to & i for Just cne Tec- -

ard.

Bath types of resulls can be cbtained using two ¢ifferent mathe-__

waticsl rodals:

1. A contipuous selution of the d!f'fenntul tquation correspondiag to
the oo «dloensichal wive propegition probtes,

2, A diserate mlutlnn raplacing #ach layer of $0i1 by & system of
lumped masses ind s.prilwl. and ppTying standaprd procadures of Struc-
tural Oynamics.

The Conbinuig mdﬂ offers 'n general more fleadd! ity and has an
ncmmic sdvantage 17 the results are gesired only at 4 few poinrs. At
presunt tha divcreta sodel requices Tess cosputations] tire when com-
plate histories of scceleritions, valoclties, stradns and streasas ire
necasiary ot many pointy, Both models yinld t:uﬂhr the thne results _ |
[aacupt for srall discrepancies dus to different rownd-aff and trunca-
tion errora} when;

a) Camping i3 assumed consiant 'n all modes and ﬂ':mﬂt_\r far
sach layer dirmctly propertional to its sodulus and inveriely
proportional fo frequency.

b} The underlying rock 1% atsumad to b ~1gld or in other wards
tha inpuk motion 1% considered 4t bedrock with the s2il on
top, rather than alb the outéirppping of roch,  For elastic
rock, resulty can still be made to agree 1F an adaltional
demping !5 Inderted tn the discrate mde] to strulace the
Toss of enargy through radlation in Ehe rock,

In the following pages the basis of both formtations will e pre-
santed, connidering First the case of stesdy stata periodic xotions
{deterwination of the azpl1flcation curva), then tha case of transimt
mtlony, The lppli:;ttﬁn of thess methods to cbtain Flitarsd sarth-

e

quike records at the free surface of the $odl 4 beeediate. On the
pther hand; their applicstion to desien response specira . modifying
them ta nclude the etfact of thw 30il1, 15 not sa atralghtforward. This
paint and approriedts solutions are discusaed ab tha end,

[T - STEAOY STATE PERIQOIC MOTIQNS

The Amplification Function

1.1 Contlouous Splution,

A, Uniform layer, Rigld rock,

Let ud congicer firtt & unifors layrr of goil resting on rock.
the aguation of mstion carrasponding to tha one-dimensions| wave propas
gation ;-oblem 1z

2 2 3
u U ity
3 =i =y
‘:':2' ;Y itz
whara p = density ar mays par undt, voluma = %—
y = unit meicht
q = acoeleration of grivity
G = shear podvivs T

n = ¥iscosity constant

ulz,t] = displacement of & point in the 3011 layer

1 the rock 18 rigld but 4 displacement u.(t) 15 imposed at tha
base of the s$oi], the boundary conditiond are!

u.‘ L |
Ty Qata=d

U ugfthatx e i



and the initisl congitions:

yedatt=0D

U

TE-D“I:.D ' -

By caTiing y » u = v the ralacfve dVsplacenent, the squation ——-= - )

can b rewr!tien as:

i

F13

-
ra

Lt

s
=

‘3 12“5
4 nagdep —p=
L
with Inttial Conditions )
- !L-' -
ye 0. 37 n ] t. 0

and Boundary Condic!ons

¥y 2 atarH
‘I -
HLeo atx=g -

] . -

If uglt) = ©, the frée vibrations can ba investigated, Writing

than .
2z -4 3
rni—;-E: fni
F14 ix FLar]

wd trying & solution of the form
y o ulx) " ovle)

whare * U 15 2 function only of 2

¥ 1y & pariodic function of % alooa

u ¥ 2

TUr !

B+ ¥

F I ——

Faa ]
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The natural fregueociss of the layer of 5011 2ra then givea by

e AT [2“'”':
fo = I8 /p: R

L;g—J-/"' tznnc -

and the natural periods

L ,-Ti; dH
o oIn-l . _‘p o I!n-i]ui
where E: -/;a {5 the shear wars yelocity of tha zail.
The corresponding modal shapes are « .G‘L‘-
gt

u-sinﬁg:u—': "

Ir the 5011 has w1scasitj ntQin n; P{plu hasve harcenic maticn

we rust have vt p-F
- £
Wy o+ W e 22 “E"*“I
n+ En-1jw ) [T o
= -,_..-. r
Acritical valoe of visconity can ba established for each made.
In particular in grder ta have at least 1 rod: i - vir B
L]
Aty
- i'i ('E ’ ‘-..': ._'I:L.

Y o o
Tt 15 icportant to realfze that 1 there §5 any wiscosity the
nurber of modes will Be finite. (Higher nodes will have damping higher
than criticall.

Consldering mew the Torced vibratien probiem, {t {3 convenient
for a steady stale pericdfs rotlan oo represent U base displacesent

by |
HE[t,'I -Cg =]
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nt . varfable and therefare cop oM has o be interpreted s

win, b} = Hxle
then . - . e - . e
N=Ecospr*Fslnpa-¢C

;
nd t ) :
] b solytion by ] ) 't should ba naticed tmgt T7 thare {5 wiseotity, p 15 3 complex
! -
17z (o194 o7l

- - e A e et o ——— . 4

2 : : - 2
" . a
’ C - memimammams e e- D er TR} . R

T with p? - m - - =t:n
* 1

The fact that the transfer function §5 coeplen {ndicates that

1epeaing the boundary conditions
it there 15 both & crange in amplieyde and in phase. If only the change

ERE T TR - R

 ——— F=0 tn a=plitude 15 considered the Amplification Function Ix defined as
- PO & the ead,lus of the transfer funclion,
Ecor M =C :
P
I —opgE0rPET L Afa} s 2 T
_!1 :{:nsgﬁ 1 | PSS
- 2n pCO1 PR fat . .
and ¥=+nCi + 1le 1
o o C : A e 1
: - L. - Gty a=-lw /r -
. .
S T e .. glpEos px it - --— : 1+ (nafG)
L A A T I
and st the fres surfyce of the $001 ihe absolute scceleration becocwes .
E 4 PR RN 3 N e {eass)é -
-~ - e e T gl
PR nzl: 1 Efm. . T+ (rofG)
cos pH '
- T T 1
Since the buse matfon was ug = - alc oFAt ; Ala) =
. - : / £o% hlu casal + §in h'n sta®s
Ut A % - i ; ) ’
. . - . i For z=all valees of r-%
The transfer fonction of the sofl for abzolute acceleration at i
the free surface 15 then defined as: - 1 5o 1w ont D
1 ol o L _ :
SrER/E T T D Ty :

GO

E-H.':/Ev-

e i e r
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1
4 :nszs * az :tnza

In particuler §f there |5 no viscasity o =2

g Ala) =

Afn) = __cn: -

and the aplification will Become Infinlty at a = &ilh whlzh cqrs

-1
responds too - j%'-ﬂ-lljg ", Cth natiral frequency of the layer,

Qn the gther hand, 1F 4 £ 0, the arplification w111 no: become
Infinity. Twd cares canm then ba considered:

1. [If the value of o 15 constant as 0 ncreases, the First expression
will have Ta be uied sirce nE’ will nat te small any longer. Ac 0
frereases Afa) tends to rero, which means that for vary Yarge Tnput
frequencies the top of the layer remsins at rest, The amplifization
function will have galy o Tinite number af peaks corrspaading to thase
natyral frequencles of the layer which have da-:plr.g Tess than critical,

For vajues gf 0 such that n % 15 still szall, the amplification
itag = ¢ nth ratwral freguescy ¢f the layer, becomes

Ala ) 4 _l.. - z_'h..i 1
n n=h}+ r:.,“.‘u th {h_uz

This shows that the a"thude of the peak s& the fecond natural
frequency of Lhe Ianr‘ will be g—uf that at the first, the azplitude
of the third will be 2-5- eIic.

3 11 5t s assuned thu tke viscosity i3 foversely properiizaal te

th- fregquency so thl.‘ n : = tan & 15 & conytant, for ¢mail values of
n F'

4 4 .1

.‘E'.I'I-]I * i!n-!l-una - izl‘l-ljr -y

with - 1Iz-l'-l-l'l 4 = fraction of critical dasping -

e

fh this case the acplitude of the second peak will he 1/3 that
af the 1tt, the acpiitude of the third peab 175 and 5o od.

Comparing these results with those for & Tunped mass discrete
gystom as normally encguntered i Structural Synazics, we Can Say that
a constant value of viscosity o carresponds o an tn:rtuinq perenk-
age of dioging in each mode, whoress @ constaat value of n Kcurrt-
1ponds Lo constant gaeping 1n all modes.

Floures 3 and & shaw the amplification curve for & wiifors ni?
layer with the foliewlng characteristics:

]
Cepth hos 100
Shear wave velocity C 0 ftfiec.
unlt relight v = 125 lhsfeubdc f.,

B. Um!forsm laver, Elastfg rock

Takirg now two tets of axes, one with crigin at the free sur-
face of the soil, the sacond with arigin #t the tcp of tha rock, the
i mmtiens {8 tre sofl and the rock can be eapressed as

! tps, ot , f, ‘*'IEF,,!;‘ at)

i . ifn x, + Lt) -px_ - Et)
Ee T sfF & T

. o S r
i

[ z g:ﬂ

- whare Py * 7+ im0
. 1 5

! r

: ) 2

i Ak

b L]

f pl*_ El‘ - :|r=rﬂ

v
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Tha boundary condliicns are fow

FL
" m - _i.ﬂ P TR

“I- 5

ughe, » K} = upfu, = 0)

]Hl i-ur
(6 ta2) T2 {rgm W) = (G0 fnj) 557 (22 0)

The reaulk 1k

g " F

u = LA

ip x =g 2
Y3 I!nt!! 54 iEy

c . 26,

1pH =1p M
. s [1eu)ise s {t-a] .

- -ip K
Foag o Umire * {lra) . .
" r b alpsrl
a Y {lndr e {13}

with -
. - o {E’v 1.’H}
L LI

- nt
uit's o) 255 [ 1 1
H ~-lpH
. Y. Int, Py 5 0t
u’{:‘- H) = w {2 =0} {Er*Frﬁt Efe ~ *e la
the ratio beiween the displice=ast [ar acceleratien) u at the
free surlice of the spil, and by clsalarerent {or sccrleiction) ati the
interfaca bebween rock and soll can then be expressed &3 |

2

TFi—T—T—H-—-—F—HH-
[4] =1g
& 3 + e i

-1E-

—ry

Soss,

PR —

LT
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which [s the saoe expressicn previgusly obtadaed for rigid rock.

If an the other hand one considers the gituation of the rock
without sait on top. the motfonm at the gutcropping of rccx uuu1d ke

and the ratio beieesn the Jisplacezent for acceleraiion} at tha fres
surface of the 1041, and the displacessnt {ar acceleratica} 4t the
putcropaing af rok would be '

z
.TF' 1 h =1

p M
Solieudre O {l-w)

& second aspliflcaticn function cam thus be cefined By gensia-
ering the elastle properties of the reck, Thiz funzticn glved fow Lhe
ratlo between amplitudes of metion on 108 of the soi] to the emslitide
of the moticn that would be felt on tép of the rock 1fF the sail were
net thera,

2z

Ma) " Ty

.. . -ip.r
le ® 195 e ® (1=l

In this case Uf there 5 no viscosity = =n_* 0 .
1) n
7k, et
- 7,6, “s“i Ts:s
E E ‘rcr
and Ala) = ‘

jeas p.H ¢ fu'gtn pHl

-2 -

AL the ratural frequencies of the layerQ = o, £O5 p‘H =0
. and 3in pH = {-1" .

Alw_ ] = IIEL
—_ n T

———

1t can be sesn chat this srplificatlon ratio does not bercora
jafinity even if the $0!1 haT no viscosity. .

If the rori has ng wiscosity o, * &, and the soli hs & wiscosily
ag 30 that n B/G, 15 small, one can a‘aiﬂ cerive an approzfcate formdis
fnr thi aﬂp1if1:dtinn at the natural frequencies G = w,

Blw. } = IIEE . ] x
L Y {2n- Itr'r r_ "n
1+ .Y
s %

For the case of constant wiscesity n

Ll

B e AL e .  ———————

Ty . i
Ml T3

“.er-“_un 1?2

L erit

I L3

3 R

1 and for ke case of constast -qrv = I3
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i Eieupae B oasd 7 chiw zpalificitlon functiens with elastic roti

for the ©ve unifora tarer of soil previaysly coasidered {r, = 140,

| Cr * REDZ). .

! T=r mrin differenced betwesn :ot" ceyri 15 tne fact that the

rock consicered £3 an elaptic Padf oTee {5 dissipating energy by

.i raciatlon. cath salviiess Fre T arrroximately related by Lhe

1
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where hltn} {5 the amplification fumction with rigid rodk

letn] 15 the amplificetian fungtion with slaatic rock,

Thiy foroula can be reproduced by sdding to the first Lase an
sguivalent radiatien darping, function of freauency

2 _1.*\:':!-. 1

L I 'r,.tr =T
1|-'E -
ar l'q'% 151
Trr LJ

1ince n% = Zx this represents

-
-

& 4 Te's .
= = 74 --..I;T_,,.... —
eq O #3 9w % ook

C. Muitileyered Svstem,

Khed the sofl depasit 15 made of sevard] layers with diffareat
preparties [Fig. 8] one can define for each layer |
- h, * thlcnness
Gj = ghear madyled
Yy " unit hHgIhT.
C, = shear wave veioeity
“J = ¥iscority coefficient
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and L
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¥y : pj+liﬁj+1"”1-lni

Displacement 1n each Tayer wilh respect to a Tocal get of caprdin-
BL& wxep with origin at the tap of the layer can then be gapressed as

-t

1( t - - ar
T P

By extablishing compatibiifty between e0ch layer and the nt:i,
onx Can wriie

F1 o 2 {because of the free surface condition)
. Ip]h - -1a hr
e gle Mo e 0

Ipyh =lp, %
2Py e file N e a1

p.h ~1ph
2y v Byllesgle © 7 ¢ Fy{laple 22 -

iph =ip.h
2y = Epllugde 22 a py (1 de 27

ip h =ip h
and ZE v Elleude PP e (1o e TR0

1pﬂhl'l.

I g -
Wpoy * E{1my de B0t Frlivegle

By replating 1nts the expressions for Eye Fy the vilyes of ErFy
in teres of E'I' then these gnes Into Che dapressizas for E‘. I"‘I g
30 G0 poe can Finglly obtatn

Eper " oE

76
| N

Yee asalification funchbion wWith rigid reck {ratio or d!splacement
or sccelaration gt top of soll to cisplacement or acceleration at
“bagrock) 15 then

2E1

Akal = l -

- ]
n+} rﬂ*l

z
El

The azplificatlen functicn with elastlc rock {ratip of ¢150lace-
ment Or acceleration at top of 0!l ta diyplécement or accelerition at
tha putcropping of rock) i

2E
Aalr) - qul__ -

26,1 1lal

The eapifcit eapression for the azaliflcaticn fonction In terrs af
the 011 progerties becomts too 1ong even (OF twp layecs. Hewerer, The
numerical computition pracesding from Inyer o laysr is siople ond adupis
ftielf very well Lo be programed In o digital computer.

1 15 possinle o hawe any king of wiscosity {constant or an ar-
bitrary funciion of [redweaey]in 2ny layer. a the oiher nang for the
purpdse of coparing the resulcs wiln thade obtained by other rebhody
(madal analysis of the dikerete —ooel) & case which Lecoter a3y Lo
{nferpret iz 1hat in which 46 15 equat Tor-all layare.

Then 1f :& {5 constant, {ndepencent of frequcncy, the resuliing
stplification funetlon will Rave in eath natural freawency a percentige
af critizal dazping incredging ileearly with the frecienty .
pitade of *he aspiification in the nth natural freguercy will thus be
proporiiozal to Ifu:'

The rag- ~

If El-' LI |

1s constant, the resulbing ampitfication furc-
tion will 3

have a constant percentage of ¢ritieal damping in 411 tha

" podes. The magnilude of the amiificatien wiil thes be proportional

La ‘Ifun.
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While 1% 15 ngt pessible tp Fi=d an exd2t Simzle formula to re-

produce the effect af the elnstic rnct: it hax been found that gocd

FESults can be cbtained by taking soce averagm progeriies for the 1gf]

AT
Ts average T h

J

: -[:s]hi

£ average -
Ihy
wnd writing 3 Taave Soave | 1
70 r e

or adding #n equivelent radlation damping

L cVeave Fave ™
T '|rEr

ey

{The correct formuls would be

(a) = . -'-1{:1:! i “1“1
‘? [N t1
1 ,__"-'I‘ 'I - __|:._..
BpEpgh o

whery th 1s the shear stress ab the base of the safi
u, the baze dlsplacenant -

uh the base accaleraticn.

Flgures & amd 10 show the arplification fencifens for b zuiti-
Tapared xoil profile with the following charictaristics:
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g 400 L B 135
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In both cases t: has been ajsumed that the ratfo nfG s the
same for 231 layers. Tt should be notdced tmat for n oo O the rasi=
pum a=oilficatlon dess nat oecur AL the first natural Fréquency but
at the third gne. This #ffeet 15 more gvident wwen differeni valurs
of darping are considered For each layer, perticolarly in tne case
of aoft layees of sofl over relatively hard stratd. flgure 11 shows
the ampiificat!nn eurve far a $oil prafiie ~hich would correszond to
the conditions a: El Centra, Califarmia. 1% gan Se seen an this caie
that the arpidficatlcn curve 15 basically the prodact af tes Tunc-
tiens: cne corresngnding to che resatively kard bollon of 11,507 feet
with 2 fundamentg! Frequency of stout 0.1 ept. the other corresponding
to the top 100 fest of soft acll with 3 fundarental [reqeency of about
1.5 epi. Tee amplificaticon due Lo trese lop 1693 fest I larser “han
that ¢ue to (ke rerainder of the 5oil end the makirun peak in ike
corbined argplifigation furvg eccurs 1n the range of 1.5 €ps. It 1s
{rpartant to ngtics that this sieplified approact, Turping several
layers of sail with sigijar precerties irio gre lager mith average
properties and redacing the total system te Just leo layers wSlch can
ke consicdered (edependently, Can ofien be sueccossfully applied for pre-
Uminary enbimates. OF €ourse to be able to Iresb the twa resalting
layers 1nde;!n:tn?13, cultipiying the corresgonding asalification
functices at e4ch poist, §t U5 recessacy 1o be adle to Lreat tneq af
unpgupted, or what 15 the sa;e, tre maisy of the top laysr should bw
considerably saallar than that of the hottom layer.

] _"‘_.1
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r v . 11.2 Discrete Fodel.

The basls for the dlscrete model 15 to realace each layer GfF
sall by a serien of lueped rasses comnected by g spring and deshpat,
The resvlting syscem (F1g, 12) %5 of course 3 faslllar pne for engin-

;/; ) eers working fn Structoral Dynasies,
. . Far any given layer af thickpess hd' shear modulus Gj“ unit

wiight T and ¥igcosity coefficient I replaced by n‘1 discrete mizzes,
onm mould have

174,
":'r‘;}

ShE

o

T - ) . T 1
- - - M, = =H - .-i —a
. 3
. _ ] HZ H3 ﬂj g j
- ; ’ Gf courss at the interface bBetween 1.0 layars the total lusped
rasi wouid b

P L ey
i L B30l
i
i

. By J
By @ ko m by = yy =k m
1 F 3 “J hi

L1
] and A A .:..f.iFjl]

where I:1 are the dashpct censtanis.

1% 13 thys £ossible 1o write the eguatijon of eoiion for eich
mass forming & stiffness matrix, 2 danping catrie and @ rass matrix
"Hagenall. The solution of the protlem falls then within the tlas-
sleal motkody of Struciural Cynasics and recuires no further eaZiasis
tion here. It i3 important to naiice, howewer, phat 1f the dashpal
constants ate arbitrary {nf0 variahle from cne layer to another) it
15 npcessary ba solve the problem by physical {ntegration of the

- eguatiors of motion.
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In gther words it {5 pot possible dn generdl to find an egulva-
Tent system with modal damping. IF en tha gther hand the dimpln?
mitrix can be espressed a4 i polynomial ezprescion af M or M
af the fu.r:_ ’

K

rearna] -

- 1 g, kT
. rem

rezepal -

f e, wK "
rem

ar Ca

corresponding values of mocil damping can be fowrnd and 2 norgal eadsl
alysis can e perforred with caming {n the ith mode,

renen=] L
Eﬂtui - rgm dr' u?”z
-1
o e L

1t can be thown thas for the free vibration prebleo as the mum-
ber of casses increases the ratural perfeds and modal saapes Lend to
thase gfven Ly tha ¢ontinugus soluticn, « % &35 been Found that a por-
{od T f5 reproduced with sufflcient accuracy i7 the nurbec of Easges

15
» K H +
nz tTt; '-T;}

For a multilayered sofl thiz cenditiza should be verified for
tach lzyer iadepencantly and for the total deposit with an average
shear wave velocity.

knowing the faturs] peripds or frequencies and Lthe correspond-
1nq racal chaper, the participation factor of eich pode Tor a base
mation is
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r, = fa3n*d I?!:Tj} far & wnifgem layer,

In general the particlpation factor c4n be found by the noreal
proceceres of Structurgt Dymasics. 1f M 13 the cass eatrlz and .,

where I s 4 vector with al1 corponents unlty.

IT 4., 1= the corponent of the ¢lgenvector ab the free sarface
of the 3ail calling 90 " Tntn
the erpiiflcetion fungtion can be welillen 23

n - x
ETTR U SR I K -
“ Moy = fIT 91F1{“1 - 8 )rdayuiaT) ? 91?3iu1n3 =
' Topdah bl *[' PR AP
it I By~ a1 fay-a®}oeqeluin

ar altematively

2 F ) B
Pl PR o | T 9,28, .,10
M) s fT gy e g ] "12‘1}J:r""?'!]
=1 [ui-a%) vealutn : fug-a” Feaglle

IF a1l the wodes are consldered bokth forcclas give ERe Si-=
reaults. IT only the flrst few codes are incluced the resulis will
differ s1ghtly in the high freguency range.

2

Resulis obtained with thess farmolas (taking suffiglent nurber
of masses and oodes) agree with the asplification curves cbtaloed
with the continuous model for the case of rig!d rock. Adding to i
values of wodsl caEping l‘ the egulvalent radlation camplng previcus.
1y suppested results for slastic rock are again reproduced.

T

Fer all practical surgoses 1t can be contidered that the con-
tizuous and the discrete madet will both be applic ble to detecrmine
“pmpiification functions and will yield the sace recwlts proviced rodal

€z=ping can be specified and o0 4 tienal radiatien darping 13 adéed . — —

to the Tumped syitem. The contincous model 15, hoseser, =ore fTeeibie
singe 1t allows for ariitrary variations of damaing from one Tayer to
angther, Furthermare, {1t requires in general less computer tire.

The digerete model nas the advantage that 4t 4 easfer to visualize
since 1t reduges the probled to & classical case of Structural Dynaa-
ics,

ITT - TRENSIENT G305

The arplificaticn function has severai fmportant propertien:

a) Tt gives 3 clear graphical pigture ane qualitative dnformation -
&n the gffect of the soil. A simple Took ot the curve 15 sufficfent

© tg detarmine 1n what ranges of freguencies the soil cam have a seris

gus demaging effect, and in »hal ranges this pflect would not be
impariani or might even Le Laneficial,

b] It iz indepencent ¢f any given sartbguske and It represents Lhere-
fore 2 property or charatteristic of th= soil 1iself,

c] For spme of the oetheds that W11t be described here, the Caterm-
iration af the a=plificatfon curve {5 a recessary TIrst step to
detarmice accelerograss or response spe=ira at the top of tae soll,
for otmer ewikpds, however, Lhis gEep cay be bypdsied. ’

In sp'te of these Teaturgs Lhe arglification curve §5 by no
fans *he ullimate goal of this Lype of studies, From the poiot of
view of the structura! Zesigaer the mafn chiective it to have 2 sat
of response specira w3ich apply to the surfaze of the soil or less
freczeabtly a st of 2arthquake records which could characterize the
rstichs to be expected. Froa the point of vied of the s6lis engin-
eer 1t {5 {mporiant to be able Lo mstimate the ragnitude of shear

v
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stresses in the 504 Auring an urthquaké to detereipe the factor of ) If on the other Gand 1t f5 writien 3
wafety ageingt Vigquefaction and to guide (n the selection of witabls

valves for mdulus and damping ratics, reo. .
. ] F{u} - E{u-} !'1$[Ejt

R - E—— . ——— . . ' R

In order to cbtaln these results several methods are sE111

e 2
available using either the continecus or the discreie model. v mmada = Eermas Elul - f':':-’ - )
sfud = tan'? Eled
. cf.}

E{w] reprecents the amplitge Fourfer spectrum, and sfu} the

101, Y = {gntinuoas Soiytdgn

Given o certain time nistory of acceleration representing an " " phage spectrum. The amplitude spectrum has an irportant physical mean-
tarthquake record 2t the eutirpoplng of rocx, or at the tnterface ' Tng. Given two values of Frequengy, s vge Ehe area under the curve
between 30l and rack, the corresponding actelerogran 4t the fres E{c} Fro= . 12wy gives the arplituds of the roblen in this range of
surface of the $oil Cin be gbtained by: frequencies. A sieple Tesk at Lhe Fourfer azpii'tade scecirgm {oflen

referred to for short as Fourfer spectirus) gives frrediastely an fgea
+of the ranga aof frecuenc[es where rese gf the arplitude of the mation
{5 contained. In f:lr_: Hudsom hag shewn that this spechirem ls a Iy
) bauac to the uncarsed velocity résporse spectrum ard in general 4 sery
.- + good apiroxleation to 1t {txey wiuld cpincide 3f the masioum regpante
» pcurred after the =nd of the excitaticn). Arfas has alse sehoem That
Cif £{w) 4% competed for different duraticns of the earthquake, the en-
- velope of theje spectra s an Upper bound to the undanped velacity
| TREpGNLE fpecirum, ’

a] Obtateing the Fourier transform af the fnaat earthouske.

bl Maltlplying 1t by the Transfer fuaction of the sail.

c]l Ovtaining the 1nverse Fouriar trinsrom Gof the resulting
fimekion,

The Fourler trinsform of & funciton of tire F{t} can ba visu-
atized as & 1imitiag case of & Fouri=r series oxpansion. [t 4
§iven by tha formuia

u :
Flu)= ’ fit}l""" If{t]t-i'tdt {if f{u) e O for o 0} i
' - I The anpllitude Fourfer specirum i5 of course closely related Lo

+ The tpectral denslty function 50.}
! 2
J, 50 - L

+ 1 E! Iz
and h) {4.] ‘1‘— =
It should fo noticed that FI-) 15 & comples function writing

1t as - where T 15 the duration of the excitation f{t}
Flud = C{u) = 15(u) . .

fit} {3 then saigd to be the fnverse Fourler transform of FLo)

(e = g [ A o

The ared under the spectral density funchion Gebween two fre-
. " goencies w ang - gives a meaaurs of the energy of the excitalfon in
Slu) 2 rfEl] sin ot ctils the sine transfora) _ that rasge.

& . '

Clut = Jf[t} o ot dt{ts the cosine transform)
-]
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The Fourier Eransform has ngt baen wied nornally 1o Structural
Cyna~res.  ILs determinztion 1%, hewsssr, Extremely fast and sirple
with & digital <oesurec. Even of this rethad of ;HHJHS 13 net galng
to be veed, the Fourter transform w111 provide sigmificant infgrmation
on the nabure of the excitation and will help to answir such qUESLIGRS
as how many modes sheuld be included 1n 2 modal analysis,

the transfer function of the sgll as oetermieed in I 15 agaln
& cemalex functton, The produce of these two complex functidng can he
scempl Ished by

Mulbipliylag Ehe Fourier amplitude spectrum of the Injut by Lhe
a=nidfheatlon fumcoagn of the so1T. The result i the Fourber
a=obityde spectrum of the earthguake &t t=¢ tree surfage of the
sotl, -

Adding 9 the Fourfer phase spectrum the chinge en phase curve
af the s001, The result Is the Fourfer phaae spectrus of e
oubpul.

The n.erse Fourter transtorm af ches srodoct will 2 aquin a
real fumctign reprosent ing Ehe Cime history gt acceleration on bap
of tre sal. Motice that if the input reprosdnts :he accelerggram
4t tha gnterface between rogh and s011 the teaastar funclion Cor-
respending 9 rigid rogs shoeuld be used, [t on Lhe Giher hand he
fnput represenis the acrelerogram which wiuld be cecerded on the fock
without any soi] on Lap, the traaster fusdtion tor 2lastic reck has o
be uted  Fhe second appredch teems mors logical  HAoeguse, AT Lhe
presens Lige, shere 15 no Cledr wip 10 delErmine whal the edriiduie
records should be at bedrock math S0l en top gr at the outérdpping
of mock, s1nce mast accelerograms ot real sarthguaces hawvi been ¢h-
tainad on ground feven 11 Liem grouna).

Figures 13 through 17 swrmarize the procecare as ostlioed. (The
phase apectes arw not plotted). Flgure 13 shows & recors of the Taft
exrthquake and Figues T4 113 seplituce Fourtee specerum, Figure 15
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" shows the arplification ceeve far & glven 5011 profile l.'thl unl form
layer previously considered with rigid rock).
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Thg prndun of tha i
Fouriar cpactase of tha input by the u.mplnflunm functim N ;h:n-n II -
in Flgure 17, . !

.
. ! .
- » " . -

(nca the llr‘thqulk.: racord at tha :urfl.u-nf the sl has bamm

. nhutnt:l deiign responiie Spectre can ba obutned ic t-u differmt
L Lk L . :

| ..
f. . .

-
o — ———
- e

-
' L4
L .

. '|

" a) From the Fourtar temstorm of the output {before tnverting 163, | . "
N by multiplying 1t by the Transter function af & ce-degras-of«frap- . D
~ . dom linear osclilatar, then fnvarting the result and finding the max- |

L imm. The Transfer function of the mc-dugru-qr Freedom 1ysten with :
= frtquln:j " and danplng L 1:

"'-'-.'1
L L .

.-.pruu_w_r.?m =g
v

._;"

. . [l -u B \l;_t. .ty ._' . LN P
- r-.-- 2- ! T Y I )
Eil 'ﬂ - A L (o

y = . R I
=h:l By 1nttgrulng thmugh a ;tep-hrﬂtﬁ Pf‘;"ﬂﬂ:-'f! th'l' Iqu:;-‘“" Con ; '
5 of mtion of . nnt«degne-nr-rmdm iystll 5 NIRRT AR I PR
b s "__" a‘L e e 4 e i
414;;'.-:’." ) _;1..*' y "'rr"" + _2' s, B

. '-MI'I ll‘ 15 the ln:r_!uruinn Lime H_‘litﬂl‘,‘m'tnp of a1l ~- A ] _
s - - ‘_r-.
*= The First procedure 1§ nermelly rel&reed 0 35 Integrabion
in the frequency domain whereys in the tecond cage the solution 1%
. _sald tg be carried ut in the tine GoMIR" WRITH the Tiest method
would represent & eqny1stent continudbien oF theé procedurs Tollowed !

up to that woment st the present ti1ee Lhet Sacond saeds more econom-
1cal a% fae &5 compular trem j§ concermed.
E) ) : at
"=q.r.'- . :_ . . v i‘.,
o ; “h__ Ut Frours 18 sho-: the pteudc-acCelerslion response pedbrun
fnr the Taft sirthouske Filtared through The yniforw to11 depoiit,
" The responIa specieum of the tput 1 il J3howt 10 the same ﬂg-un.

Flﬂuu Ii shows tha ratio of both ulpmu ipl:trl h‘.u‘ ? md 5: w

o . . 1.,. . u . . :
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"damping togethar with tha amplification curve, Tha tiwilirity between
thase curver 11 8f course striking, and thelr relationship w111 ba

- furthar discussad later,

.+ 1112 - Dlsgrete Mocel

1
Ia the discrete madel the soll is represented by » close-Coupled

. 1.iﬂ. of mazzus, springs and dashpots. The equaticns of motion can be
._!.uriuln 1a tarms of ralative displacements

H-I;-I * c!{j"]' J'?} * h]hﬁ'!"z] - - HI UE
Mg * Claym 1y} ¢ Glag Mk Kl B lygwg) = - ¥ g

"n;n * 1“"n-li".'ﬂ' ;'l'll-‘llIHr Cnin LRI SR LR A
or in matriz form

M+ CT ¢ KY » = W1 D

"2 ' -Cl II:‘+ cz - i:z
N My Ce
. £y Gty -G
" i Gt

Wy .k 1

e B b M 1 '
' . by kytky K3 el e 1
-hy' btk 3
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Replacing ;';ﬁ by the accelerogram af the earlhquake at bedrock
and integrating numerfcally this sat of differential equations, cne
can obitzla the time RMstory 0F displacements, velocity or accelers-
tion at any of the mazses, or what 15 equivalent &% any point fn the

soil, Once U, absolute scceleration = ¥+ ﬂ[; is cbtained at the supe ——-—-—--

face of the sobl 23 a4 function of time. the procedure to determine
respanse speckra 15 the §amé as that deserited for the conkipugus model
second appraach. w.

4

The integration of the set of differential equations as outs
Tined atove 1s nommally referred to as physical {ntagration of the
equations of motion. This procedurs {5 the oaly ana which can be vsed
{F the properties of the soil are ¢onsidered non-linaar. On the other
hand, for linear systems 'f modal damping can be tpecified 1t 15 porm-
ally preferred to earry cut the solution by moda® Euperpesitien.

If w are the natural circular fraquenciss af the !ﬂ” deposit,
45 1ts mada} shapes l[e1genv!tlursl. normalized 3o that '1“’1 =1 wnd
1' tha participstion factar of the tth sode

T, o Eew '
P e = (e + Bapp o7 Manyy) .

the solution can be expressed as L -"-‘_:H } .
1 = B

LA MR A

whare a;t) 1s the solution of the uge:ﬂegru-qr-fuadm zquation

- - UG[t} n-ow,
el .
1n particular at the surfaca of the sail

- " 2
‘i * 251-1a1+ui Lh

.
"

s " FTgegRyt g i tgy 4yt g

ame

o5

i The adwantage of thit type of sclutton i3 that 1t requires only
the sglution of a cne-degree-nf-fresdom equation for each mode, ance
the wodal shapes, participatlon factert and natural fraquencles are

“gnown,  Morsover in general anly the first few modes contribute aig-

niﬂ;:a.nﬂy to tha solution. For the case of the uniform layer, pravi-
ously considered with the continuous solution tha cosfflcients ) are

first mods e 1.27
second made 93 " =0.416
third made 83" 0.24

Omly threa modes are snough in this cage to obtaln a good salu-
tfon. The maximum acceieration Ia the Flrst mgde 1§ of the order of
0.219. 1n the second of 0.15g, and in the thicd of 0.05g.

Response Spectya chtafned by this ewthod $haw good ggreement with
those obtained by the continupus solution, although not as parfect ai
{n the caze of the amplificaiion function, The discrepancies are, how-
ever, very small and ars wasy to widerstand Lf the lirge nueber af com-
putations invoived 13 considersd. Each method has 144 own round-off
ahd truncation errors and they will affect mdch procedure gl ferently.
For alY practical putpores the results can, however, ke consedered equiv-
alent.

Again 1f the effect of the elastic rock his to be inciuded, 1t
can be done by adding the equivalent radlation damping In each mgde,

If the only resull desirwd 1§ the Cime history of acoelarition

.at the free surface of the 3217 {or at a weull number of pointy} the

continuous solution has an advaniige both fros the polnt of vlew of
fleafbdlity {being able ty congider <IfFerent valurs of dacping in
edch Tayer) and from the point of view of time of computation. On the
otbar hand, 1f the time history of acceleration and stresses {5 desirwd
at owny points the sodal solution becomes more tconomicel, Ownping
1a the seil does nob really come From wiscoiloy Gul from acn-1insar
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hysteretic dissipation of enerqgy. Lorrespondingly both shear modulus
and damplng are functions of ttradn. [ ron-Tinear analysis 15 to
ta parformed only the d19Crete modal with physical Intagration of the
squiligns of mobion would B4 ppplicable. Oftzn, however, the system
1t considmred 1inear, assuming valuets of shear aodulugy and damping,
determining histories of strains, computing new valeet of eodulus and
damplng snd cycting untll convergence aof the proceésy 13 obtained. For
these praliminéry runs tht discrete mode]l with Eody) !'.I'Ilhfl-'fi 'is con-
vanignt and 1% provides & Ppetar, eore economick] solution. Qnce
appropriate walues of moduluy and damping have been obtalned, the con-
tinuous model <an ba ured for & Tinal serfes of angliysan with differant
values of dawping \n eath lpyer. (In the podal $olutions bhe vaTues
of damping are Svaraged snd exprenied as wodal dasping, constant 1n o1l
). v ,

a I:;
I, DERMWATION QF RESPONSE SPECTRA

»

JTha methods pravievsly outlingd are miinly {ncended to gonsider -
an warthouake at the Gase af cha podl, F§1ter 1t gmd pbtadn the result-
ing ticw history of accaleration at the free surface, WhiT# 4% 15 pot-
pthie to obtain then derign responsE spectra &0 Lop o the $ofl, the
grocadury hay-for this purpose several gifficulties:

1] it requires a5 an Input an actual accelerogram, bw 4t that of a redl

warthquake, scaled or net, or aa artificlal sarthguake cbtwined by 2

similatlon process, While the ares of Earthqueke Steulatdon has seen

4 conpiceratia progresy In thae Tast years, 1t 15 st117 harder to derive

the tirm histery of an warphquake carresponding to & certadn pagmitude
. and gpicentiral distance thas 4t 1y to cerive & résponsw Specirum.

b] im ordar to gcbtain religble reselts the analysin cannat by don= for
Just ona Input sartnquake, but should be repested for severdl inputs
meprInting u-phs_nr edrthquakes with che same avarsge characteria-

tics, Tha vaiulting reiponpe ppactre should finklly ba seoathed by
driwing an dvdrage o #nvelope. The process bacomss then top Jgng and
expansive. '

ety 1

-, Fiyed from responie spactrs it bedrock or on firm ground.

-57.

It would be therefore desicable to have simple and approximate
wiys by which smooth response spectra on top &f the soll would be de-
Figure 19
showed the amplificatien curve for 4 given 5841 prafile and the ritlo
of response Spectra for 7 and 5% of structurd] dazping. The simllaer-
Lty of thesm curvid 1 apparent, In fact, 1F Cha Fourler spectrum
were anactly the vndawpdd velocity pesponin tpdctrom, The smpi!ficas
tion curve should colncide with the ratip of response spectira for na

dawping. '

There ara, howsver, several impartant differences betwesn these

Tl CLUryes;

1. Tr;e wplification curye tends to zero 4% Lhe (requency fncredids
ar o5 the period becomes yery $Ball. The ratlo of rerpnile spectrd
o the cther hand tends tg & Finite valum which 13 the ritio of the
maiour 2cceleration o top of the sofl to tha saximum acEelecatlon
of the input, (This ratio can be estimated frovh phe design response
specira 3t bedrock -]l’ the modes of the sail ary %nawn). The ratle of

1 pasponse spectry 1% therefore highly dependent on the dnpub esrthquake

in the high frequency range {or ftr very short prrlods, Say T smaller
than 0.V seconds), ’

2. The amplification curve Y5 & function of the so!l propertles only,
The ratic of response Gpectra on the other hand w!ll depend on Che
t011 properties (pariods and damping), the soount af structural damp-
Ing and the selacted earthquake Tnpuf. '

1. The ratlo of responsa spectra s in gerdral smoother than the
soglification curve wilh lower peaks ang highar valleys and It becomes
smoother 25 the structursl damping increstes. For deoping values af
20 or 29% the ratle f response i;ler,triti'l practically constant awer
# long rance of periods, On the ocher Mand fﬂr.urr small walyes of
structural dasping or for wndamped ;pl:ll‘l.. thy ratio of the reaponie
spectra should be clore to the wmplification Curve mxcept In the rang
of very wmall periods.

d, Tt should alsa be expected that the agrocrent between the.ll'pl‘-”-
Cation curve and Che ratio of response SpActrd would be betier for
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high valuet of damping in the zai) since thit would tend to eliminate
the trantients and furmish & mbion tloser to's pariodic nm.'“ '
In order to datermine the sppticabdility of the amplirication
curva Lo reproduce the ratio of response spocira, T:h.t ratio batwesn
bobth curyalk b has Deen pbtained 2t gevars) pn.:.u for waiform s0ils
with varying fundamentsl pericds ang dlq;in'g“': sublect to different

earthqualy fnputy. The earthqueks recerds: conildered dre El Centro, -

nn and five artificial parthgushes with a nji-t Ly spe:trﬂ an-
‘sity function, ) L
: . - K z

Figura 20 shows for pne af the <ates tludied the uuHHr.'ltim
curve and Lhe ratlo of response spactra for E1 Ceatro and Taft eirth-"
quekes. Figurn 21 shows the average ratio at response spectra for
the five artificis]l sarthquakes, togtﬂlur with the 953 coufidence
Tavels {mean + 20). Most of the polinty of tht curves for, Ei Centro "
and Taft f311 within this band, It muct be thlni‘un ruliud that
aven within samples of sarthquikes with the gamm pmperpes {magnitude
and epleentral distance] a substantial varlatiom 1% tIII be expected in
the ratio of response spectiri. i * T
) : T

Figure 22 shows the effect of the aitural perlo. of the soli
and the gmount of damping in the 301! in the valum af & at different
points. Fer T = 2]‘1 {lst natural paripd) the rabio 13 practically
constant, independent of Ty. Fer T 2Ty 1t hat agein Tiesle varia-
tlon for perlods larger tham 0.1 "cmdh “For T » 0.5 Ty the Nr‘in-

. tlon is large far periods smallar then 0.5 setonds and for T = 3— T

for periods smallep than 0.8 ar 0.5 m:md: 1t should be Mli:ld
that 1n &)Y faies the variation 15 small” far valoes of T llrgcr than
0.7 or 0.1 seconds. [T 1t 15 accepted that n mis ringe [say @ to
0.7 or 0.3 seconds) Lhe maximm acceleraClon u mr.l nf the s8] Cons
trols the response specirus, the values of b can’ M msimud only
slightly depending on the zaturnl peried of the :nﬂ ovar the LT
af appl ln:tm.
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+ Figure 23 shows the effect of structyral damping In the values . . .
ef 5. It can be noticed that as {t should ba expected the value of b i ) .
13 claser to wnlty 45 the damping in the so1l {ncresses and the struce
turd] damping decreases, While the effect of the structura) damping ~———um + 21 . . s
15 large In Lhe range O to 205 n the normal range of structures [say ' e At laT
0 to 58} this effect way be considered slight, particularly comparsd — * - I "'”-'_'______./,‘;‘,: e
Te the variation from one input recdrd Lo endther within & faolly of ‘ i_.._p--"::.:-"'""'"---- ot £ 020 l
ebrihgquikes. '

-51- ! . B
|
1

Curves 1tke those shoen in Figures 22 and 23 have been obbained '
for different values of T.f‘l]. Using thess ¢urves tha faliowing pro- ' ) ) ) .
'

cedure 1s sugqesied to derive the rabtio of respotse pectra from the L .t __z;/ﬂ-r—r-rf

amplification curve. . ; ’ e fae '

' ' ) Telrr sl 5oy

1. AL wach one of the peaks (T = T.l. T= .l_lr fl. T .;.'Tl etc.) fnd .
the value af b From tha curves and ohtgin the corresponding point i I
(mltiplying the amplification by tha factor bj. A harizontal seg- | 4]
ment 15 then drawn passing by each Gne of thews poinu and cotting - :
' the peat of the amplificetion curve If b 35 amalle. tham 1,

2. AL each one of Lhe valleys (T = ;- T‘, Tw }TI e, thf_g ratio b
15 ebtalned from the curves and 3 point 15 drawn. These poines are . . - coer
then jolnxd by weaath curves to those resviting from scep 1,

3. At T« 21y, the value of b 15 aguin found or :.“.,ﬁ taken approad - .
mately wqual to 1. FarT > 2 ‘ll the amplification curve can be ysed, . - - "-';“Afr__‘_-:.
Thls point 13 thep foined to the point imwdiitety nest o T, by 2

smagth curve 11 Lhe curve {5 plotted versus pariod or & straight 1ine ! ]
if plotted versus Freguency. ' . I b T=F wety

4. In the rangs of small pericds or large Frequencies the responss
spectrum has to be controlled by the accelerstion o) top  of the spil,
The ratio gf Lhis acceleration to the maximum $nput acceleratfon can
be obtained. AL & pericd gf 0.1 secondy {or & frequency aof 10 cycles
per cacond) this valos miy be taken ax the ratla ¢f response $pectra.
Batwran the value 3% & peripd of 0.2 seconds and this value a straight i ' . LRFreY oF FIRMIYural JRMVIG
1inz may be drawn iF the curve 45 plotied vartut period or & AEOQLN | - - '

transition curve 1F platted versus frequency, | L P
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! While a1l the casws ronsidersd to derive the curves for the

values b have corresponded ta & tniform 5011 profily and further test-
ing 13 necessary for miltdlayer systees, 1L 13 beliavad that such a

_ procedure could #lso be appiied for the latier taking the 1'1 1 Lhke

periad at which tha saximmt ampiificat!on gocurs rather than the first

- fupdymertal period,

i
-’
Flgure 24 showy an exampla of applicaticn af tha method. Curves
! af the standard davistion o heve 1130 been obtafned, From these curves
ft 15 then possible ta draw not only the sverige ratio of response

" spectra but atso confidence levels.
i .
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1.

Sismelugia y Tectdnica de Placas

(Teoria del rebhote clastica)



SISMOLOGIA Y TECTONTOA N PLACAS

la ciencla que estudia los aspectos relacionndes con Ta ocurrencia de em-
blores de ticrra o sismos es 1humada Sismelopia.  Esia ¢s o ciencia joven
va que pran parte de sus mitodos o instrumental fueeon desorrellados duran-

te este siglo.

A pesar de &sto, la 5iseologia ha logrado avinces notables. OQuizi wa de
sus mis valiosas contribuciones al entendimiento de nuestro planeta lo cons

tituya su aportacion a la llamada TECTONICA DE PLACAS.

Para esboiar estn teoria considererns en primer lugar 1a estrultura intera
de la tierra. F£nla figura 1 podemos vor esquamiticamente su constitucion.
nfileo terrestre estad probablemente corpuesto de fierro y niguel. £l rman-
to terrestre tienc wna corposicidn a base de silicatos ferromipnesianos
mientras que la corteza estd compuecsta por silicatps atandanties en poinsia,
sodio y calcio. Hl cascnrdn mis externo de la ticvrra, ol cual comprends la
corteza y parte del mantp, con wn espesor de aproximidamente 100 lm parece

comportarse comy un cuerpo riguido “flotando™ en el resto del manto en <on-
1009
2000 4
3D00

{tkm}

iy
Profitind pdad




de pueden presentarse novimientos como 51 se tratara de wn fluide. lsia
conducta semejante a la de-wm fluido {icne sentido solamente en tiempos geo

10picos, os decit en tiempos del orden de millones de afios.

El cascardn exterior 1lamado litésfera no ¢s continuo sobre 1n superficie
de la ticrra sino que estd formundo por diferentes Vplacas™en contucto  ma

con olra.

las placas sufren IITI:?‘L"i_ij]'I.'tO‘:? relatiwos debidos 00 fuerzas de origen  alm
no completamente conocidos, aplicadas a lo large d¢ las mismas. Estos ois-
mrs esfuerzos producen ep algunos de sus mirgenes Ta subdurcidn de una pla-
ca bajo la otra y en otras la creucidn de nuevn litosfera (Figura 2). Debl
do a estos movimientos los continentes han variado s posicidn relativa a
través del tiempo geoldgico y se cree que en Wn tiempo estuvieron todos re-
unidos en un gran contincnte llamado Panpea, Esto nos eaplica el ajuste
(ue exlste centre, por ajemplo, las costas de Sudmedrica v Africa. Al es
la distribucion geoprafica sle cstas placas? Lo Figuea 3 pos Yo piesirs,
Las omas de Creacidn de nueva litasfora se proesenda.cam cordilleras sib-

marinas ¥ las zonas de subduccion ferman a menudo trincheras submarinas <de

cordi | Jera Orednica trimchern

Orbano

Iathesforn

Asterosfera \‘T/ /—/___-_-_
Magma \\‘

Marmma Ascoendanto

Fig. 2
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gran profundidad, Podepos también notar que las diforentes placas no coin
ciden von los continentes y los océanos, sino que pueden lener COTtela con

tinental v oceiimica,

No se sabe com certeza que cansa los esfuerzos que producen los eovindentos
de las placas pero se cree que @stos son producidos por transferencia con-
vectiva de calor, de la misma iminera cong ocurre cuando se hicrve apua o
curiquier otro liguido. &l fluido mis cercano a Ia fuente de calor s¢ ex-
prande, se vielve de esta manery menos dense v ticnde per lo tunto a subir
a 1a superficie donde e5 enfriado v desplazade hacia el fondo por nuevas
rarcelas ascendentes (Figura 4).

Este tipo de corrientes de conveccidn pueden existit en el manto terresire
aiprjue no debe por Esto suonerse gue ol misme se cncuentra en estade  de
fusién como las lavas. Ya sc ha mencionado gque @sto sdlo tiepe sentido en

tiempos muy larpos. Untt munera de visualizar €sto es ¢onsiderar um <ierte

Fig. 4



st

volhimen de roca., 51 aplicamos a &sta un esfuerco tensional por wn tlespo
corte la roca vuelve & su posicifn inicial, St por el contrario aplicnmos
el esfuerzo por un perfodo prelongado de tiempe la roca quedari deformada
permanentemente {Fig. 5). En este filtim caso la roca "fluye' v se parece,
en este sentidn, awm fluids, ya que en éstos 1as deformaclones son perma-
nentes. Esto nos explica también les plepamicnios que observamos muchas v

ces £ las oortaduras hechas en las carrcteras.

Bl estfurrzo se anlioe
QUurante un LieMpme oo Lo

e hay tdelarmaunn

[SLLY B AT S ]

DY wesfuerao se unlica

dorante un tiemoe laron Bl oizerray an folprms
_[.E:I"Iq'l."li.ﬁ'.".ﬁ‘.'.".f_'i;
—_— ap—
Forma orisinal Aplicacion v asfunrros Forra !inal

Figura '

JCudl es Ia relacidn de ésto con los temblores? Fn primor lugar nofarends
gque ¢ una zona de subxduccitn el movimiento de wna placa bajo la ot .ra 50
realiza venciendo las fuerzas de {friccidn generadas en ¢l contacio enire
ambas. A Jo larpo de este contacto, 1lumado zona e Wadati-Benicff (WB),
el movimiente de wma placa conira la otra tienc lugar dicontinuamente, por

"brincos. Es Bsto precisamente lo gue genera los temblores en esias regio



nes.  Para visualizar estos procesos pensemas on un blogue de cenmnin sehre

N3 mesa com Se mestra en la Figura b

toasion

frigoion

e =t

Fig. O

S5i colotamos am peso pequeno on 1a Guoinstilla ol blogue no su opoverd debidz
a ta fuerza de friccidn entre el bloyne ¥ 1y mesu.  Conforme amenianes  of
peso la tensidm en el cable continfil aciomlindose hasto que iguala a la fuer

za de friccidn, a partir de ese momento el blogque eapezard a roverse.

fnilogamente en 1a zona W-B se acumula pradunlmente hasto que rebasa um 17-
mite, en esc momenlo Comienza a presentarse un fallamienie en algim punte

Hamado Touco desde donde se propapa o toda wa simerficie (Fia. 7).

Pl e falln
-

Z.

-

/ = Ariogg nueospdan Ao rupiurna

Fig. 7



Este comportamiento puede ser obscervade cuando el ceontacto entre placas a-

{lora en la superficie de la tierra como en la fiwnsa TPalla de San

en Califomia.

Muliis

De hecho, fue cn observaciones hechas en esta falla que pu

do deducirse este mecanismo que es conocide cone 1a TBORIA DEL RIBOTE ElaS

TICO.

Isto ocurrié durante cl sispe de San Frinciscoe on 1906,

La Figura

Ba muestra las dos placas durante el movimiento lateral gue prodice la ncn

milacidn Jde oesfuerios.

En To Figurs 8b los eslucrzos rebasin cierto 1imi-

te y el fallumiento se prodike en un punto ¥ s¢ propapa en arbas direcclo-

nes.

La Figura 8¢ muestra la situacidn después del tomblor; cxiste ahora

a b e d
r T e SO | |
" — e I iz |

[ el —_— o — hoth |
W o B [
e PR e T
_— A “'\..._,_,_ | p_u—_,_._!l '!
| A\ T

L N —_ l_"___
1 ) .
Fig. &

wun desnlazamiento pormancoe entre ambas caras do la falla.
It P

Aungue este proceso puede parecer intuitivamente obvio, en Tealidad no lo

es., Durante mucho tiempo se pensd que ol fallamicnto de la corteza era un

efecto de los temblores ¥y no su origen.

Comn fuentes de €stes se pensati

en intrusiepes de magra o colapso de volitwenes por cambios de densidad de

las rocas que compornen la cortezi,

Mmque cstes necanismos pueden ocurrir,

s¢ piensa en la actualidad que 1a mayoerin <de Tas temblores en las regiobes

de subduccidn se oripinan per ¢l mecanismy cxolesto v oson 1 lomados Vtectd-
B )



v

nices". Otros tipos de slsmos estiin asociados a fendmenos locales coma son
los volcinicos ¢ algros otros debido p. ej. al colapso del subsuclo por

pérdida de agua, etcétera.

ORDAS SISMICAS

S1 desplazamos wn diapaztin de su posicitn de equilibrio v lo soltams re-

pentinamente percibinos su sonido caracteristico (Fip. 9). Lo mism sucede

:
—_—
_

Fig. %

en la tierra, herms visto que ¢l fallamiente de la roca consiste precisaren
te en 1a liheracidénm repentina de los esfucrzos puestos al terreno. Ie es
ta manera, la tlerra es puesta en vibracidn. Esta vibracidn es debidz a 1a
propagacion de ondis com en el caso del diapason.

Ahora bien, en un sélido pueden transmitirse dos tipos de ondas. El primer
tipo de’ondas es conocido como compresional porgue consiste con lo transmi-
si0n de cempresiones v rarefacciones com en el caso de la transmisién del
sonido, en este c<aso las particulas del nedio se meven en ol mismo sentido
en que se propaga ia onda, Ei segundo tipe es conocido corm ondas transver
sales o de cizallamiento; las particulas se mueven ahora en direc

cibn perpendicular =2 la direccidn de propagacidn de la onda.



La figura 10 muestra esquersiticamente la propagacion de estis ondas cn

hlogue sHlido.

Las ondas compresionales y transversales lhan sideo llamedas Py S respecti-
vamente por razones que se verfin mis adelante. Son también conocidas  coro

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

Ademds de estas dos clases de ondas pueden existir olros dos tipos mis 1la-

madas superficiales. lstas ondas viajoan en 1o superficie de la tierra v su
J up ki

R e R

e e e i R T T
. . .-:_____.;-.-r:.'_"_e. ..-:‘;.:" 1,7

i

e

Fig. 10
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arplitud decrece con la profimdidad. Sec Jes ha denominado con el norbre de
los cientificos que demost raron tebricamente su existencia: Ravieigh v

Tivwe,

Las ondas de Rayleigh se originan cn la swperflicic de un s6lido clistico,
es declr, estas ondas no podrian generarse en un medio infinite y se carac-
terizan por la travectoria eliptica retrdgrada que describen las particulas
al propagarse la onda. T[ista trayecloria ocurre en ¢l plano de propagacidn

de 1a onda (Fig. 11}.
Trayvetoria de la parilcula

..

p Dircccion de propagarion de la onda

|
R 227 7a70 T 77T i0 i Al rrer ity

Fip. 11

Tor otro ladn, lag ondas de love ecurren cuands cxiste wna interfase entre
dos medios eldsticos de distintas propicdides.  Coro las ondas 5, Ias ondas
de love ocurren con wn movimiento de las partiomlas perpendicular a la di-
reccifn de propagacidn, s6lo que, polarizide oo ¢l pinne Jde 1a siperficie
terrestre (Fip. 12).

Direcc|ton dw propogo:

Troyweinris de lo parlicvla tlén de Iy sndo

S

Fig. 12
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Al o5 la velocidad de estas ondas?  S5c puede deenst rar tedTicmente v ot

ohserva experimentalmente gque Lo oveloeidad de Tns ondas es Lol goe:

dende ‘-JP, Vo y ¥y son las velocidades de la onda 1, S y sunerficiales res-

pectivamente.

Las velocidades de las diferentes ondas dependen de las caracteristicas del
medio; por ejemple, en rocas Tgncas la velocidad de las ondus P es del or
den de 6 km/seg mientras que ¢n rocas poco consolidadas es de aproxiradinen
te 2 km/seg o menor.  AsT, las ondas T de wn terremoto ariginadn en 1a

(bsta de Acapulco serian sentidas en la ciwlad de México en menos de 2 minu

tos.
SISMOGRARDS Y SISMOGRAMAS.

Los mecanismos para detectar los temblores {ueron ideados a fines del siglo
pasado vy perfeccionados a principios de €ste.  Actualmente estos Listrumen-
tos han alcanzado wun alte grade de sofisticacidn, perv al principio bisico

empleads ne ha cambiade. Si tomamns en cuenhta que ol oQurrir un tembior ci
sucle se mueve, cntonces pata poder obserwr este movimiento tendriarps que
estar en \n punte fijo fuera de la tierva para no sufrir nosotros misms osec
mvimienta y poder detectarla; ésto obvianente es inposible.  Sin erbargo,

o5 posible consiruir un mecanismd que puedns medir cste novimicnte relativo.

El mecanismo consisie de 1ma misa suspendida de wn resorte atado a un sopor

te acoplade al suele (Fig. 13}, cumndo el soporte se sacnde al paso de las



cn el mismo sitio de reposo.  Posterivrmente Clando la masa sale ael repo-

so, oscila. El mwimiento posterior del péndulo no refleja el rovimiento
del suelo, por lo cual se ha ideado i méteode para wolver a 1a masa a su

sitio original, &sto es lo que se conoce comy arwrtipuamiento del aparato.
In la Figura 13 se representa cl jamortiguamicnte comp wna 1&mina sumergica

en un liquide [corfmmente aceite),

51 se sujeta wn lpiz de la masa suspendida para que pueda inscribir sobre
un papel pegado sobre wn cilindro que gira a velocidad constante, se podrd
registrar sucesivamente el movimiento del suelo. El instrumento, hasta

aqui descrito, para detectar la componente vertical del movimiento del sue
lo, se conoce Como sismdgrafo vertical y el papel donde sc inscribe se 112

ma registro o SISMOGRAMA.  Sisrograras tipicos se muestran en la Figura 14,

los sovimientos del suclo tambifén tienen corponente horizental y para me-



P b ONDAS SUPCI ICIALES PAS — 78 Nov, 1915
. | -1;-
. ey oyttt . :" - L lllﬂw_‘_"‘ — oy na —— e e
Slilllll:ll‘&rlll'li dr laevaitn h‘i!mu1ﬁ§;fd dr Ppwadena (LELLY) caree q.an;I:u rrE al ey e Cranat s el 2E g i s e dr ]

3050 m,

o Wi i xS T LT A \D T
L:-:.-_-:"__. e T IHR -"ﬂr.ﬂ]!.._.)\."'.".%t-._—-l:-n--yf_,“ o T

— ._:"i
- -m_.—-——i“""" J”ﬁﬂ!ﬂ ".ﬂ. h? H!u-u i 5-" v_ﬂ&ﬁ%}—:ﬂ' :::':" -ﬁj

J.".'--nrlt.-ll.

5“""_,‘"“-,.drIJ.-“.nan.;“mnlgiu.d.cT.;ub;q.:q.annpunrlunlrllrr mblardel
tiv22delebrercdr 1979, rrgintadoalas DD 36755y Ioralizadeenel > Lye Vileanion
entral” . ThHvianhia g.-:-,}drlusunundrT-cubna 120 km

Fip. 14

dir este movimiento se Tequiere de péndulos herizontales aue oscilan Com
1My puerta que tiene su eje inclinado (Fig. 15a). El sismigrafo horizantal

se representa en la (Fig. 15b).

Los sismbgrafos que se emplean actualmente, en general tienen masas que pue
den ser de wos gramos hasta 100 kg, mientras que los sismdgrafos antiguos

de amplificacién mecinica solian tener grandes masas con el {in de vencer

las fuerzas de rozamiento, tal es el caso del sismigrafo horizontal Wiechert
de 17000 kg de la estacidn sismoldgica de Tacubaya {apéndice A); el arpril-
puamiento se hace por corrientes patisitas o imines, ctcétera, la amplifica
¢ibn por medio de palancas y galvandmetros v la inscripcién en papel ahuma-

do, papel fotogrifico o cinta mignética,
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Fig, 15

los Sismometros son los sismdgrafos cuyas constantes fisicas son conocidas
de tal nunera que se puede conocer el movimiento real del suelo calculade

directamente de los sismogramas,

Para determinar con precisidn el epicentro de an temblor se requriere del
auxilio de varias estaciones sismolégicas, por lo cual los observatorios
sismaliipicos requieren por lo menos de tres esiaciones sismoldgicas o for-
mando redes de €stas. Tal comn la Ped Sismolégica Mexicana (ver apéndice
R) que controla el Servicic Sismolégico Nacional, organismo encargado de
la generacidn de datos c informacién sismoldgica. En éxico existen otras

redes de proyectos especificos comn RESMACY, RESNOR™* . v SISHMEX*** A nj-

*  "PED SISMITA MEXICANA DE APERTURA CONTINENTAL™ operada por el Instituto
de Matemiticas Aplicadas y Sisteras de la UNAM.

** O URED SISMOLOGICA DEL NOROESTEY operada por el Centre de Investigacion y
Enschanza Stperior de Ensenada, BLC

*i% PSISTEMA DE INFORMACION SISMOTECTONICA NE MEXICO™ operada por el Insti-
tuto de Ingenieria de la URAM.
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vel mmdial existen convenies para el intercambio de datos entre los dife-

rentes observatorios, formando asi todss las estaciones la red mmdial.

DETERMINACION DEL EPICENTRO

Homos mencicnado que el Tugar en que comienza el fallamiente que produce
los temblores o8 llamado foco. A grandes distancias el pluano corpleto de
Tuptura aparece como un punto ¥ le llamams foco; lo proyeccién de éste so

bre la siporficie terrestre recibre el nombre de cplcentro (Flgura 16},

ESTACION
EPICENTRO

Fig. 16

JOHmo determinan los sismilogos la ublcacidn del epicentro?. Ya se dijo

que los sismografos amplifican ¢ inscriben el movimientn del suelo en wma
tira de papel (o cualquier otro tipo de material similar] que se llama re-
gistro 0 sismograma. Bn ¢l sismograma so registran en arden sucesivo  de
tiempo los diferentes tipos de ondas gencradas por wn temblor v que arri-
ban a la estacidn sismelégica, como se puede aprociar en la Figura 14, La
thicacidn del epicentro de wn temblor se hace analicando sus registres ¢

identificando los diferentes tipos de opdas comg se muestra en 1a Figurn
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20. Se ha mencionadn va gque 1a velocidad de 1as ondas P es mwvor que ta
de las andas 5. Iste hechio o5 ntilizado enoma de 1as téenicns mis o
nes de 1a Sismelogin para determinar el epicentra.  En efecto, suponpgirns
que la persona A es mas veloz que la persona B (Fig. 17). 5i arbas con-
piezan a correr desde el pnto 0 evel mmento que estin intas a medida quz s ale-
jan de 0 la distancia entre ellas serfi mavor. TPuede wtilizarse la scpara-
cidn entre ellas en un punte dado para calcular 1z posicién del origen i

partir de ese punto.

Lt =20 t = t1 s
Fig. 17

Yobre la swerficie de 1a tierra, wn cstacién puede propercionar la distan
cia al epicentro pero no su direccidn de maneru que son necesarius al ~enos

tres estaciones para determinario sin ambipucdad (Fig. 18).

En la practica, la interseccidn de los circulos correspondientes a ias tres
estaciones no Coineide en un solo mmte sino comprende una regidn mas o me-
nos grande dependiendo de 1z calidad de los dates utilizades. La informi-

cién cbrenida de estaciones adicionales es tratada estadisticamenie en oiras

técnicas sismolégicas para refinar la posicitn,



i

Fip, 18

ESCALA DE HMAGNITUD © INTENSIDAD.

1as escalas de magnitud e intensidad sen utilizadas para cwantizar o nedir
tos temblores. La escala de magnitud estf relaciaonada con la energia iibe-
rada com» ondas sismicas; la de intensidad con los dafios producidos por el
sismo. Ambas escalus son necesarias puesto que miden aspectos diferentes
de 1z ocurrencia de um temblor.  Asi 1a escala de mamitud estd relacionada
con el proceso fisico misme mientras que ta de intensidad lo estd con el im

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

Comy es patural, 1ma clasificacidn de les temblores por medic de sus efec-

tos, que son obsenvables, fue el primer intento de catalegarlos, IEscalas
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de intensidad fueren propuestas desde los (1timos afivs del sigle pasmds,

Fn 1902 Mercalli propuso wna tabla, que fue posterlormente modificads en
1931 y desde entonces sc le ha 1lamado escala Modificada de Mercalll (3M).
Esta no es la Umica;pero si la mis frecuentemente uSaca on MUEStro continen
te. Consta de 12 grados como puede apreciarse en la Tabla 1 donde se rues-

tran tanhién las carncteristicas de cada prado,

Podemos ver que la escala de intensidad es en gran mudida suhjetiva. Ao
nos da informacidn sobre la enerpia libetada en el temblor puesto que por
ejerple wn sismo pequeic puede casar ris dafios a wma poblacidn, s1 ésta

estd cercana al cpicentro, gue wno grande pere o mayor distancia,

As1 pues es necesario catalegar temblores de acuerdo con los procesos fisi-
cos de 1n fuente; pero también de manera tal que puedin ser medidos. Teade
el mmto de vista fisice scria conveniente clasificar los temblores de acuer
do con ta energia que disipan y mngue podriams hacerlo, no tenemns instra

mentos que puedan medirla directamente.

Resulta entonces necesario encontrar una metodolopli para poder precisar no
silo el epicentro del sisme sino Ja magnitdd ¥ fecha del mism.
Poscems sin erbarge sismpgramas y &éstos pueden ser utilizadns para catalo-

gar temblores de una manera racional como se veri a concinuacidn.

De dos temblores ocurridos en el mism epicentro y repistrados en el mismo
lugar, el mis débil producird un trazo pequefic en el papel » el mas fuerte
un traze grande. Para un mismo sismo y estaclones que se alejan pradualmen-

te del epicentro 12 traza se hace igmalmente menor (Fig. 193. -

¢



TABLA

ESCALA MONIFICADRN DE MERCALLL
I. Micresismo.
hetectads por instrumentos.

II. Sentido por algunus personas
(penernlmente en reposo).

IIT. Sentido por algunas personas dentro de edificios.
IY. Sentido por algunas personas fuera de edificies.
V. Sentido casi por todos.

VI. Sentido por todos.

VII. Las construcciones sufryen dafio moderado.,

VII!. Danos considerables en estructuras,

1X, Daflos graves y pinico .genern}..

X. DPestruccidon en edificios bien construidos.

XI. Casi nada quedn en pie

XI1I. Destrnuccidn toral.

* Upa escala mas detallada aparcce en el Apéndice D,
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Si se grafican los valores del logaritmo de la amplitud de la traza contra
la distancia, se obtienen grificas com las mostradns en la Fig. 20, In
esa misma figura, la curva mis baja representa un terblor mhs pequefio. Re-

sulta entonces 10gice tomar cualguiera de estos sisms como el sisno patnin
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v asignarle la magnitud cero, los demis pueden ser medidos a partir de &ste
midiendo la separacién entre cllos para cualquier distancii del epicentro.

Se tiene eptonces gque:
M = lop a - log Ay

El temblor patrdn, de magmitud cero se define como aquel que  teniende  su
epicentro a 100 km de distancia deja una traza de una micra en un sismdgri-

fo Wood-Anderson elegido tanmhién como sismdgrafo patrom.

S¢ tiene ahora una fOrmula que nos proporciond un valer relacioeule cono o
"tamafio” del sismo e independiente de los dafios que pueds ocasionar. Dste
mismo wvalor ha sido relacionado por los sismdlogos con la encrgia libenuda
por ¢l sismo. Existen diferentes formulas que relacicnin la energia con la
magnititd de ur sisme, @Estas varian porque Ia amplitud medida en el sismo-

grama puede ser la de cualguiera de las distancias fases (P, 5, superficia-

les) que son registradas.

Un temblor de magnitud 5.3 libera una energia del orden de magnitud de dade
una cxpleosidn atomica*, es decir unos Iﬂzﬂ crgs.  Sin embarge, la cnergir de
un sismo de magnitud 8.5 no es tres veees esa cnerpia sino la equivalented
1a de unas 27,000 de estas bombas atfmicas, Osto es, lu cnergla menenta a-
proximadamente 30 veces por cada grado. Esto puede verse mis claramenie en

las f&rmulas que relacicnan magnitud v energia: éstas son de la forma:
log E = a + kM

donde a v b dependen de Ia forma en que es Colculada M.

Notomos que la cscala de magnitd no ticne 1fmites; sin amburgo, no s¢ o dwn

* como la de Hiroshima {20 Ktn de TNT).



encontrado temblores muvores e 8.6, Esto estd relacionado con ¢l hecho o
que la corteza ticne un limite de ruptura mis alli del cwal ya no pucden a-
cumalarse mis esfuerzos. Un ejenplo de wn temblor de esta magnitud es ol

de Alaska del 28 de marzo Jde 1964,

Notemas tambifn gue pueden existir temblores de ragnitud nepative, puesto
que £l sismo patron (de magnitud cerc), es clegidn, hasta cierto pumto arbi

trariamento,

L2 determinacion de magnitudes ha sido mejorada en las Gltimas «décadas uti-
lizandn la disponibilidad de mis informacidn y modelos tedricos. Sin ernbar-

ge el principio bisicu es el mismo.

En el Aptndice € se detallan algunos de los sismps mexicanos mis destructi-

VOs.
LA CONSTITUCION BE LA TIERRA.

Fn el primer apartado de este articule se considerd la estrixtura de la tie
rra. (Come fue posible conocerla si las perforaciones mas profimdas no alcan
2dn sino wngs pocos kildmetros?.  La respucsty estd nuevamente o¢n la Sismolo

gia.

De jgual manera que un médice puede saber si existe fractura en los hucsos
de wn accidentado por medio de rayes X, ¢! sismilogo ha deducido la estrmuc-
tura de la tierra por medio de las ondas sismicas que viajan a través decllia

comy los rayos X a través del cuerpo himano.

Supongarns que ocurre un Sism en un punto dado si 1a tierra fuera completa

mente homogénea los rayos viajarian en lincas rectas del foco al observador
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(Fig. 21a).

los sismogramas observados serian relativamente simles. los cientificos
han hallado que los rayos no viajan en linea recta sino que van curvindose
hacia la superficie debido a que 1a welocidad de las ondas aumenta con la
profindidad, (Ver Fig, 2lb). Ademis de &sto se encuentra que &stas sufren
refracciones ¥ reflecciones que sdlo pueden explicurse si 12 tierra estd
corpuesta por las diferentes regiones de que se hablé cn el primer aparta-

do. Los temblores resultan entonces, tener Wi aspecto positivo y es £ste

el de darnos a conocter el interior de nuestro plancta.

FoCO
MULLID
EATIRMD
(a) (b)
Fig. 21
SISMICITAD

En los Gltimos 80 afios se han podido registrar todos los temblores mis im-
portantes (en cuanto a energia) de manera que se han rodido hacer estudios

cualitativos de ia sismicidad de la tierra, asi se ha obtenido wn esquema
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El mapa de la Figura 27 muestra la distri

Se puede observar que la mayor parte de ener-
~n en Tas costas del Octuno Meilico rogidn gue se Coln-
focpe debidn o que on esta wonn ecurre también gom ne-

ay otras regiones, como el Atlintice medio y el cintu-
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ran Turisico pﬂm‘con {na actividad sismica menor. MNotese que estas fean-
jas coinciden con los 1imites de placas de Ia Figura 3. Existen taumhién
reglones donde la actividad sismica es casi nula o desconocida. A esias
regiones s¢ les suele llamar uscudes.  Tesde Tuepn que Tos paises que sc

sitfian en 2onas sismicas serdn mds afectados por los sismos.
SISMICIDAD GLOBAL.

Observande la actividad sismica mundial se puede estimar el nlrero de tem-
Plores de Cierta magnitud que ocurren en wn afe. St ha visto gue por lo

menos ocurren dos grandes terremotos actunlmente {ver Tabla 11). Por otra
parte estim ocurricndn vurios cientos de miles de temblores de magnitud in

forior a 3 que pasan desapercibidos,

TAELA 11
PROMEDIO ANUAL DE TEBLORES

MACNTTUD NUERD PROMEDIC
d

§

7 20
6 100
5 3000
4 15000
3 150600

SISMICIDAD BE MEXICD

A fines del siglo pasado se conocia 1a historia acercn de 1a actividad s1is
mica de México desde 1400. Posteriormente con el desarrolle técnico sisun
l6gico hacia 1910 se inaugurd la red sismolégica mexicana (ver apéndice A).

Ne esa fecha a la actualidad se han generado SISINZramis que se Conscrvan
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en el Servicio Sismologice, en la estacidn Sismoldgica de Tacubaya.

Durante los {iltimos 70 afies se han repistrade v localizado, wtilizands los
datos de la red sismoligica mexicana, sizmos ccurridos en la Reptiblica
Mexicana hecho por el cuml actwlmente se conoce hastante bien la sismicldad

de México (Fig. 23}.

PREMINITORES ¥ REPLICAS

Los sismiloges han observado que inmediatamente despnés de que ocurre 1m

gran temblor, &ste s seguido pur temblores de menor mignitud 1iamados ré-
plicas y que ocurren en las vecindades del foco del temblor principal. Se
piensa que la ocurrencia de éstow se debe probablerente al reajuste mecini
co de Ia regidn afectada. Inicialmente la frecuencia de ocurrencia os gran
de pero decae graduilmente con el tiempo dependiendo de 1a mgnizud del Tem
blor principal. Por ejemplo para el terblor de Qaxaca del 29 de noviembre
de 1978 de magnitud 6.8 inicialmente se observarun hasta 200 réplicas de

mignitud mavor que 2.0 diariamente y fue decayvendo esta actividad duranie

5 meses aproximadamente.  El estudio de las réplicas de wr gran temblor se

ha aprovechade para estimar las dimensicones de la regidn focal.

Frecuentemente alpunos tenhloTes grandes son precedidos por tembiores de
menoT rognitud 1lamados temblopes promonitores que comienzan a fracturar ia
regidn focal del gran tembler. Ko es ficll delemrminar cuando wn terblor
quefio cs wn premoniteor de un gran temblor va que se suele confundir concual
quier otro no relacionado. En ia generalidad de los casos se¢ sabe que un

terblor ¢s premonitor sblo en el contexto de la actividad posterTior.
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Gismicidad de Mexd
da Nexica, de 1900 a 1974.
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PREDICCION

;5¢ pueden predecir los temblores? L respiosti a esti pregunta le;iun:!v e
lo que se entienda por prediccifn. Afie tras afio podemos leer en los perié-
dicos las declaraciones hechas por adivinadores, mediuns y otras gentes por
el estilo, sobre 1a futura ocurrencia de temblores en algim lugar del plane
ta. FEstas declaraciones distan mucho de ser predicciones, Se ha vistao
(Tabla IT)que en promedio ocurren cerca de 120 teshlores de sagnitud mayoT
a 6 anualmente. Se conocen también las zonas sismicvas del planeta, de mang
ra que por ejemplo €l afirmar que durante el afio de 1981 ovurrird wn terblor

en la costa eccidental de México no contiene informacifén novedosa ni til.

En la Ultima década el desarrolio de la sismoleopia ha 1levado a los sismhlo
gos a la conviccifn de que éstos pueden ser predichos. La investigacldn en
este aspecto es relativamente nueva a pesar de la cmal se han loprado resul

tados prometedores,

Existen esenciaimente dos maneras de atacar el problema. FEn una de ellas
se estidia la variaciGn de ciertos parametros fisicos debide a la atimula-
cdén de los esfuerzos cuya relajacidn ocasiona el temblor. Asl por ejemplo,
s¢ ha observado que la regifin focal sufre wma dilatacidn que altera la velo
¢idad de las ondas que se propagan en ella. Gtros de los parametros que se
alteran son por ¢jemplo resistencia del terreno al paso de corriente eléc-
trica y el nivel freatico. Todos estos fuctores pueden ser medidos y corre

lacionados con la ocurrencia final del temblor.

En otra de las formas de enfrentar el problema se ha estudiado la sistematl
cidad en la ocurrencia de los temblores. Sc ha ebservado que Tos cpicen-
tros a lo largo de wna zona de suhduccidn no se distribuyen al azar sino s1

guiends un patrdn geogrifico y temporal. Puede entonces estuliarse la his-
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taria sismica de wna regitn, estimar los pericdos de recurreacia de tembio-
res de cierta magnitud v evaluar de esta ranera la posibilidad de ecurren-

cig de 1 temblor.

Este breve bosquejo trata solamente de poner de munifiesto que lo» sismblo-
gos actuales se ecncuentran trabajando scbre bases cientificas para lu futu-
ra prediccidn de temblores. Cuanto tiespo tomurd el desarrpllar m sistcm
eficiente para predecir temblores es dificil de precisar pero seguramente

serd de algmas dicadas, Indudablemente &sto requerird del desarrolio de

nuevas metodologias tanto tedricas comy instmimentales.
AQUE HACER CUANDO OCURRE UN TEVBLOR?

Existen varias medidas que deben tomirse en caso de ocurrir un tenblor, pe-
ro ante la cminencia de un sucese de esta naturaleza, en regiones sismica-
metite activas es mejor prepardrse mentalmente [rira una eventinlidad.  Por
otta parte conviene buscar las condiciones adecuadas de seguridad de los si
tios donde se perminece mis tiempe comp son: la casa, el trabajo, la escue

la, etcétera.

La seguridad de lus casas en casc de temblores se garantiza construyends a
gstas segim los cbdigos de construccidn antisismica de la regifn, si en los
centtos de trabajo se observa poca seguridad en las instalaclones pedir que
cean reforzadas. FEn México las escuclas, v en peneral, obras civiles son
construidas tomnds en cuenta cl cidige de construccifn pero si se observa
alpma anomalia conviene reportarlo a las autoridades competentes.  Dede ¢-
vitarse el colocar objetos pesados o peligrosos como lfimparas, etcétera

en Tepisas vy lugares elevados a no ser que esién bien sujetos.
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APEXDICE A.

HISTORIA DE LA SISMOIOCIA N MEXICD.

la Rep{dlica Mexicana estd situada en wna de las regiones sismicamente mis
aCtivas del mundo como se puede apreciar en la Figura 24, 1 estudio de la
actividad sismica en México es relativamente reciente, sin .emhargc: su ohser
vacidn ticne antecedentes remotos. Sabemds que los primeros pobladores de
México se percataron de la actividad sismica y welcinica en estas reglones

y posiblemente hasta existieron personas dedicadas a estudiar estos fenlme-

Nas.

Fn la época de la colonia la descripcifin de los temblores la hicieren prin-
cipalmeml:e los monjes ¢n algunos conventos y se encuentran anotadas en algu
nas obras de Clavijero y Szhaginm. Con el usu peneralizade de la imprenta
se reportaban datos sismldgicos en los periddices de la €poca con descrip-
ciones a veces pintorescas y exageriadas., Posteriomente Jos temblores eran
ohservados por naturalistas, publicistas y par ¢l plblico en general, puss
en todos los folletos antiguns se encuentran notas sobre terblores, cuvas
dreas se cmpezaban a delimitar a medida que las commicaciones se estable-

cian entre pueblos.

Cuande se instald la red telegrdfica on la Repfblica Mexicana los telegra-
fistas suministraban datos referentes a temblures y se publicaban mensual-

mente en boletines.

La medicibn de los temblores per medio de instmumentos se jnicid a fines
del siglo pasado, en la &poca de Muriano Barcena, se instald en el Cbserva-
torio Metecrologico Central un sismigrafo del Padre Sechi. Por ese tiomm

Juan Orozce v Berra se dedich a observar estos fenbmenos y formar estadisti
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cas, rewmnicndo importantes dates de temblores desde tiespos precolombianos,
coleccionados con cuidado y publicados en la sociedad cientifica Antonio
Alzate, Sin cembarge es hasta el 5 de septicmbre de 1910 que por Decreto
Presidencisl se creu e inaugura el Servicio Sismlépice Nacional. Este c-
vento se enmarcd dentro de los festejos conmemoratives del primer centepa-

ric de la iniciacién de la Independencia Nacional. Dicko servicio dependia

del Instituto Geoldgico Nacional.

La red inicial consistié del Observatorio Central de Tacubaya y estaciones
vbicadas en Oaxaca, Mérida, Zacatecas, Mazatlan, Guadalajara y Monterrey.
Se eligicron como sensores los sismdgrafos Wiechert de periodo corto. Bisi
camente, estos sismigrafos con algnas medificaciones v mejoras contintan

operandds,

Hacia 1929, el Institute GeolSgico Nacional pasd a ser el Instituto de
Geologia de la UNMM ¥y el Servicie Sisrolégico formd parte de esie nuowo
Instituto. En 1949 con la creacidn del Institute de Geofisica, el Servicio

Sismplépico pash a formar parte de este Institute.

El .Servicio Sismolégice vuelve a cobrar vida hacia 1965-1967 cuando se ins-
talaren estacicnes de mayor sensibilidad en Tehuantepec PI‘.II}, Vista Hermsa
OVHOY, Comitdn (QM), Toluca (OXM), Ledn (LCGY, Presa Infiemilic {PIM],
Presa Mal Paso (inM), Ciudad Whiversitaria (M), Tepostlin (TTM} v
Popocatépetl (PPM). También se instald por 1970 wma red de estaciones en
el Moroeste, con el fin de gbservar 1a actividad sismica del Colfo de
Califernia. Este conjunto de estaciones ahora es contreladn por el Centro
de Investigaciones y de Educacién Superior de Ensenada, Baja Califernia
{CICESE).

Actvalmente el Servicio Sismpldpico cuenta con wna rod de 14 estaciones
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TABLA 11

Regifn No.

Jalisoo-Colirc

Oaxaca-Pughila

Duerrer: 515 “aross

Oaxaca: Pinatara

Colima

{axaca-TMaehla

{awca

Daxara: |heiisy =
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Tates generules '

Desrnmter ea U2 Cuzln Jal., ha side
g o los tethlicores =2s fuertes que har
ocgride los Mirires 00 afos.  Se repar
taron 45 muerizs en el NLF,

randes Jafns en Bsperanga, Puebla

Miles de hevidas o Ja®s3 rareriales en
varpos estados. 1a roblacidn mis dafla-
da fue San Marcos, Cro.

e gstima que hubo varios muerios y miles
de heridoa. COrasdes Jakws materizles en
Finotepa.

30 heridos ¥ 30 coblaclones afectadas
cevmrarenle.

Miles de heridos v da-mificados. Cd.
Sordin destruica: dames considerablas o
las ciudides 2o Taelz, Drizaba, Daxacoy
MEaico., 77 poeblos Jatados seriarente.

Dafos oo losichs, Taxdla. Faoquizd el

temblar g %3 fe =a estntiado en 1Enica.

Puertes Jafos en 13 Teiidn fronterita de
los estadns de Puatla, Ogsaca y Glorrers,
Frincipalmerte =0 Buafuapan de Ledn, Jax,
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LOS SIGUIENTES ANEXODS DAN INFORMACION ADICIONAL

SGBRE LOS TEMAS TRATADOS
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Deriva Continental. Esparcimiento del Fonde Marinoc.

Tectdnica de Placas

A prinecipios de sigle el geoflisico alemin Alfredo
Wegener propusoc la teoria conocida come Deriva Continental,
en la que se supone que las masas continentales han sufrido
largos desplazamientos horizontales gua determinaron la posi

cibn y distrihucidén actual de tierras y mares.

Wepenar se basd fundamentalmente en la concordancia de
algunas lineas de costa, como las de Amériva del Sur y Afri-
ca (figura 1); en datos palecclimaticos y pileontoldgicos y
en la distrihbucidn de las cadenas montafiosas. Propuso la
existencia de un gran continente primaric al cual 1lamd Pangea
que en el transcur%o de las edades geolbHgicas se fracturd y
5Us partes navegaron sobre la capa basdltica del piso maring ,

hasta oecupdr diferentes posiciones.

Otros investigadores anteriores ya naklan avanzado en
1a idea de movimientos continentales; sin embargoe Wegener en 121¢
presentd una considerable cantidad de evidenclas y una des-
cripeién de las posiciones de los continentes en las diferen

tes epogas.

La teoria prontc encontrd un gran nfmero de objecicnes,
principalmente por el mecanismo propuesto para explicar el
desplazamiento de los continentes asl como por la similizud
de edades de los occeéanes, ¥y la existencia de 1los cratones

continentales y de regiones de lentos levantamientos y sub-

1
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sidencias entre otras. Pronto la teoria cayd en desuso.

Con el agvenimiento de la Segunda Guerra Mundial las
térnicas e instrumentos para la eoxploracion maring oxperi-
rlentaron un fuerte avance, principalmente en los sistamas
de navegacidn asi como de registro del fondo, lo que fomen

tH la investigacion de los oceancs.

En la década de los cincuenta; las investigaciones
cceancgrificas se incrementaren eaormemente. Se hicieron me-
dieciones de gravimetria, de mapnetometria, de flujo d« calor
de sismologia de refraccidn y reflexifin y se tomaron mues-
tras de sedimentos del fondo oceadnico. Todos esteos estudicos
aportaron informacidén novedosa cuya interpretacién hizo nece

saria la revisién cuicadosa de la hipdtesis de Wegener.

Dietz en 1961 v Hess en 1962 propusieron la teoria lla
mada de Lsparcimientoc del Fondo Oceénico, para explicar sus
observaciones sobre el lecho marino. En esta teoria ge con-
sidera a las dorsales oceanicas come cenircs generadores de
material nuevo proveniente del manto y trasladado a la super

ficie por corrientcs de convegcidn.

La idea peneral asume que ol valle madio de una dorsal
oceinica representa una fisura, la cual se rellena por mate-
rial del manto, probatblemente peridoiiia, que al enfriarse
bajo los 500 °C sufre un proceso de serpentinizacién, Esto
hace que disminuya la densidad de 3.3 a 2.¢& gr!cm3 y aumente
su volumen, le que provoca la elevacidn de las montafas que

rodean al valle. Este proceso tambhién justifica el cgpesor
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casl uniforme de la corteza ocednica reportade por los estu-

dios sismicos (Figura 2).

La teoria explica ademds, la falta de sedimentos anti-
guos anteriores al Creticico, los espesores inferiores a
1.3 Km, la distribucién de edades (mayores al aproximarse a
los continentes) la forma y loecalizacidn de los guyots
(mesetas submarinas, algunas de ellas situadas a grén profun
didad}, la ausentia de la discontinuidad de Mohorovicic bajo
las dorsales y el elevade flujo térmico solre ellas, y ewpli
ca la presencia de las fosas profundas en algunas miargenes
continentales como Zonas en donde el pilso cerinico retorna al

manta,

Lz interpretacidn de las anomallas magnéticas de Campo
Total tomadas sobre las cordilleras subimarinas empleando la=z
inversiones de polaridad del Campo Geomagnético hecha por
Yine y Mattews en 1%63, proporciond un fuerte apoyc a la ted
ria.

Los afics siguientes fueron de intensa uctividad y descu
trimientos. En 1968 Isacks Oliver y Sykes publicaron un articu
lo ahora cldsico, "Seismolopy and the New Global Tectonies",
en el aque se sintetizap la mayoria de las ideas que integran

lo cue es conocido como Tectdnica de Placas ¢ Nueva Tectdnica

Global.

Brevemente, la teorla considera gue la tierra posee un
casquete externo rigido de unos 100 Km de espesor. ILste cas
quete no es oontinue sSino que estd dividido en varios segmen

tos (Figura 3) con movimientos relativos entre si.
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Los movimientos 4 que estan seomedidas las placas produ
cen eh algunos de sus margenes la subduceidn de una de ellas
bajo la otra,mientras que en otros mirgenes so produce la

creacifn de nmueva corteza. (Figura 2).

Aunque el origen de los esfuerzos que prodicen cstos

movimientos no es bien comprendido es muy posilla que sean

-’ .

debide a la transfepencid convectiva de ¢alor hacia la super
firmie. Cualquiera que sea el mecanismo que produce el des-
plazamiento, ol contacto entre las placas es Zona de acumu-
lacidén de esfusrzos y el lugar donde se libera la mayoria de
la energla de la superficie terrestre. I'n la figura 4 juede
verse que las zonas sismica ¥ volcanicamenle activas definen
los mérgenes de las placas. NéteSe tamhién que los limites
de las placas no necesariamente colnciden con las {ronteras

ocoano-coantinente.

La disirihucidn de hipocentros er un corte iransversal
a traves de una zona de sulduccidn puede vorse en la figura &.
Lz regién definida por los foces es llamada zona de Wadati
Bennzeff en honor a los investigadores que desorihbieron e2sta

relacifén geomérvica en los afios L40.
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1620

1839
1855
1854

1453
1883
1900

1214
1912
1914
1943
iu-
4
1926

1939

1239
1940
1944

1915

1914
1934

1952

1955

1550

19587
1057

195K

Algunos de los avonatecmjentos mis
mapertantes en ¢1 Jesarrollo de ta
Tectdnica Jde Mlacas.

Se noth la concerdancia entre las lincas Je costa
de Africa y América del Sur. [(Hicon}

fdeas de conveccidn térmica en of wanto [Hophins).
Teorfa ispostdtiva (Airy).

Mapa mescrande r] movialente de 1o0s contincnties -
(5oidery,

Teoris isostdrica {Frottd.
Concepto Je la astendsfera [Fisher).

Pri!tras evideas1as Je inversiones Jel Campop Map-
Nético terrestra (Arunhes].

Teeria de movimientns continencales (Tavlary,
Teoria de Oeriva Continental [WegenaT ).

Caonceplo de la astendsfera [Barrel).

Mucye motoda Jde andlisis Je tembioces, Llasgdo Je
mefiani{smos focales o plano Je falla (Nakano y -
Brerly].

Concepio de la astensSsfera [Gurtenberg).

Establecimientn <o una dpaut de polarndnd 1pvers.
magnét e en el Pleisiocene [Matuyamal,

Celdis de Conve{Cidn en =l mante (Griggsl.

Determinaciones de edades radiomécsicas ¥-Ar [Fvans}.

Mecanbsmos de oderiva cantimental (Holmes?d.

Jescubrimicnto Jde tos guyors en el Ocdano Paciiica.
(Hess).

Hesevhrimientn ola Las zokad Jde Hewiolf (Remjolpd,
Escuclivs e lay cordiilerts submarinas (Instptuld
SCrIppsl -

Comirnza e 1as mediciones Jde flujo LErmico ep ol
mar [Bullacd).

Impled de los magnetfmetros de Campoe total ovp oea-
tudics marines [Institoto Scripps).

Descubrimiente de¢ 1as zonas de fractura on el ..
Océane Farffico (Menard y Pietz],

[nvedtigaciones Lediricas del origen del Campg Mag-
néticy (Buliard v Elsasser).

Ideas de fuentes témicas "liot spots” (hilzar].
Descubrimiento Jel valic medio de Jas dorsal eq o

Teigneg mient o Ji- los tomblares gure rhoellos ocu
rren {hwing v Haten], -

Femostracitm de la Deriva Continental fon datps
Falcomagnflicos (Ireing v Runcarn).

Levantamicnto maring cow cravimeirn J¢ =00r1 90 e,

Mo Goenffoica Imlermacinmal

Revoner imirnto de linvamirnios magnfl nnas snhre las

darsales {Mason), Centirmade o Vouguar, thol A
Mixoen v oaf{d 1961,

M |
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Primeras’ perforaciones Aol provecio Mokule.

)

L]
Hiphtesis de evsparcimientio de les fundos marinos
{Hess).

interpretacifn de los Tineamientes MaEnFZ1o0s Cm-
pledndo las ideas de waversiones ded Campo Geomayg -
RETICL ¥ de cspaaeimiento de 105 Irowdis mat o
(¥ine y Katthews: Mor ey,

Fromera rscaly de ticAapo wtuanti1aTiva de inversin-

nes del Canpo Gromagnéli1co vsando (Jades de kAT
{Coal,

Provecto Internacional del Maniao SuperinT najo la
direccidn del profesor V.V. Beloutsov.

Loncepta de fallas transfarmadas [Wilsond.

Modele dv una litésfcra capaz de sopartat rengiancs
cono mecanisme de hondimjchto 0 Ya: trincheTas
(Elsasseri.

Concentos ¢ implicaciencs geomftricns de las placas
MMc kenzie v Farker),

Estudiss sokre las placas y sus Jlmjtes {Morgan}.
Mueva Toot@nica global {[sacks). '

Concepteo de juntas Ltriples (Mo XKonZle v Harguny.

Relaciones cntre la edad, 1a clevacién topoprif -
ca ¥ ¢l [lujo témico #n las [onles gccinices - -

(Sclater y Framchetaul.

Frogrimas del JUIBS [Moestren de 1y ticrra prefun
43}

Infamacidn Jel proveclo de perforacidn on mar pro
[unkn (Reep sea driliing Froject) Jnnt(ﬂ de 1Fs -
programes del JOIVES (Eroem dccrnapraphic [nstituticens
Deep Larth Sampling).

Proyefte Internacional! Ceedinimica. Lon Ta participa-
cifin del Grups de Trabajo Ne. 1, Grupo de Eatwdio No.
¥, Placa de Cocos, Comitd Mexicane e Goadinfmica,

Provects CICAR (Cooperat ive lnvestlgutinps HF Lhe
Caribbean and Adjacent Reglonsl. Parvicipacifin Jde
Hézica. ’

Proyecta IDOE (International Decidg QOceanog raphic
Exnlaration}. Tarticipaclfno Jde Mixica.
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Prediccion de Temblores

Como hemos visto, la mayorin de los remblores ocurren
en los margenes de las placas come respuasta a 1la acumula-
cién de esfuerzos en esas dreas. Los esfuerzos son delidos
al movimiento relative entre placas. Egle movimiento, que
o8 del orden de algunos centimetros por 2o no cambia on
plazos cortos de tiempo (geolbgicamente hallandol por con-
siguiente es posible estudiar los margenes sismicamente ac

tivos en terminos estadisticos.

Los perzodos de recurrencia de los temblores grandes
(M>7.0) son altamente variables (30 - 100 afog) por lo tan
to es necesario contar con un record histdrico tan comple-

to como sea posible.

Si el periodo de recurrencia es conocido, la protatbi
lidad de ocurrencia de un temblor es proporcional ai ti~npo
transcurrido desde el Qltimo. Este (ltimo aspecto nos lle
va a 1o que se ha definida como trame de quietud sismica a

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

El concepto anterior fue criginalmente desarrcllado
por Fedotov y Hagi v posteriormentes por Sykes ¥ Kelleher vy
colatoradores*. Estos Gltimos autores® publicaron un mapa

de "gaps sfsmicos" para el einturdn del Pacifico.

* Kelleher et al. (1973). Journal of Gegphysical researgh.
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£1 mapa ha sido revisado recientemente por MMc Cann
v colaboradores®, Las siguientes figuras son mapas de

"gaps sismicos" para Mesoam@rica, Sudam@rica y el Carite.

Este tipoc de mapas es muy wtil no s6lo para evaluar
el riesgo sismico sino también como parte de un programa
de prediceidon a largo plazo. " Una vez gue una regidn es
reconocida como “gap”, pueden utilizarse teégnicas para de-
terminar cambios fisicos asociados econ la acumulzacidn de

esfuerzos.

Los cambios flsicos olservados se relacionan al aumen

to de volumen, previo al temblor, llamado dilatancia. Asc-
ciado a la dilatancia se encuentran ol cambio en la veloc:
dad de las ondas P y S, el aumente de 1la resistividad eléc
rrica, el cambio en el campo magnatico v <! aumento de gas
radén en poZos cercancs asl como cambios en temperatura y

nivel de los fluides en los nismos.

Fara explicar la dilatancia s desarrollaran dos mc-

delos aque han sido llarmados el modelc americanc ¥ el modalo

ruso. Amtos coinciden en las fases iniciales pero divergen

en la descripcidn del episodic final. Quizd la situacién

real sea una combinacidn de amios.

% Me Cann et al. (1279).JGQR
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Ondas Sismicacs

Depntpra e un cucrpd con oanstaniens olasyioas h ¥ ou
¥ denaidad'f pueden viajar dos tipos e ondas llamadas "de

cuerpo™ o internas:

*

Longitudinales V¥p =/i_IwE£. onda {de primus)
o

Transvarsales Vs =4 F/o onda = (de recundus pueas

arriba despuis de 5)
- 4. T2
En muchos casos 2 = y W¥p o= 3 Vs (Sniuia de leisson

En un s5lido eidstico estratificado «on uha superlfi-
cie libre se generan ademas dos tipos de ondas superiicia-

les:

Ondas de Rayleigh con velocidad Co ¥ ondas de Love

con velocidad CL; puede demostrarse que

donde VE Y Uq gon las veloridades transversaies de 1os
i\ T2

fdlos estratos.



b

La velocidad de las ondas superficiales depende.de
la frecuencia y sufren por lo tanto dispersién. La disper
$idn i.e. la velocidad de grupc depende de la estructura
interna del mecic y por lo tante su estudic puede utilizap

se para inferir esta estructura. : .

Las fases arriba descritas quedan registradas en los
sismogramas {dependiendo de la posicidn del instrumentc <on
respecto a la fuente) sin embarge su estructura se compli-

ca pues también aparacen fases de ondas reflejadas y refraeg

tadas:
Superficie libre Superiicle lilre
- e o . a: A P
) 27 R - I“\h .
A EERANN S
p’l‘;’ \\\"\ F : [ "'.\‘ e
. | S A | | "'._
P i s &
-~ t £ " - -
v i AN P * .
I " .
L / A
o a7 /
4 [ |
I ),J’ r ! .”‘ P
| ‘nl"_." . y,/.‘
i
< Interfase

_Interfase /. . . __. S
N N
| ™ v , \\\HLK
| " .
1
i
H

rJ

AN p - !

" |
" - i . -
o i \ )
5 ' | S\
!
1
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A escala global muchas de estas fases correspondien-

tes 4 reflexicones y refracciones en el interior el plane-

ta pueden ser idEHtificadassa contlinuacidn pueden versn lan

trayectorias de aigunas de estas ondas y su nomenclatura,

asl como su distribucidn de velocidades con la profundidad.

= —
—.—l-—-.-n.l....
|

! 1 ] I X [ ! | ; ] | -
G 80 LI0D TR00 2000 2SO0 3000 380 40N0 440N SAOD SEOO EOOK £3J0

I




Las 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 ée la distancia al foco. Es-
tas curvas fueron dadas por Jeffreys y Bullen en los anos 40
v a pesar de la introduccidn de los computadores modernos han
adquirido poca modificacidn.

an — ——— —

360 340 320 300 280 260 240  F+0 SO0
sol 20 40 60 8O 100 120 in
T T b v ‘ h

L [minutes)
Lt
L7

0yu

) 20 <0 &G BO 160 1?20 Ia% T v
360 340 320 300 280 260 FEQ DD e
A (degrees)




Sobre. -mognifudes -
Sl

El tipc de onda para determinar M

plemente la

ficie.

Ju

| Mo esti especificado es sim

mixima amplitud y puecde ser de onda P, S5 o de super

Otras magnitudes en use comun ademfs de las M (magnitud leocal)

son la mb ¥y

la magnitud de ondas superficiales M, -

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

ficiales como

M, =

donde

AN_
AE_

Una fdrmula

log AL+ 1.656 logd + 1.818 + C {15°<4<13°%)

componente horizontal del méximo movimiento del
suelo (de { a pico en micrones) para onda superfi

cial de periodec 20 segq.
Y.

2 24 2
[hu + EE]

Max, amplitud N-S

Max. amplitud E-W

adoptada por la Asociacidn Internacicnal de Sismo

logia y Fisica del Interior de la Tierra (IASPEI} es

M =
para T =

M, =
¥ mb =

log [AfT]max + 1.66 loga + 3.3

20 seq la férmula se reduce a

log Azg + 1.66 logd + 2.0

log (A/T} + Q



4
donde Q es un té&rminoc que depende de & y la profundidad. A es

la mAxima amplitud de la onda P. En la prfctica T es en gene-

ral 1 segundo. Tambi&n pueden usarse PP y S5H.

En general M mh v Ms son diferentes pues se derivan de dife

L.I

rentes fazes, HE ¥ mb astidn relacionadas aproximadamente por

mbh = 2.5 + 0.63 MS

La energla sismica se relaciona empiricamente a Ms por
log Es = 1.5 M_ o+ 11.8

Se ha demostrado, por otra parte, gue para temblores grandes
{dimensiones de ruptura de aprox 100 kml la escala MS comien
za a saturarse es decir gue aungue aumeénta la energia no au-
menta la magnitud {ME}. Para evitar este problema se ha in-

troducide la magnitud Mw.

Esta magnitud, llamada magnitud de minima energia de deforma
cidn (Mw), fue introducida por Kanameri*. La energia total

liberado en un temblor puede ger escrita como:

& = Tak

¢

LN ] 1(?_: = f’]"_' o e g s . J'.:.: " .-I".I . - -
= [‘,_,-'r;'"-"'-j.:" /:‘1_, AT /_.,l'_/),-. i L N N L N LA
o A )
R A A L a4 A oL
> = " Gt
. ‘ ]
M = #’JJ’J(‘H.‘J!‘_‘..‘: ,J»'u":- £
Lo eew de Tusice

- PRI PR BT & BN U EARE A
~.j¢1nlll1.1! 01 fr:;r_rm{;-.rhr;ﬁl In,.ﬁj;_‘ﬂlf_h . EQ} 3
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Le energla total Et es la suma de la energia perdida en fric

cidn, Ef, y la liberada comc ondas sismicas. Entonces,

E-I. = E:?"T‘Tl;\.jq
Eg =~ &9 &L

= -7 (oA + FLA
= OA (U’;:UE_ﬁU@)

Si 0, = Oz {Modelo de Drowan}. Entonces,

. fa T =
| .{1 [\q '_“'-.E - ’
oo 4 :1-! - e K

La experiencia demuestra gue el modelo es razonable.

-l
Ya que %F =1 % 10 sara temblores ce intraplaca entonces
lr :"'\-r'll s
,-{E{l: .{ff .. f):'}ll f t ?)
o

Asi, si podemos estimar M {le cual es posible si se conoce
el Area de ruptura etc} entonces podemos estimar Es ya gue
la relacifn magnitud-energia de Gutenberg-Richter, vidlida

para longitudes de ruptura maxima de 100 km es

. ":" — [ I ":r ]
Aoy by = LS Ms A iLE

£j?'-‘* Lg = _,Ji[(,: Me — 4.7
‘1 ﬁ l' - f : FI
vl f“"'r""ﬂ ‘rm“ TP )DU:_'c!rt_-‘. AepsrniindE W m!:fj":f o, vl
. ﬂ -
fal que M L < feg Mem 3
¢

"-.‘ = ‘2_ R £T] E‘,ll;ﬁ' - I:‘I';-FJ!:::
3 M = (]
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Mw es aproximadamente igual a Ms para longitudes miximas de

100 km perc para temblores mayores no sufrirf saturacidn.

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

perc Mw = 9.5. En la escala Mw &ste es el temblor mAs granp

de del siglo.
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Sample Calculation
of Magnitudes and Energy
of an Earthquake

The foltaswing cateubations e lor o Alasban canthapake vegoadasl at
Croville, Cditimnin, The eucngs Tictas (orpnation 4 ;1”::“':‘ rrlx el an
e al e seate .Iﬂ [NTTS LY rehiase ot s l]ll‘\\i]l]ﬂ' finy {'.||II|.|]I||..L4-k ”Ij
dlleen saaguitiee Por bistanee, we weonlid eed 30 1.-..||1].|1||.|_L1'~. 4.:|.
mraguiinde & 1o release the epudvalent anmmnt ol voergy in the Fath's
;-m:t s tedesed By just ot agshinde 7 oeaothuabe, did soe weanlld
weved Q00 pagndiode 3 canbiopakes oooynoadoce the S e 1
lotleeds, Herefone  thar eveanf small eotbepakes occar i swnie T
Ihntirui.u Jarnnt, !1".'}' ila vy bnle to rediee 1he n-hr.'n'mr. ol <train
wirrre v e peded Feoooomagor t-:ul.lhqu.‘.!-r Bt tegthomieo gwergy 4. 111.me-=1
Lux\'.-'-.'"irﬂnr et ansed seisnde s es g iy ;:i-,.{.mliL_- Wi lln' SNIYRINL
earatbguiing fike that of 10b aoag the S Audieas E.I:.:Ih with aom e
b M, ol Y. Thin I'.Hﬂ"]ll'.l'ﬁl' pebegsed Wlaml 1094 e il’: ‘-III'.I].I:-
e ol ot s connds O Tt soest o vioud \:Il-lh m:._:.]'
1w sl Baovan it as the threaTwbd of vartliaiihe siere iu-‘m:_!
vinsdlered Do seisaiie region i Jow ered e mombier nfr..||‘1|m]u;m--_
alsot e el meenitiede papidhe i reases MW Flu- .|.::|.- |.}!
ccewience of shiocks o above o given naeninade i again ]u;;..rn'.hnn.n.'
aned i e ured by o pananeter B (see cguatisn 55 The :~|'|'|.|l'|¢.-1' Ir i
the mene wimer i ane the conbypaabes i given me s, Whea b

Fedletormined Tk a scionne s g

ot e PRTT ER ATITTEON ITRILLEN
weleased over a pevivd con b ealig]

wilig] !a}' TR e Cucipy Fyg o,
Shils cslivseatars) B e Lot o
[ETR N1 FTYTR PR ISFLINIRTI TN 1 B

Magnitadie is alao stmetings ron
sinlace Lok vapture §,

—P e

e e N |
— e —

——d oy A
k- - T e e —t —— - T T P e e -
-— _.,..::-H'.f.-uh.r—-.-—-—r..,- o Ay, "'_—-'.l"\-ﬁ“.,u—-r_. i [} A i TS !’_'_.'n.-a-_,l" - i L
o " = L y - - —ma . o

L S - iy Hu-:-#‘vx -~ — m_-.-:‘...:f_::-—-\r?-l;-;—_- + : T e e e T el

Lt A be the cougabrt e, o o e et
thisfaniee A Do the suiner, Goe T

—_———

.
O b wWan s B ] ot o
wihwoen waps,

S - valires l-rq.q]ugtr(i Lo e |“|.r|'1“|.}

Prwave, 4 =14 micingy, P e 12 e
Ravlcigh wave, A = 4.8 micritys, 7o 20 gy

i1 o= 2H
Body wose wgnitode w, (357 < /4 LN

Mp, = 11:;:; A - lu;.: T o L] /o4 BG i

=[] - 1.OE + 134 -+ 3.4
: =53 '
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Cupface wave mapnitude M, (5% < & < GUF)

M, = log A + 166 oy £+ 20 )
e OES + 240« 20
m 5.0
Relution betwoen mp aud M, {mprosiniie)
Imb =25+ (L3 M, (3

=25+ 3.2 fuhwve cartlpake}
m 5.7 (compatcd with 5.3 calvnbated disectdy)
S jenic crnnigy B
hip £ =115 + 1.3 A, i1
= 143

Eo=20x 10 e
Relation hehseen o antl M,

low 2 — b M, {2

Felatiom helween A, ane Lo pweenidwide datal

A, =503+ 076 log L {6)

?‘.:-JL-L':GF- LM M_t, Cm".d—; S 'I#\J“ ki ::;[ flﬂ_)}"—’;.f( {Wﬂ‘l"uulilll. dﬁ'f‘.)

Mg = 221 + 492 Loy S —D-IBU‘Z,S)Z (#).

For ',ﬁx.tmefuml- Easis ;F[y E*H.l’;"lt‘l r.ﬂﬁ‘(iu;g,ha ,;,_
Er'tsmu‘fo% per Kavamai awd Fondedson { B Seism. Joc.
Fowi }uh{\. {_Tf 1‘!?5) u.md G.A,E!w' ( ENQF S.Eiihﬁ. SD(- 'fl‘\‘vh./\f:}{-m/ Iﬂ?‘)
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Since Mﬂ :).1 ﬂu , 1t fellows that

T oy 130 M,
o & 16 e

Thus 1f we know ti, and the radius of the fault a2, we can
compute Ad. Similar relations for other type of Tault

Eeometries can be derihed.

Area of Rupture:

Area of rupture associated with an earthguake can Te
determined from after shock locations, from synthetic
Todelling, or from surface rupture observed 1n ghe field
(only a few earthquakes). After shock area, generally,

Erows with time and it seems that 1 to 2 day after-shock

locatzons define the rupture are well.

Trom above,

o oar A
M o= T
3 ! e AT
log M = % log A + 103(1.}.::;!1.\)

Good quality data on well studied earthquakes are shown

in the following Fig.
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Data show that remarkable linearity with a slope of 2/3
between log A and log ¥, . The linearity is explained in
terms of constant siress drop. The stress ag for inter-
plate (boundary of plates) ecarthquakes 1s aoout 30 bdars
and for intraplate earthquakes 40 = 75 bars. The stress
drop is nearly independent of the size of the earthquake.
That 4s lies between 10 to 100 bars is surprising since
the estimated stresses in the plates are of the order of

& kilohar.

& 2
{1 bar = 10 dynefem = 1 atmospherc)

if vg= 30 bars then

22 /7 ) 2
Ha = 1,23 x 10 A dyne cm (A in &m ).



75

L}
Thus, an estimate of Mo can be made for an earthguake from
the above relation if we know A. Example: Chile earthguake

2 rom the above Mo:l.lxlﬂE'U

of May 22, 1%60; A=200,000 km
dyne-cm, about a factor of 2 or more.
As mentioned in the section of magnitudes, knowing Mc we can

compute the minimum strain energy magnitude Mw.

Equivalent radius of the fault.

The spectra Of teleseismic P and 5 waves is schematically

shown below:

l o '1'--*-."““'.'t
' . S P
fiﬁ ]ﬂmf] ! f?tfj .y
A ] Pl g‘
| —
i o
' h
1 L]
R U -
' .
i _._,l'":';]l -

The spectra are flat at low fregquencies and then decays pro-
portional to £~? The corner frecuency fs or fp is defined by
the intersection of the two slopes. Teoretically 1t has been

shown that:

fs=0.37vs/a . fp=0.37 vp/fa. where a is5 the radius
of the fault.

From observed spectra fs and fp, and thus a, can be estimated
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MICROZONING: MODELS AND REALITY

Contribution to a panel session on Ground Motion Characteristics

SWCEE, Delki, 1977 .
by
Luis Esteva!

INTRODUCTION

ody doubts that local conditions usually have a significant influence on the
racteristics of carthguake ground motion. What is not agreed upon, however, is the
e in which that influence must be evaluated. When one 1alks aboul micrazoning.
“in i usually Jocused on shear-beam models of siranficd wod formations and tn
nsional, wertically traveling shear waves, But strong-motan and seismologizal
hiave shown that those models can only bie applied 10 3 much narrower ranz: of
‘5 than is usually behieved, und that many ather geolomc or topozraphic features
a more pronounced inllucnce vn ground motien than the persence of sedimenis
rneral analyticzl models have been developed in ander 1o account fur
asional and three-dimensional response and various types of ariving waves, bt
ity and range of applicability have not been evlermined yet. Because ol this, an
if the greater complexity o these models as compared with shear-keamn
wn models, they have not gamed wide acceptance In the selution ol actual

2 problens,

is the shear-beam amplification model the object of sirony controversy with

- the types of waves that significantly contribute to the earthquake motion al a

also witi tespect 10 the lack of consistent criteria intemded 1o define base rock

the level ar which usual intensily-altenuation laws are suppased Lo be valid, and

dch local soit contribules to medify inlensity apd lmequency content of scismic

In other words, it cannot be uniguely defined what constitutes local conditions

. 5 a portion of the palh. Those criteria ean be objectad alse on the prounds that

snce of local soil conditions is often accounted for twice when makipg estimates of

risk: s a random factor associated with 1he path when estabbishing empirical

Aation laws and as a systematic carrection associated with local condilions when
Ay i amplification.

wi Mirozoning is not only a matter of ground-motion amplilication; it also implies
wremulation of consistent criteria to define design spectra at different sites, and cvaluation
-t bguelaction porential. The Tormer point requires consideration of the different faws that
“vern amplification of dificrent types of waves and different directions of arrival, as well as
Arir corresponding probabilities; the latter s not covered by this Jiscussion, a5 it will be
twWluded in another panel session, Thus, the paper deals with the problems of ground inotion
Aracteristics, under the framework of conceptual meodels, analyte results and observed
facls, The paper is net inlended to be a state-of-the-art repott although it s based on one

e,
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(Ruiz, 1978). The intcntion af the author is mainly to point out some basic questions
pertinent te the topic, miming at the genceation of vivid and (ruitful discussion.

-

SEISMIC WAVES

The results of some snalytical studies show that the infMucnce of local soil on the ground
motion is strunply dependent oo the nature of 1l incoming seismic waves. Hence, analytical
prediction of the smpiitudes of ground motion at a site characterized Ly given loval
conditions as comparcd with those that woulld occur under standard conditions reguires
both the dJdecomiposilicn of 1he motion infe variows types of incoming waves, amd the
. formulation ol models sdequate for tie study of amplification and transfotmation of Lhose
- types of waves. Despite the very sipnificant eftort devotzd by scismologists (o e
formulation of analytival models for the study of wave amplification and transformation,
very little of their contnibutions is either availuble ar of use to cnpinecrs, as thase models
deal in general with the wypes of waves that are recorded ot large epicentral distances (far
fiekdj, or consider highly klealized topographical features. These results should not be
overlooked, however, as they can provide a nualitative insight to many engincering
problems.

I a reasonable degree of success i 10 be attained in the prediction of the influence of focal
conditions for a sufficieatly wilde ronge ol cises, 3 ot of understanding has (o be previously
achieved about the decomposition of pround inction into different types of seismic waves in
the near and intermrwediate lields. Obviously, the detailed source mechanism and the
propagation palk can be decisive in the direclians and relative amplitudes of the most
significant incoming waves, and hence on the laws governing ground motion ampiification.

MECHANISM, PATIl AND LOCAL CONDITIONS

The profusior of helerewsneilies, imepularitics and discontinuites in the earth's cnest {Fig. 1)
is responsibls lor the complex patierns of rellection, refraglion, and seattentng that scismic
waves sulfer in their path frum sotrce to site. Hence, it 15 not surpnsing that the influence
of mechanistn and path on ground molion characleristics i3 in some instances more
pronounced than that of local condicions, This influenee stems bodh from the modification
of the surface ground motion itself, independent of lacal conditions, and from the fact that
the different types of seismic waves resulting Irom mechanism and path effeets are madified
by local soil in different manners.

Fig 2 shows the two main paths lollowed by seismic energy form the source 10 a site of
interesi: througl the interior of the crust, in the form of body waves, and along the surface,
in the form of surface waves. But this picture still dispiays an oversimplified ¢onception of |
the process: the source is not a poimt, but a large voluine, and the influence af palh Is much
more pronounced and complex than 1s imphed by Fig 2.

The peneral type of source mechanism, and not only the detailed history of relative
displacement along a faulf, has 3 strong inlluence on the ypes of scismic waves generated,
and hence on the motion characteristics for standard pround conditions, and tn the manner
in which lecal conditions modily them. Thus, strike-slip motion tends to produce a relative
higher proportion of 5H and Love waves, while subduociion faulis tend 10 produce higher
proportions of P, SV and Rayleigh waves. The lact that seismic waves are generated from a
large votume that may exiend as far as the ground surface or its ¢lose proximily means that
a significant portion of the motion at 1he near fizld should be made up of the contribution

",
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“of body waves that travel at very low angles with respect to the homzontal (Fig 3). These
waves are prohably guided along stratificd formations and then modified by iocal conditions
according (O pallerns similar o those affecting surfuce waves. Beosides, it is hikely Lthat they
_ pive place to conventional surface waves thal signilicantty contnibute 1o vrcund motion st
short cpicentral distances and in the tange of small and eoderate trequencies. This pattern
of energy travel scems plausible, and provides an explanation to the fuilure of conventional
amplification theory o adequately predict the influence of local conditions.

The complexity of the path followed by waves is another reason for stating that surface
ground motian at 1hic near field is not the result of the supcrpositioa of a short number of
wave Irding: Svery wave impinging en a ¢rust heterogeneity, subsurfice discontinuity or
topographic feature, gives place 10 a2 number of secandary trains of all types of waves (Fig
4)
Whatever the mechanism and the path of the waves For o given thock, it is of Interest to
assess the influeace of locy! conditions; but, as Fig 5 shows, thut inlluence cannot in zeneral
te made to deperd only on the sttatified 300l formations underlying the site of inierest: as
an important pottion of the cnercy may be traveling in the honzontal direcuon, the
meaning of W wrm Meal eonditions should be -extended (o nclude geolomic and
topographic features in the immediate vicinity of the site, Loecal amphification would hence
be sensitive to the direglion of wave arnival. .

Even in the case that adeguate tools were available for estimating the infuence of local
conditions on e amplification functions for the various sizaificant types of sgismic waves,
the problem would remain ol determining the trains of waves af difforent types that would
arrive {rom a given Jdircctiaon. This is probably not fedsible when Jdealine with near-feld
problams, first Because of the possible occurrence of a farge number of sipnificunt wave
trains of sdifferent tvpes ncomg from different directions, and second because it s not
always clear whether i given geolopic or topographic accident should be taken as portion of
the path —the influcnee of which would be included as a random factor in the experimental
crror of an infensife affendaiion expression (expression relating intensity with mazgmitude
cand distance)~ o of the local conditions —the influence of which should be included a5 a
systemnulic correction= when trying to predict ground maotion prodoced by seismic waves
arriving Irom o piven direetion. For instanee, coming back 1o Fig 5, a promontory such as 8
could be taken as a part of the path or of the local conditions for the purpose of wsessing the
contrbulion of surfuce waves coming from the lelt to ground motion at A, depending on
whether the locul zome is assumed (0 be bonnded by line 1 ar 2, respectively, Becouse the
absence or presence of features such as these has not been explicity included in empirical
atlenuatlion expressions, a unigue criterion cannot be easily established, For the purpose of
microzoning, however, a greal deal ef informoation is provided by ratios of seriace wave
amplitudes at A and # -and not accessarily their absolute values— for carthquakes originated
at tiwe lefu of the fipure. '

OBSERVED FACTS

Before the San Fernande carthguake of 1971, conceptual models of soil-related intensity
applification bad paineg their main support lrom npearly qualitzlive comnparsons of
abserved differences between ntensitics on firm ground and on scdimentary deposits 3t o
number ol sites. notably Tokyo, San TFrancisco, Mexico City and Caracus. A more
quantilative support 1o models based on the concept of vertically traveling SV owaves D
been provided by the companison of predicted and observed tesponse of the soft clay



4

deposits underlying Moxico City (llerrera 1. ef af, 1905); but conclusions valid for very
peculiar conditions —ersicnce ol a very proncunced contrast belween shear wave velocities
of soil and underlying material= were being indiscriminately exirapolated, in spite of 1he
fact that, in order o cpply the same criteran, abitnny dechions had alten o e opade
concerning Lhe portion wl e ground prolile deal should be considered as o Tilter that would
amplily standard-condizions-pund-motion. But reconls obtained Juring San Fernando
¢arthquake disclosed the limitations of the meationel eriterion, Although a large portion of
the arca affucted by thar earthguuke is known to be underkain by decp sedimentary
formations (Fig 6), no cronounced contrast between shear wave velocities bs apparent. Fig 7
(from Hudson, 1972} chows a sampling of peak accelerattons memsueed ol different sites
Included z2re all sites for whach a ciear distinction could be made Between rock and alluvium
as the basjc site condition. It is evident that many {actors other than distance and local site
characteristics must be imnportant.

Influence on ground motion of fault mechamism and propagation path has been disclosed by
recardings abtained at o number of sites during several events. Thus, Udwadia ana Trifunae
1973Y analyeed a groap of 15 events reconded gt Bl Centro, Califormia, chiaracrenized by
shozt epicentral Jdistanzes amd indgnitudes caneing (rom 3 to 6.8; the same authors (Trifunac
and Udwadia, 1974} steulied the records abtained at & stations lecated in the metrepolitan
arca of Los Angeles duning three different carthquakes, and fludson (1972) analyzed the
records of a4 number of seismoscopes and acecierographs obtained within an area ol 40
spvrate miles during San Fernojudo earthguake,

The 15 events recorded at El Centro were classified into four sub-groups, according to
source azimuth with respect 1o the station, and Fourier specira of reconds within cach
sub-group were comparsd, Group | included [our events, three of them having the same
epicenter, but dilierent magniludes. Spectral shapes af the companenis corresponding o
the various cevenls differ considerably among themselves. As propagation path and {ocai
conditions are the same. ditferences can only be aseribed ro differenzes in ol mechanim
ard perhaps to nonlinear effects, Group 11 includes lour events wath dJitterent masnitudes
and ariging and, again, o simatarily attriboable to path or local conditiens can be detocted
in the records. For onc event in parlicular, predominant (requencies are very low, which
can be explained in terms of predominance of surface waves. Group 11 includes the Inperial
Valtey carthquake of 1930, the re¢ond of which has been analvzed (Trifunae, 19712) leading
to 1he conclusion that it actually copsisted ol the superposition of severat events, caclh
starting a lew seconds a3ter the proviows one Horizontal componenlts are similar, but the
wertical companent of fae Imperial Valley earthquake shows significantly higlier ordinates
for hipgh freguencies. This js probably 2 consequence of the shorr epicentral distance, that
implies low attenuttion of body waves, and of the peculiar souree mechanism. Finally, the
last group included evenis with lamge cpicentral distances —about 1350 km— and records were
characterized by the low frequencics typical of surface waves. Despite very ¢lear similaritics
- between magnitude and srigin of events in this group, their spectral shapes sre sicoificantly
different, thus suggesting predominance of source efivcts over path and local conditions.

Similar canclusions are obtained from Trifunac and Udwadia's study concerning the records
obtzined at six stations during Borrego Mountain {19683, Lytle Creek (1970) and San
Fernando (1971) carthauakes: source mechanism and epiventral distance signilicantly
afiected the records, wli3z local condilions plaved only a secondary role. Of the six stations,
four lie within Los Ang=des Metropolitan area, two of them less than 1 km apart; two are
located an base-rock anad the other lour —those within Los Angeles— on deep sediments of
intermediate stiffness. [n po case are deminant ground periods evidenl, An analysis of

fr
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records obtained at the (our sites on sediments makes apparent the influence of source
mechanism. For the Horrepe Mountain shinck, for instance, fransverse displacements are
systematically larger than radiai  oncs, thus suggesting significant contnibution of Love
waves; the shaves of the displacement and velocity records are Lhe same at all four sites, but
their amplitudes difier, probably as a ¢onsequence of vamations in the depth of alluvium
from station ta station, within a distance of 12 km. Records and specira comesponding 1o
the San Fermande earthquake are albsa very simular among themselves, but they differ in
shape 2nd in relative [tequency content from those oblained during the other shocks. Large
amplitudes of radial and transverse displacements have been ascribed tHanks, 1975) to
Rayleigh and Love waves, respectively. #ourer spectra of Horrego sountain records at the
four Los Angeies slations shown ate very similar in the range of Treguencies smaller than
| hz; the similarily should not be ascribed to dominant group periods, bul 10 the
predominance afl surface waves, given the long epicentral dislance —about 100 kin, For San
Fernande ecarthquake, instead, the contribution of high frequencies i rather important, as
could be expected, given the proximity ol Lthe source—40 k., |

Hudson's observations during San Ferpando earthquake covered a wide range of ground
conditions, fron: crystaliine rock (o alluvial deposiis 300 m deep. Notanous discrenancies
were observed in scismoscope traces even Jor sites wilh very simidar rround conditions,
slressing lhe importance of other factors, such as topograpny or subsurface irregulantics,
pointed out, for instance, by Juckson (1971} and Boore (3972). A comparison of respanse
spectra corresponding 1o rock and alluvium sites fails to show any syslematic intluence af
local sail. The suthor concludes that the properties of fesponse spectra at the same sites
during another earthquake would probably show quite different relative variations. TlLis
implics that fonmulation of microsoning maps must be based on the analysis of records
obtained during a sulficiently large number of intense cartinjuakes.

Some inleresting cases have been presented in the literature, describing the overall sesponse
of some soil formalions during strong carthguakes, Althoush e influence of locai
conditions was shown to be clear in Lhose cases, it was also clear that it may not suffice o
study the influence of the »oil dircctly underneath the structure of interest, but that an
analysis @f {he response of a wider area can explain observed facts. Two instances will be
described in Lhis respect: one corresponds to the Skopje carthquake of 1963, and the utiher
lo two tecords oblained at Fukt Valley, New Lealund.

Pocesks {1969) describes the geological <etting of Skopje: the city is located in a long valley
. atong which Fows the Vurdar river, A ¢ross scction of the valley shows 2 large discontinuity
of the sediment Lhickness along a line that {ollows the river course (Fig 3). The greatest
inensity of damnage on coenstructions was obiserved directly above the discontinuity, and was
ascribed (o 1the hypolhetical occurrence of large rotational componenis ot the eround
motion with respect [0 a vertical axis. molivated. by the also hypothetizal difTerenee in the
horizenlal response of tlie alluvial deposits at cach side of the discontinruity.

The tatatsonal response of a large volume of alluvium was aclually detected by Stephenson
{1974), when he analyzed the records obtained at two sites near Hutt Valley, The sitei are
200 m apart, and are underlain by saturated recent alluvial deposits with shear wave
velocitics of aboul 190 mfsec. Spectral densities of acecleration at both sites show cach 2
Predominant direction of response, with a high stalistical correlation berween the
corresponding predominant components, thus suggesting the (orsional oscillation of a large
thass of alluwum .

How should mlcruznnmﬂ be ml’iur:nccd by cﬂ'ccts such as those deseribed in this section? .



EFFECTS OF TOPOGRAPHY

The largest acceleration cver recorded occurred st one of the abutments of Pacoima dam
durine the 5an Fermando ecarthquake and implied, accerding to Reimer ef af (1973) a
three-fold amplification of s peak value. Ratios of up 1o 30 between Lhie peak ondinales of
the Fourivr spectrumn of (he velocity reeard obtained st the wop and alb the base of Kapel
mountain were computal for severul aftershocks of the mentioned event, while the
corresponding ratios of prak ground velocities "only™ reached 3.95. This implies a resonant
effect of the mounisin, which was explained by Duvis and West {1973) in terms af the ratio
of its averape widil and Lhe leneth of shear waves. The values indicated are not necessarily.
“amplifications with respect to standard conditions (whatever they are). as analyrical studics
_ show (see Fig 9) tiat at seme lrequencies wave amplitudes lend 1o be amplified at the top
of promontorics ap-d reduced 4t thcir base (Mouchon, 1973; Ake & Larner, 1970; Loore,
1972}, but the l3ct remains that the erfccts of surface topography cannol be overlooked.
Similar considerations can be made reganding the sipnificance of subsurface roporraphy: the
distribution ol strizcissal damage in Skopje in 1963 was asenbed (0 excessive torsional
oscillatipns in the roplan directly above a slaorp discontinuily of sofl layer thickness (Fy &)
for incident woves that possessed  signilicsnt honzeopnlal components parallel to the
discontinaity; and saalytical stwlies predict foecusing of waves in the vizinity of subsurface
irregularitics (Juckson, 1971). The mteraction of subsurfuce topography and directivn of
wave arrival is iluscraed in Fig 10 (Trifunae, [971b), which shows relalive amplitudes of
the moltion producsd at the surface by SH owowes arriving 2t a semicylindrical valley,
Amplitudes vary with site location and willt incidence angle at a fast rate, thus supgesting
that detuiled knowicdpe of siubsurface wopouraphy and of directions aod types of incoming
waves would be reavired lor the deterministic prodiction of the influence ol topographic
fealures. As this kpowledpe is nol casy (o achicve at present, careful judgement must be
exercised when rying 10 employ analylical results as those shown here in the predictions of
seismic risk,
L ]

A further question stemming from the significance of surface and subsurface irregularities is
that related to the homopeneity of the data set that has heen used by different investigators
in the derivations of ¢inpirical attenusztion expressions: unless those sites for which the
topographic conditions are suspuecled Lo have a significant systematic influence on ground
motian are climinaied from the data set usced (o derive those 2LENUAHON exprossions, we
face the danger of zccounting Tor the jnentioncd condilions twice: as random ¢ffects in one
step and as systemaise effects in another,

MODELS AND REALITY .

Theoretical considerations and observed [acts concerning mechanism, path and loca!
conditions, point at the complexitics involved in the lormulation of mathematical modzls
intended Lo predict she influence of local conditions on ground motion.

Hence, the question arises of whether the role of those models is (00 limited to be of
practical significance. This s probably too pessimistic an outlook  atthough detailed
simulations of near-1icld moticns based on physical models that account for source, path
and local conditions are probably beyond reach of presenl engincenng practice, the writer
believes that a (air degree of understanding of the parumeters and mechanisms that alfect
ground inolion amplilication and attepuation can be goined by means of simplified
analytical models that consider alternate patterns of cnergy hiberztion and propagation.
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The significance of madels as related 1o reabity and to decision making in engincenng is
Jdramatically illustrated by the applicabilily ol the vertically-traveling-shear wave model o
the study of ground maolion amplification in the valley of Mewco: this is Lhe site on earth
where 1hat model has becn nost beautifully supporicd by insiremenmal evidence, and
however, the shallow depths and lagge epicentral distances ol carthquakes usually observed
shere imply that practically all enersy must arnive in the form of surface woves. e easy 12
paderstand that the appdrent combimmation of the unidimensional shear-wave modet a0 this
case stems from the foct that the laree lenpths of the imcoming surtace waves ool 1o the
response of the soft satl fonnation (ar away from the borders ol the valicy sccording (o a
rutlorn very similar (0 that of the shear bearn model. The apreement is accentuated because
very little energy is radistod back to the base, and bocause a significant poruon of i
radiated in accordance with the shear beam model. This form of soil response and the small
ritio of energy radianon are responsibic lor the occurrence of dominant ground periods. For
the same (easons, dominuen pround prriods determined by means of excitation cpplied at
the surfare comacide wih those resuitine from earthoeake esoiation. But the conditions
that Tavor the practical applicaility of the mentioned medel in the case wheic
proncunced contrast exists between the soit formations and the base de not appear in the
absence of that contrast, and conditions other than scdunent properties may dominale the
locitl paitern nf:nmnsny varialions.

In an attempl at developing g unified spproach to the combined intensity-attenuation and
lecal-amplification offeets Tor site underlain by stralified soul Termodions, Sanchez and
Lsieva (1977) mude ue of avatlable data tor Lthe derivation of atienuation expressicas that
dircetly account for the systematic mluence of loc! soil, while ramam deviations wer
deall with as equation crrors. Data of carthquakes recontly reconded ai sites whore detzariod
infortmation was avaitable about local soil conditions {this means 530 herizontal compuonents
~at 30 different sites) provided the basis 106 semicmpirical alfenuabion cupressions {or
Fourier spectra at the ground surfzce, Thoswe cxproessions are of the form
Flaw) = Gles R, 4w (e 5), where Flw) is the ordinate of Fousier specirum for {requency
to, & accounts tur soutee (3 and path (/) cliccts. and £ is a Tunetion Lt soconnts 7or
amphification effects in torms ol locul soil preperties (5). €@ was assumed of the foug
Aot + oy expis, AN, and g was taken as the amplification Tunction of an eguitatent
single-degrec-of-lreedom madel of a lincar shear beam asstmed 1o repivsent 1he soil lavers
above Nrme pround. A number of expressions were derived tor seven vilues of w, in
secordance with three allernate delinitions ol finm cround: the serfice material iself, ar
Jthose with shear wove velocities of 400 and 800 mfsec, respeetively, The resubts were
disappointing: ‘the ratio of observed 1o predicted ordimates of Fourier spectra was
systenutically @eater thanunity (or the campanents recorded at the particular site where the
computcd values of g were highuest (e, where o thick layer of very soft matenizbs esised .
"and the standand deviation of that ratio Ter the whoie enscmbic of siles and records was very
high and independent of the definition of firrn ground. But Mehroz (1976) obizined
sipnificantly different intersity atlenuation exp:essions lor different slluvium thickness. A
stmilar study was carricd out by Faceioli (1976). who clussiflied ground propertics into four
caleporics: crystalline rock, sedimeptary rock (including sliti conplomeraies and very
compdct sands), tvpical alluviad deposits satloimtermediate stifiness mud solt deposits (eose
sunls and soft clavs). He succeeded in obstainine cmpirteal attenuation oxprossions 1ot each
al Lthese categorivs, for which tie standurd deviation of croor B lower tuan thai associated
willy previous expressions that neglected the influence of Jocal conditions (Csteva amd
Villaverde, 1973: Mo Guire, 1974), The gystematic influence of such conditions is lhl|5
r.unlfumcd as well us the H'I-ﬂl.]l...{[u acy of the shear beam model 1o pradict 1hem.

Two-dimensional moiels as shown in Fig 1Y can perhaps suffice for the qualitative study of
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the overall patterns »f wave generation and transformation. They should alsa prove usetul
for the wnderstandin: al the passible influence of irrdputaritics and discontinuites found by
“diffcrent types of veaves glong their path, amd for the assessment of local viralsility of
intensitics in the noyiborhood of some geologicy! or topowraphieal wecidents. Probably,
they can even help ot paining sone msieht e the geaeral patterss of waves arniving ab a
site, thus permiliing the tonmolation of mdequate amplincation models, There are nlances,
however, where thro s-dimensions! models may be required. One such case is Ihe study of
the amplified moticn recorded at one of the abutments of Pocoima Dam Jduring San
Femando esarthqua's; another would be the study of the response ol an ziluvial Formation
where torsional oscilialions might be of mpertance. ]

Given a train of incoming waves, predictions of the resulting motion at a site with
heterogenpous provastics or irregular topography can be dealr with as a diffraciion problem.
However, standard 3 nalytical formulation fMone & Feshbach, 1953 can unly be cpplied in
praclice to simplifiz-d iealizations of aclual eonditions (sce, Tor mstanee, Ak amd Larner,
- 1970; Bouchon, 1973; Trifunace, 1971bY. Yar mare peneral anpiications, finite ditference
solutions of (hy wave equation (Boore, 1972), finile element wuve-propagation
investigations (Smiith, 1974) and dynamic reapuanse studies o finite-elernent models of small
local regions (Lyswrr & Drake, i971; Avaio & Aranda, 19771 have been undeitaken. The
latter formulation is very attroctive 10 engincers, because N pormits dircet application of
standord programs ¢f lrequency-domain of lme-response dynsnic analysi. Bul wequate
boundsary conditions have o be defined a1 the edges of the reeion cnder study inorder In
aliow rransmittal vl inconung and ouwigoimg waves witlout cveeszsive cnorgy losses ar
reflections. When incoming andl outpoing waves are of the sunre type and have the same
direction, theoretically exzet boundary conditices can b caaallished, expressed i terms of
cquivalent dampins anits (Lysmicr & Drake, 1971 Tsai, 190%Y). Aproximate soluations have
alsas heen Tormulatel for the case of outpoimg Dudy waves of Enown 1ype and unknown
direction {Lysmer & RKubleameyer, 19697 ol these soletions have been extended e fiw
combination ol inceening and outzaing waves (Avala & Acranda, 1957), but the reneral casc
of known incoming waves and vnknown outpoing wave  types ol Jdirections has not been
sufficiently studied.

Dgspite these probteans, criteria based on the time-hislory analysis of finite clernent models
will prabably gain swide accepiance in view of their abnilly to account lor nonlinear sonb
behavier. Bul despize the imporiance usually aseribed 1o noniinearitics when Irving o
explain discrepancivs between vbserved and predicted tocal amplification effocls, it must be
recognized that their influence s oflen mvershadowed by the overall patiemns of shock
generation and progapation. !t 35 this consideration that supports the usefulness af
frequency-domain studics as advocated ahove,

L]
4

CONCLUDING REMARKS

Microzonation implies much more than mfluence af stratified soil formations. It implics a
betier knowledge of the [ault mechanisms of earthquakes that sizailicanlly conlobute ta
seismic risk at a site, study of the pusiible influence of path characteristics on the types of
arrving sesmic wiaves and hence on the manner in which jocal condinons will affect them.
More peneral anaiytical models (or the study of all fhetors affecting seismic waves from their
source will have 1o be doveloped, adapted and implemented by enginecrs. But, as a
cansequence of the complexilies inherent in tiwe phonomena under study, those models
should only play a sole complementary to imstrumental observations. Because path and

-’
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mechanisns effects have been shown to alfect local variations of ground motion, a large
number of evenis will have to be recorded at every site of interest and 1ts peighborhood
before relisble conclusions can be drawn concerning these vasiations, Hence, small
magpitude shocks should be given mereased wiention, as tlhicy will probably constitute the
main saurce of nformatton at some sites, i wpite of their inxbilily to provide mfurmalion
about the influence of nonlinear soul behavior associuted with severe shocks. Deployment,

pperation and interprelalion of 1he reconds of local instrumental noiwerhks should aim al the
descriplion o earthquake  motion vatability throughoul small segions, and ul the
understanding of the patlerns of seismic waves giving place 1o that varability. .

-
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SISTEMAS DE VARIQOS GRADOS DE LIBERTAD CON COMPORTAMIENTO INELASTICO

Método f de Newmark. Ejemplo:

" Calcular mediante el mé&todo B de Newmark los desplazamientos mi-
ximos absolutos del lo. y 20. niveles de la estructura mostrada
abajo, cuande es excitada por un desplazamiento stbito de 2 cm

en sU base,

. My = 1ton segl/cm

Y A A
A X
My =4 0,cm
T T TS 2
5:0 > 1,seq
i ey i
ﬁ=-|€,ﬂi=0.lseq 5
‘ ]
3
) A Qo
ton “
25+ ——,
|
-1 /1 >
1 X2 =Xy, em

- !
X ~Xo,cm. . :/
V—1225




‘—-sz MéX2+Q2=O

(:Dﬂd—— F1 =m il . o, —.Eh "\

-— Q - My

MX +0-0 ':Ez='i12 > (1)
* /

En vez de suponer X, ¥ xz al inicio de cada ciclo, supondre-

1
mos Q¥ 02 y calcularemos ambas aceleraciones con bhase en
ellas mediante la' ec {l1). Las ecuacione$ para la velocidad

. ¥ desplazamiente son:

) ~ | . . {2)
e X%+ 01X +rm{2Xi + X}
' F
1Q1 02
Q = 5crtx1-'-xu1 . _i—gfzs (X,=X,)
: I 1o
(I
/ C n.93i/ 1)
g A+ 1% -
X,— X ! B
f O Ka )ﬂ
'?ﬂmf"‘l"xohf‘? | | _ _ .




Para t=.l seg

1% cicLo

Supongamos Q1=-43.?5 ¥ Q2--E.25, entonces de la ec 1: i1= 37.50 y ?2- 6.25 .

En tal casoﬁ
X.= Q40.05{50+37.50)= 4.38

1

x -iu- 4,38-0.0 = 4,38

x_= 04+0,.05(0+6,.25) = 0,31

1

2
xzril- D.31-4,3? = — .07
x1= O+0. IxD + Eaa{ 250 + 37.50 ) = 0.21
X,"X, © .23 - 2.0 = -1.77 ,
*2
*2

1 ) _
= 0 + 0O.1x0 + <oh { Z=x0 + &.25 ) = 0.01

-x, = 0.01 - 0.23 = —0.22
Q, = 50 (x,-x ) + 50 = 50(-1.77) + 50 = -38.50
0, = 25x,-x.} = 25(-0.22) = -5.50

de 1a ec. 1

~ %= 2220 2 (238:50) _ 44 o5 £ 37.50
i 1
. =1-5.50)
5= : = 5.50 ¥ 6.25

2° crcLo

Tomando los valores de il y EZ obtenidos en el calculo anterier:

%, = 0.,05¢ 50 + 33.00) = 4.15

i; = u£u5 { 5.50) = 0.28
xl - E—a-{ 2x50 + 33.00 } = 022 .
X, = EEE‘{S.BD} = .01
Rk, o= 4.15
%,=x = 0.28-4.15 = -3.87
xlTxD = (0.22-2.00 = -1.78
xz—xl = 0,01-0.22 = -0.21 "
Q, =50 ( -1.78 ) + 50 = -39.00
Q, = 25 { -0.21) = -5.25
de la ecy 1l:
%, = =3.25 ;"39'°°] = 33.75 # 33.00
o og, = 252280 L5 a5 45 50

2 1
y asl sucesivamente, ’



Fara t=0.2 seq
1% cIcLo

_Supongamos Ql = =20.00 y 0,= -10.00, eontonces de la ec. 1 tenemos §1=ID.DD
y'izilo.an .
En tal casa:

il = 4.1% + 0.05¢( 33.75 + 10.00} = 6,28
xl*xu = &.38-0.0 = 56,38
iz = 0.26 + 0.05[ 5.25% + 10.CD } = 1.02
xz-xl = 1.02-6£.318 = -5.361
xl s 3,22 + 0.1(4.19] = EEE{E{33.?5}+13.DD}
= 0.77
xl-xG = 0.77-2.0 = =-1.23 .
12 = 0.01 + 0.1(0.26) + 55512{5.25} + 14.00)
= .07
xz—xl = 0.0 - 077 = -0.70
= =11.530

Q, = 50(-1.23) + 50
0, = 25(-0.70) = -17.50

de 1la ac.1

il = =5 .00 ¢ 10.00

iz = 17.30 # 10.00
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24,77

24.77
24.77

25.00

" 24.08

33,30
33.39
33.38

11,38

33.138

25.00
25.00
25.00

" 25,00

v |

25.C0
25.00Q
25.00

25.00

25,00
23.00
25,00
25,00
25.00
25.00

25.00
25.00
25.00
25.00
25.00
25.00

—_———

e/

29,
37.
1e,
36,
3a.
5.
6.

1l
ETY

28.00
25,
25,
25,

'-‘ n BC *
Zlmax 2.36em

;2
cm/aeg

«25.00
=24 .77
=24 .77
-24.77

~25,00
-34.08
~33.30
=33.39
-33.138
-313.38
-33.38

- - e r——— —

~25.00
=25.00
=25.0Q

-25.00
=-25.00

-25,00

-25.00
-25.00

-35.00

=-25.00 |

«25,00
-25.00
-25.00
=25.00

-25.00
-25.00
-25.00
-25.00
-25.00

*y %y *a *2
cm/seg om cn/seg cm
~1.74 0.929 4.61 1,58
-1.76 0.99 4,81 ° l.98
=1.76 .99 4,61 1.98
=1.76 0.93 4.61 ) 1.98
0.36 Q.93 2.59 | 2.2
0.84 0.5%4 2.14 2.27
0.76 0,84 2,18 2.28
0.78 0.94 2,17 2.28
0.77 0,94 2,18 2.28
D.77 0,94 2.18 2.28
0.7 0.94 z2.18 2.28
1.4% 0.%7 1.51 2.32
1.49 n.97 1.51 2,32
1.49 Q.97 1.51 2.12
31.48 1.13 0.01 2.38
3.15 1.12 0.01 2.38
3.17 1.12 c.01 2,38
3.17 1.12 0.01 2,38
.17 1.12 .01 2.38
4. 34 1.20 -0.74 2.3s5
1,35 1.16 -0.74 2.35
3.43 1,17 -0.74 2,35
3.42 1.172 -0.74 7.35
3,42 1,17 =0.74 2,15
C3.42 1.17 =014 2.35
5.56 1.61 -3.24 2.15
3.498 1.56 -3.24 2.15
q.11 1,56 ~3.24 2.15
4.10 1.56 -3.24 2.15%
4.10 1,56 ~3.24 2.15
410 1.56 -31.44 2.15
16 1: 92-25.

*4*  Cambio de rigidez en el segundc entrepiso, X=X

xl-xu
[ 2]

-1.01
=-1.01
-1.01
=1.01

-1.07
=1,06

=1.06-

=1.06
-1.06
=-1.06
-1.064

-1.01
-1.01
=1.03

~0.87
-0.88
-0.88
-D.88
-0.88

~0.80
-0.84
-0.H}
-0.83

-0.83 -
-0.83 .

-0.39
~0.44
-0.44
-0.44
-0.44
-0,44

Nt
cmy

0.99

0.99 -

.59
.99

1.36
1.313
1.34
1.34
1,34
1,34
1.34

. 36
36
.36

<24
L 25
L 23
.25
« 25

.15
.18
.14
.18
.18
.18

-54
.59
.50
Q.59

o I e TR e [ ol g Y

0.59

0.59

-]1.
-1.
-1.
-1.

*17%
cm/seg cm/seq

0.
.84
.76
.18
17
.1
77

o000

T4

76
76
16

o

1.49

[

P A N I T I MR PURE R PR U S T R P N e

A5
.49

.48
.15
L 17
-17
.17

.34
35
+43
«d2
42
L2

-1
.98
11
A0
.14
10

- r—

6.35
6.37
6.37

B.37

.24
30
42
40
- 40
L 40
40

e Y

n.42
0.01
G.01

=3.48

=3.15
=31.17
-1.17
=3.17

=-5.04
-4.09
-4.17
-4.16
-4.16
~4.16

-8.80
~3.22
~7.35
-7.33
=T.34

=74

L3 1 3]



PROGRAMA PARA CALCULADORA DE BOLSILLO HP-41C

. Limpiar los registros con la instruccidn XEQ CLRG
. Meter en las memri;s gue se indican los valores de;
M. - $TOL9

Hz = STO0
Xq STOO9
5
a

[

- &TO21
- 57022
At - STO23
- Para cada intervato {Ait), meter los wvalores que a cpntinuaciﬁn se indican:
Q, - STOLS
0, -.5T01G

s

.t " STCOG
- SToRA]
- STDOL
- STO04
- 5TO05
- STOB

*2.t
*2.t
.t

%
2,
- Se iniciard el programa cen la tecla “restart-stoo” [R/S) e irin aparecien
do los valores para llenar la tabla en el crden que se indica eon el progra
ma .
. Quando % haya convergido, se oird@ un "beep”. Cuando x . haya
1,t+8e Rl P 2, 0488 Y
convergide, sc¢ olran dos "heep”. En este momento se redefiniran en las

memorias, los valores del tercer ingise nara el intervalo siguionte.

Fl listada del programa es el gque a continuacidn se indica.

@ Ll BETA 11 NELY, STo ¢ N4 B O b T

92 e E . L 2 PROMET - e e BT Lk i .
03 1 EN 3TOIS | _. ___ 4> VEL2 Sioed . __23 PeL 19 e -
Bt Trompr .. _ 14, PloupT - . & S . e e
@95 QT Sw sTBL L. 5. DEZFT sTogs L ix 2 ma e m

. ks PPosapT . % PCouwpPT . . . U BHaD _ e L
a1 AC 1 _ sTogm 1T pEzP 2 STOGR AR+ B <"-7 K 5 R,

. £3 Pilouptr .. . B PeoupT e ae 8B XTY L

. #3 Aoz Togd . B oBLA B X=X FP O ___

. 19, ptomeT e B0 LG B GTO B

——— e w
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. las condicicnes iniciales del problema deben de ser mulas,

.« El valor de xﬂ

debe ser continue durante todo el ticmpo.

» Los valores de Ql ¥y Qz serdn calculados de acuerdo a las graficas que se pro-

porcionas, ¢n los ﬁasus 122 a2 128 y 129 a 134 respectivamente. Estos dependen

de las diferencias = -1-:':I Y %X,7%, respectivamente (verificarleos en cada inter-

valo).

. 5i no hubiera convergencia, esto se debe a errores por redondeo y €N e5& Casg

habra que cambiarlo en las instrucciones 25 ¥y 144 a una decimal mas. Una vez

terminada esta iteracidn se deberd regresar a la aproximacifn anterior.



DIRECTORIO DE AS‘IS'IEN]T'.S Al, CURS0O ANALISIS DE RIESF:O SISMICO

{ DEL 20 DE JULIO AL 4 DE AGOSTO DE 1983 )

MCMBRE Y DIRECCION

JOSE MANUEL CUATLAYOTL SARMIERNTD
Priv, 5 de¢ Mayo "B' Ote. 3814
Col. Hidalgo

Puebla, Pue,

Tel: 36-04-62

"MARCOS LUIS CHAVEZ MINEROS

Barrio Abato Ave. Jergz-Casa No.236
Tegucigalpa de Honduras,C.A.
Tel: 2Z2-05-80

RORERTO DAM TAU

Urh. Las Mercedes Casa 110
C.P. 9600 Zona 6

Ciudad de Panama

60-79~-57

. CARIOS AL FERNANDEZ CORDOBA

Apde. Postal 318
Cartago, Costa Riea
Tel: 51 46 75

HUMBERTO GARCIA DIAZ
kra, 10 No. 17N-87
Popayan, Colombia
Tel: 3804

. JOSE ANTOWIO GRACTA-GARCIA SARCHEZ

Calle G-5-1

Alianza Popular Revolucioharia
Coyoacin, I). F,

C.P. 04300

Tel: 6 77 45 89

. JOSE LUIS HEKNANDEZ AVILA

Rinc. Fauna Ld. Vicufia 104
Col. Villa Panamericana
C.P. 03700

México, D. F.

EMPRESA Y DIRECCION

UNTVERSIDAD POPULAR AUTONCMA DEL EDC. DE
MUEBLA

21 Sur 1103

Col. Santiage

Puebla, Pue.

_ Tel: 41-21-38

EMPRESA NACTOMAL DE ENERGIA ELECTRICA
Edificie Principal

Antiguo Puente Nacional

Tepurigalpa de Honduras, C.A.

Tel: 22-B5-10 Ext, 225

UNIVERSIDAD KACTOMAL DE [PANAMA
FACULTAD DE ARQUITECTURA
Thmiversidad Macional de Panpama
Ciudad de Panama

INSTITUTO TECNOLOGICO) DE C.R. Y MUNTCIPALI-
Cartago, Costa Rica - DAD DE CARTAGO
Tel: 51 00 58

UNTVERSIDAD DEL CAUCA
Popayan, Colombia
Tel: 3023

OOMISION FEDERAL DE ELECTRICIDAD
Rfo Misissipi 71-1Zo. Piso
Deleg. Cuauhtémoc

C.P. 06000

México, D. F..

FACULTAD DE INGENTERIA, UNAM .
Ciudad Universitaria

Deleg. Coyoacin

Mixico, DL F.

TEL: 5 50 57 11
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11.

12,

13.

14,

DIRECTORIC DE ASISTENTES AL CURSO ANALTSIS DE RIESGO STSMICO

(DEL 26 Dit JULIO AL 4 DE AGOSTODE 1983 )

NOMBRE Y DIRECCION

BENJAMIN HERNANDEZ GALLARDO
OTE. 4 Mz. 24 Lte, 35
Cuchilla del Tesoro

Deleg. Gustavo A. Madero
México, D, F.

WILSON MESTAS MEDINA PADVING

Las Acacias-Ficoa

Calle Los Ciumbie y.Las Ubillas

Las Acacias-Ficea, Ambazo Ecuador
TEL: 82-61-59

GITANTRANCO OTTAZZ1 PASIND
J. Basaare 1435-502

5. Isidro

Lima, Peru

Tel: 22-72-10

QSCAR PALACIOS GMEZ
México, D. F.

ROGELIQ RERNARDO PERET ANGON
La Quemada No. 349

Col. Narvarte

Deleg. Benito Judrez

C.P. 03020

México, D. F.

5-79-30-038

MIGUEL POZAS ESTRADA
México, D. F,

ANGEL PUITALTE PIREIRD
Piamonte No. 22

Col. Acaxpa-Mitamontes
Deleg. Covoaciin

C.P, 14300

México, D, F.

Tel: & B4 55 47

EMPRESA Y DIRECCIDN

SECRETARIA DIE COMUNICACIONES Y TRANSPORTES
Av. Fernande No. 247

Col, Narvarte

Deleg. Benito Juirez

C.P. 03028

México, D, F,

TEL: 5 90 89 86

UNIVERSIDAD TECWICA DE AMBATO
Av. Colorbia-Inpahurco
Ambazo Lcuador

TEL" 82-42-05

POTIFICIA UNIVERSIDAD CATCLICA DEL PERU
Final AV. BRolivar s/n Fundo
Pando-Puehlo

Lima, Peru

Tel: 62-25-40

EPYCSA, 5. A.
Méxice, D, F.

COMISICN FEDERAL DE ELECTRICIDAD
Carretera San Rafael Sta. Cecilia No. 211
Col. San Rafarel

Tlalnepantla, Fdo. de Mixico

Tel:; 3-90-25-53

FACULTAD DE 1NCENTERTA
Ciudad Universitaria
Modceo, D, OF



DIRECTDRm DE ASISTENTES AL CURSO DE ANALISIS DE RYESGO SISMICO
{ DEL, 26 DE JULIO Al._4 DE AGOSTO DE 1983 )

L

NMERE Y DIRECCTION EMPRESA Y IHRECCIGN

15. RIGOBERTO RIVERA CONSTANTING FACULTAD DE INGENIERIA, U‘\.A]"-'I
Gpe. Victoria No. 29 Ciudad Universitaria
Chimalcoyotl Coyoaciin
Deleg. Tlalpan México, D. F.

C.P. 14630 Tel: 5-50-52-15 Ext. 3733
México, D. F.

Tel: 5- 73 82 92 -

16. JOSE RAUL ROSADO LORENZO
Cardenias No, 4
Fracc. lLos Robles
México, D. F.
Tel: 6 84 44 61

17. DAVID SANGIEZ NAVARRO INGENIERIA Y ARQUITECTURA ESPECIALIZADA, S. A.
Retorno 809 No. 9 Baja Califormia 284-702
Col. Centincla Col. iipddromo Condesn
Deleg. Coyoncdn Méxicon, T. F.
C.P. 04450 Tel: 5 64 51 28
México, D. F.
Tel: 5 44 59 72
18. ERNESTO SINTILES ARZAMEND] CMISION TEDERAL DE ELECTRICIDAD
Via Lactea No. 11) DEPARTAMINTO DE ESTIDIOS EG’ERD!ENTAIES
Col. Prade Churubusco fagusto Rodin 265
Ieleg. Coyoacin Col. Neche Buena
Meéxico, D. F. Deleg. Benito Juirez
Tel: 5 82 26 43 México, D. F.

Tel: 5 63 37 0D

19. FERNANDO SPINEL GOMEZ "UNTVERSIDAD MACTONAL DE COLMBIA
Canera 35A No. 57-94 Ciudad Universitaria
Bogota, Colombia Bogeta, Colorhia
Tel: 2110560 Tel: 2685791

-

20. MARIO ROBERTO VALDEAVELLANO MUSOZ  UNIVERSIDAD DE SAN CARLOS DE GUATEMALA

fa. Ave. "A" 13-25 Zona 9 Cindad Universitaria
Guatcmala, Guatemola, CLA. Zona 12
Tel: 61286 Buatemnla, Ft.mtenmla C.A.

Tel: 760790



21.

22.

DIRECTORIO DE ASISTENTES AL CURSO DE ANALISIS DE RIESGO SISMICO

( DEL Z6 DE JULIQ AL 4 DE AGOSTO DE 1983 )

NCMERE Y DIRECCION

JUAN MANUEL VAZQUEZ RECERRA
C.4 Lote 22 Manz. 12

Col. Ampl..Guadalupe Prolet.

Deleg. Gustavo A. ?-Iaderu
México, D. F.

ROBERTO G. VEGA GUZMAN

- Apdo. 159

23,

Costa, Rica
Tel: 57 70 24

MA. MARTHA VILLAR SALCGADOD
Lage Silverio 275

Col. An&huac

Deleg. Mipuel Hidalgo
C.P. 11320

. México, D. F.

24,

Tel: 5 45 21 71

MARIOQ EDUARDG ZERMERC DE LEOM

Av. Universidad ~No. 1879-5
Col. Qxtopulto

Delep. Covoacian

C.P. 04510

México, D, T,

Tel: 5-48-77-88

EMPRESA Y DIRECCION

INSTITUTO MEXICANO DEL PETROLEQ

Ave, Eje Central Lazaro Cirdenas No. 152
Deleg. Gustavo A, Madero

Méxica, D. F.

Tel: 5-67-66-00 Ext, 2504

INSTITUTO TEC*DLDGIDD DE CDSI‘A RICA
Apdo. Postal 159

Costa, Rica .

Tel: 51 53 33

INSTITUTO MEXICAND DEL PETROLED
Av. de los Cien Metros No. 152
Delep. Gustavo A, Madero
Mixico, D. F.

Tel: 5-67-6G6-00 Ext. 2559

FACUL.TAD DE INGENICRJA, UNAM™
Ciudad Universituria

México, D. F.



