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FACULTAD DE INGENIERIA U. N.A_M.
DIVISION DE EDUCACION CONTINUA

A LOS ASISTENTES A LOS CURSOS

Las autoridades de la Facultad de Ingenieria, por conducto del jefe de la
Division de Educacion Continua, otorgan una constancia de asistencia a

quienes cumplan con los requisitos establecidos para cada curso.

El control de asistencia se llevara a cabo a travée de la persona que le entregé
las notas, Las inasistencias seran computadas por las autoridades de la
Divisién, con el fin de entregarle constancia solamente a los alumnos que

tengan un minimo de 80% de asistencias.

Pedimos a los asistentes recoger su constancia el dia de la clausura. Estas se
retendrén por el periodo de un iazﬁo, pa‘sado est_e" tiempo la DECFI no se hara

responsable de este documento. ' : T

. "l
Se recomienda a los asistentes participar actlivamante con sus jdeas y
experiencias, pues los cursos que ofrece la Divisién estan planeados para que
los profesores expongan una tesm, pero sobre todo, para . que coordmen las

opiniones de todos los mteresados, constltuyando verdadm’-os semlnarlos
: . A
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Es muy |mportante que todos los asmtentes Ilenen‘y entreguerl\ su hoja de
inscripcién al inicio del curso, mformaclon que servira fpara integrar un
directorio de asistentes, qup se entregara Si:énunamante.

Con el objeto de mejorar los servicios que la Divisién de Educacién Continua
ofrece, al final del curso "deberan entregar la evaluacién a través de un

cuestionario disefiado para emitir juicios anénimos.

Se recomienda llenar dicha evaluacién conforme los profesores impartan sus
clases, a efecto de no llenar en la Gltima sesién las evaluaciones y con esto

sean mas fehacientes sus apreciaciones.

Atentamente
Divisién de Educacién Continua.

Palacto de Mineria Calle de Tacuba 5 Primer piso Deleg. Cuauhtémoc 06000 México, D.F. APDQ Postal M-2285
Teléfonos 5512-8955 55125121 5621-733% 5521-1987  Fax 5510-0673 5521-4021 AL 25
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CALLE FILOMENO MATA

PALACIO DE MINERIA

LAS. DE COMPUTO

GUIA DE LOCALIZACION

1. ACCESO

2. BIBLIOTECA HISTORICA

3. LIBRERfA UNAM

4. CENTRO DE INFORMACION Y DOCUMENTACION
"ING. BRUNO MASCANZONI"

5. PROGRAMA DE APOYO A LA TITULACION

6. OFICINAS GENERALES

CALLEJON DE LA CONDESA

7. ENTREGA DE MATERIAL Y CONTROL DE ASISTENCIA
8. SALA DE DESCANSO

SANITARIOS

- —
GALERIA DE | ACADEMIA I * AULAS

EXRECTORES g INGEMIERIA

DIVISION DE EDUCACION CONTINUA

DIVISION DE .EDUCACION' CONTINUA
FACULTAD DE INGENIERIA U.N.A.M.
CURSOS ABIERTOS




FECHA

4

Lunes 2t

Martes 22

Miercoles 23

Jueves 24

Viemes 25

DIVISION DE EDUCACION CONTINUA
CURSOS ABIERTOS

XXVI CURSO INTERNACIONAL DE INGENIERIA SISMICA
MODULO lii: DISENO SISMICO DE PUENTES

HORARIO

10:00 a 14:00 hrs.

10:00 a 14:00 hrs.

10:00 a 14:00 hrs.
10:00 14:00 hrs

10:00 2 14:00 hrs

DEL 21 AL 25 DE AGOSTO DE 2000

TEMA

Psentacion
Gologia y condiciones locales

Andlisis Sismico de puentes

Andlis no Lineal
Disefio Sismico de puentes

Refuerzo

PROFESOR

Dr. Roherto Gémez
M. em |. Martha Sudrez Lépez

Dr. Roberto Gémes Martinez

M. en i. Marcos Garcia Kong
Dr. José A. Escobar Sanchez

Dr. José A. Escobar Sanchez
Dr. Oscar Lépez Batiz

Dr. Roberto Gomez Martinez
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FACULTAD DE INGENIERIA U. N A_M.
DIVISION DE EDUCACION CONTINUA

R

CURSOS ABIERTOS

XXVI CURSO INTERNACIONAL DE
INGENIERIA SISMICA

MODULO III: DISENO SISMICO DE PUENTES

TEMA

.y

CIMENTACIONES RECTANGULARES

PALACIO DE MINERIA
AGOSTO 2000

Palacio de Mineria Calle de Tacuba 5 primer piso Deleg. Cuauhtémoc 06000 México, D.F. Tels: 521-40-20 y 521-73-35 Apdo. Postal M-2285



CIMENTACIONES RECTANGULARES

Kg = (X.BK
donde:

o = factor de forma

B = factor de desplante

K = coeficiente de rigidez para una cimentacion
circular
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RADIOS EQUIVALENTES

TRASLACION Ro = J4BL /=
ROTAC’IC')N 4BL (482 + 4L2) 1/4
(FLEXION ALREDEDOR DE X) Rs { - }
ROTACION
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3 1/4

{(25) + (2L):)

R, = |2 * 1<t
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- METODOSIMPLIFICADO - - — & — o = o o oo

~ ELEMENTO A DISENAR: Columna 2 del puente;

- “PESO TOTAL: 774.18 ton—— - S et

 MASA TOTAL: 78.92 ton*szlm

E 140004250 22135x105kg/cm2—22135x106ton/m T

| _Rigidez lineal en cl sentido de andlisis . ¢ . . . _ . ____

Ri gldez lineal del marco en direccién 10ng1tudmal y transversal consxderando

- e e egm e mane .- e et e

que la columna gira en su parte supeuor T T T
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ngldez lineal del marco en direccién longxtudmal y transvcrsal sin consxderar
b que glra la parte supenor delacolumna. =

K. =3500.12 L R N A

K, = 1434.04
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Fuerza lateral cquivalente “P. o b o
. 1 H I !
La fuerza lateral equwalente que se aphcara a la estructu.fra sle obtlene con, Ia | i
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donde W es el peso de.la masa tributar"ia a, es el coeficiente de acelerécién }
del terreno y Q'es el factor de comportamiento snsmxco Con esta expresmn se
tiene que para: P Co

a,=0.42 P,=162.58 ton - S N
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S CORTANTES, METODO SIMPLIFICADO

" DIAGRAMA DE FUERZA
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_ METODO DE LA CARGA UNIFORME ' | oo
‘ | . R N
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- Analisi longitudinal .
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METODO UNIMODAL DE ANALISIS

La ecuacién que nos permite obtener la carga lateral deblda a sxsmo es la

s: gu1ente (ec. A).~ o ' ; |
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C, = a/g, ordenada del espectro de disefio correspondxente, entrando al

espectro de disefio con el periodo T
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mente repartida

y = factor de desplazamlento maximo debldo ala carga umformemente._.
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w(x) = carga uniformemente repartida . L

v,(x) = distribucién de desplazamientos
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' 51gu1ente

- Peso total (W). Este se obtiene con :
K W =w*L

donde

- w = carga umformemente repartlda de (superestructura)——— e

F
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‘ ‘w(x) = carga‘uniformemente'répar'tida'debida a la superestfucthrw- B e e
| s -
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DIAGRAMA DE MOMENTOS, METODO UNIMODAL - -

SIN CONSIDERAR EL PESO PROPIO DE LA ESTRUCTURA ‘

389.51 ton*m

DIAGRAMA DE CORTANTES

(-)

-2099.26 ton*m
43.51_ ton -

- " 58.14ton



DIAGRAMA_ DE_FUERZAS AXIALES

921.51 t
1084.62 t
12586t -

144331 ¢

DIAGRAMA DE MOMENTOS TORSIONANTES

0.84 ton*m

0.84 ton*m

)
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DESPLAZAMIENTO MAXIMO EN LA PILA 2
i

METODO UNIMODAL
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CUADRO COMPARATIVO PARA ANALISIS TRANSVERSAL

SIMPLIFICADO ESTATICO UNIMODAL
. SINGIRO | CONGIRO | -
PERIODO (seg) 1.17 2.36 0.649 0.649
CARGA EQUIVALENTE (torvm) 31.45 21.73 6.093 9.18
MOMENTO FLEXIONANTE EN LA BASE DE LA PILA (ton-m) -1141.98 -1242.96 -2805 -4226.14
Hg_nsm CORTANTE EN LA BASE DE LA PJLA {ton; -31.45 =21.73 -58.14 -87.59
DESPLAZAMIENTO MAXIMO (cm) 3.44 6.51 5.04 7.6
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CONCEPTOS RASICOS

Foco y epicentro

Desde la formacién del sistema solar, los elementos que constituyen a8 la Tierra
comenzaron a acumularse los mis pesados en su centro y los mas ligeros en la
superficie, de tal manera que su estructura quedé constituida por capas de diferentes
densidades. La parte mas superficial llamada corteza, se divide en corteza oceénica
formada por rocas maéficas (basalto y gabro) que tiene un espesor promedio de 10 km;
y en corteza continental constituida por materiales mas ligeros como andesitas y en
mayor cantidad por rocas siélicas {(granitos) formando espesores promedio de 40 km.
La corteza se apoya sobre rocas ultraméficas rigidas y mas densas {peridotitas) que
constituyen a la litosfera (con 100 km de espesor) la cual se divide en siete placas
mayores {en total unas doce placas)} conocidas como placas tecténicas {fig. 1}, que
se apoyan a Su vez en rocas parcialmente derretidas debido &l calor y a Ia presi6n a
la que estdn sometidas. Estas dltimas forman parte de la astenosfera (fig 2). El calor
producido por el decaimiento radiactivo de los elementos del interior de la Tierra,
genera corrientes de conveccién ocasionando que estas placas rigidas de la litosfera
'naveguen’ sobre la astenosfera a una velocidad medible de varios centimetros por
ano. El continuo y lento movimiento de las placas produce concentracién de esfuerzos
en algunas zonas de las fronteras donde se atascan y no permite el desfizamiento
. entre ellas. Un sismo se genera cuando se libera 1a energla acumulada en esas zonas,
esto es, cuando la energla que se acumula es mayor que la que pueden resistir las
rocas que constituyen a la corteza y/o la litosfera, produciendo un stibito rompimiento
y consecuente deslizamiento. Al lugar en donde se produce esa ruptura se le llama
foco. A su proyeccién en la superficie se le conoce como epicentro. Algunos sismos
se generan también cuando hay erupciones volcanicas, deslizamientos de tatudes o,
incluso, son generados por algunas explosiones realizadas por el hombre.

Los movimientos entre placas son de tres tipos:

Divergentes.- Cuando las placas tecténicas se separan una de la otra. Es aqul donde
se genera continuamente corteza oceénica.

Convergentes o de subduccién.- Cuando dos placas tecténicas chocanunacon.a. ra
y dehido a ello, una de ellas se hunde. En estas zonas se destruye la corteza oceénica.
El 8U% de los sismos ocurren a lo largo de estas fronteras.

Transcurrentes.- Es [a frontera en la cual no se crea ni se destruye la corteza.

En las zonas de transcurrenciay divergencia ocurren el 5% de los sismos, el otro 5%
se genera en zonas alejadas de las fronteras entre placas.
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mueven las placas (Alt, 1982).
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Propagacién de ondas fondas P, S y superficiales)

Cuando se libera energla, una buena parte de esta lo hace en forma de ondas. Estas
son perturbaciones que se propagan de un punto a otro en un medio. La propagacion
se lleva a cabo a una determinada velocidad y el tipo de onda que se produce depende
de la naturaleza de l0s enlaces que existen entre los puntos por los que se propaga.
Estas son de varios tipos. Se les clasifica en ondas de cuerpo o superficiales
dependiendo si la propagacion se realiza en el interior del material o en las fronteras
de este, respectivamente. En su estudio se toman en cuenta las hipbtesis de la teoria
de la elasticidad que relacionan a las fuerzas externas que actdan en un medio con sus
fuerzas internas que se manifiestan mediante cambios de tamano y forma que sufre
éste. Las deformaciones que experimenta un elemento infinitesimal cuando es
sometido a esfuerzos estadn dadas por

donde v, es el desplazamiento del cuerpo en la direccién x,. La coma indica derivaciéon
con respecto a la direccién senalada. La ley de Hooke o ley de la proporcionalidad
entre esfuerzos y deformaciones se puede expresar como

o,=Aeyd +2pe, (2)

siendo &; la delta de Kronecker (=1 sii=j; =0sii#), ijk =1, 23y A plas
constantes de Lamé. Empleando la segunda ley de Newton y despreciando las fuerzas
de cuerpo, 1a ecuacién de movimiento en la direccién x; puede expresarse de la forma

pd=0,, . (3)

¥

Utilizando las relaciones de elasticidad {1) y (2) 1a ec {3) se transforma en

pi=(A +p)V(Vu)+p Vu {4}

Las ondas de cuerpo se dividen en:

Qndas longitudinales que se propagan en la misma direccién de! movimiento
generando compresiones y dilataciones en el material. A estas ondas se les conoce
también como ondas P o primarias pues son las primeras en ser detectadas por un
observador o instrumento. Su velocidad de propagacién (o) es mayor y se calcula
COMmo:




donde Ay u son las constantes de Lamé y p es la densidad del material.

QOndas de corte que tienen un movimiento perpendicular a 13 direccién de! movimiento
generando esfuerzos de corte en el material por el que se propagan. Por esta misma
razén, este tipo de ondas no se transmite por fluidos. Son las segundas en ser
detectadas, por ello se les conoce como ondas S o secundarias. Se propagan con una

velocidad 8 dada por
by
P

En 1a fig. 3 se presenta un diagrama de cémo se propagan este tipo de ondas. Las
oscilaciones longitudinales producidas por las ondas P son simétricas conTespecto a
la direccién de propagacién, en cambio las oscilaciones de las ondas transversales
{ondas S) dependen del plano que cruza la direccién de propagacién en el cual se
efectua el movimiento transversal. Al rumbo que tienen las ondas de corte en ese
plano se le denomina polarizacién. Para el estudio de tas ondas S su movimiento
puede descomponerse en una componente horizontal (ondas polarizadas horizontal-
mente 0 SH) vy en una vertical {ondas polarizadas verticaimente o SV). En la fig 4 se

ilustra este concepto,

Las ondas superficiales se dividen en ondas de Rayleigh cuyo movimiento es circular
parecido al de las olas de aguas profundas en el oceano, y ondas de Love que tienen
un movimiento parecido a! de las ondas S pero que disminuye de amplitud cuando se
aleja de la frontera del material por el cual se propagan {ver fig. 3). Ambos tipos de
ondas tienen una velocidad de propagacién menor que las ondas de cuerpo y son las
que en un sismograma presentan las mayores amplitudes.

Si se supone que las ondas son periodicas con dependencia tempora! dada por e
dondei = (-1)'*? y w = frecuencia angular, el movimiento dilatacional asociado a las
ondas P que viajan a una velocidad g queda descrito por

 (A+2p)V3(Va)+p2Vu =0

y el asociado a las ondas S que tienen una velocidad de propagacién £ esta dado por

pVR(Vxu) +pw?Vxu=0
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Fig. 3 Diagrama que ilustra las formas del movimiento de las particulas de la Tierra
cerca de la superficie cuando se propagan los cuatro tipos de onda (Bolt, 1976). -
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Fig. 4 Frente de onda plano. Polarizacién de las ondas S en ondas SHy SV.
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Fig. & Onda monocromética. 4 representa la amplitud de onda y A su longitud de
onda. w es la velocidad angular o frecuencia angular del movimiento arménico que
tiene una particula p que se mugve describiendo un circulo.



La ec (4) proporciona una regla general que debe cumplir toda funcién que describa
un movimiento ondulatorio. Esta funcién puede ser un pulso o una seinal registrada en
un sismogfama. Para facilitar 13 interpretacién y manegjo matematico en el estudio de
ia propagacién de una sefial arbitraria, se considera que esta se puede representar
como la suma de un conjunto de funciones arménicas (principio de superposicién) que
cumplen con la ecuacién de onda (ec (4)) y observar la accién de cada sumando por
separado. Basandose en el desarrollo en series de Fourier (Newland, 1980), una seflal
se remplaza por la suma de funciones trigonométricas seno y coseno. Esta forma de
representar sefiales facilita mucho la interpretacién de los fenémenos en la propaga-
cién de ondas pues en estas funciones es facil identificar el periodo T (=A/f8), la fase
y la longitud de onda A y obtener su relacién con la frecuencia (f=1/T o frecuencia
angular w =2nf) y velocidad de propagacion o velocidad de fase (8=4/); ademas su
empleo en forma de funciones exponenciales facilita mucho el manejo matemaético. En
ia fig. 5 se presenta la trayectoria que tiene una particula con movimiento arménico
y la nomenclatura de algunas de las caracteristicas del movimiento comentadas arriba.
Por esta razén, en el estudio de la propagacion de ondas sismicas se trabaja con
espectros de frecuencia. De esta manera su manejo e interpretacién es mas sencillo.
Los espectros se obtienen al pasar la serie de tiempo del movimiento al dominio de la
frecuencia por medio de la transformada de Fourier {espectro de Fourier) que se basa
en los conceptos descritos arriba. Con base en estas ideas es posible pasar del
dominio de ia frecuencia, al del tiempo. Las transformadas de Fourier que se utilizan'
son {Newland, 1980} '

Flo)= [ A e (9)

f(r);zln [ Fo) evdw ‘ (10)

donde F{w) y f(t] son funciones que representan al espectro de Fourier y a la sefial
respectivamente.

Reflexion, refraccién y difraccién

Cuando una onda plana (que se propaga con un frente de onda plano a lo largo de
lineas paralelas denominadas rayos) incide con amplitud A,y &ngulo g, en una frontera
que divide a dos medios (medio 1y medio 2), parte de su energia {4, se refleja con
el mismo angulo con el que incidié {dngulo y,), vy la otra parte {(4,) penetra en el otro
medio modificando su direccién en un dnguio y, con respecto a un plano vertical (ver
tig 6). El dngulo y, (dngulo de refraccién) estd relacionado con el 4ngulo de incidencia
(r,) ¥ la velocidad de propagacién en los medios 1 y 2 de la siguiente manera (ley de
Snell),
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donde ¢, y ¢, son las velocidades de propagacién en los medios 1y 2, respectivamen-
te. Otra manera de interpretar este resultado consiste en reconocer que |a velocidad
de fase aparente a lo largo de la interfaz de todas las ondas invoiucradas en la
reflexién y refraccién se conserva. Las amplitudes A,y A;’ con las que se propaga
dependeran de las condiciones de compatibilidad (o condiciones de frontera) de
iguaidad de desplazamientos y esfuerzos en cualquier punto ubicado en la frontera de

ambos medios.

MEDIO 2

‘Fig. 6 Reflexién y refraccidén de una onda que incide con un angulo y, y una amplitud
A, en un medio 1.

Un fenémeno importante en la propag: =i de ondas es la difracci¢ a. . .uchos de los
fenébmenos que se observan en la realidad son debidos a esta y no pueden ser
explicados considerando que las ondas se Jropagan Unicamente en fo: na rectilinea
de acuerdo con las leyes de la ¢ptica geométrica. La difraccién es ia desviacién en la
direccién de los trayectos de las ondas pues estas tienden a bordear los obstaculos
que impiden a una parte de un frente de onda continuar propagandose (fig. 7). La
primera interpretacién ondulatoria de la difraccién se debe a Thomas Young quién
decia que "la difusién de la amplitud {de las ondas) estd acompanada de la variacién
de ta fase de oscilacién. De esta manera, a medida que se propaga el frente
ondulatorio tiene lugar una nivelacion o una ‘disipacién’ de la distribucién heterogénea
de la amplitud en el frente ondulatorio” {Landsberg, 1978). Young partia del concepto
de la propagacién rectilinea de las ondas, concepto que tiempo atras habia introducido

W



Huygens. Sin embargo, fue Fresnel quién le did un sentido fisico al completarlo con
1a idea de la interferencia de las ondas.

o P
_ (a)
o P
(b)
(c) ?
1\ o f
@ M
17

Fig. 7 Propagacién de izquierda a derecha de ondas planas a un punto de observacién
P (a) sin presencia de obstaculos, (b} con blogueo total al campo de ondas, (c)
Bloqueo parcial con una pantalla permitiendo el paso de la onda por un orificio, {d}
bloqueo parcial debido a la presencia de un objeto de dimensiones finitas.



E! fenémeno de la difraccién depende de 1a longitud de onda A, de 1as dimensiones del
obstaculo d y de la posicién y distancia a8 la que se encuentre un observador. Los
paradmetros de una onda que se ven afectados son su amplitud y su fase. El problema
se reduce a encontrar esos valores. Es conveniente considerar a la difraccién como
ondas emitidas por fuentes ficticias ubicadas en los lugares donde se genera y aplicar
los conceptos de la teorla de rayos para estas ondas. Esto implica que el punto en
donde se miden sus efectos se encuentra lejos de la fuente 0 que las ondas que se
analizan son de alta frecuencia. Considérese por ejemplo un frente de onda al que se
le interpone una pantalla opaca que tiene dos orificios (fig. 8); para un observador
ubicado lejos de la pantalla, la amplitud y forma de las ond;as que le lleguen estardn
dadas por la suma de las ondas consideradas en forma independiente "emitidas” desde
cada orificio. La fase con la que llegan al punto de observacidon depende de las
distancias entre los orificios y e! 4ngulo que forman con respecto al observador. La
diferencia de fases entre las ondas emitidas por los distindos orificios estd dada por

a(0)=kd send - . (12)

donde k =w/c, w = frecuencia circulary ¢ = velocidad de propagacidn. La amplitud total
de la onda A(8) que liega a un observador ubicado a un &ngulo 8 con respecto a la
normal de la pantalla, se obtiene al sumar tas amplitudes A.(8} de las ondas emitidas
por cada fuente (que se consideran iguales} tomando en cuenta su diferencia de fases
al8). En una pantalla que tenga varios orificios separados una distancia d uno de otro,
la amplitud A{8), siendo escalar, admite una construccién geométrica, y se obtiene
como se indica en la fig. 9, resultando

\sen[1/2Na(6)]]
| sen[1/2a(8)} |

A(e)QA,(e

donde N=numero de orificios. Si se define a la intensidad ®(8)2 = (A(6)/4.(8))2, se
puede obtener su variacion dependiendo de A, de la distancia d y de 8. En ta fig. 10
se presenta la variacion de la intensidad de un frente de onda cuando atravieza 2y 5
orificios (Main, 1978).

De acuerdo al principio de Huygens se puede obtener el campo tota!l difractado debido
a la presencia de una ranura de dimensién a en una pantalla .fi, 11) considerando la
suma de los campos de ondas emitidos por un ndmero finito de fuentes ubicadas a lo
largo de la ranura. Si se tienen muchas fuentes, el diagrama co- .espondiente para el
calculo de la amplitud A(8) da por resultado un arco de angulo £ (fig. 12) donde Amax
es la longitud del arco. Considerdndo que el radio del arco es igual a Amax/f 0 a
Ac/{2senB/2} donde Ac es la amplitud de las ondas emitidas por cada fuente. La
intensidad ®(8)? se obtiene como

@(e)z_{ A, ’_lsenalzr
Arx) | BI2

-
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Fig. 8 Difraccién de ondas que inciden en la cara izquierda de la pantalla. Para un
observador ubicado a gran distancia Y 8 un angulo @ con respecto al centro de la
pantalia, las ondas difractadas que le llegan se pueden considerar como ondas planas
que se encuentran desfasadas debido a la diferencia de distancias que recorren (Main,

1978). ‘ A '

Fig. 9 Célculo de !a amplitud Al6)para un punto ubicado a un dngulo & con respecto

a la normel de |2 pantalla, que en este caso contiene N orificios. o es la diferencia de

fases entre dos orificios consecutivos.
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Fig. 1& Gréﬁcas de intensidad @2 contra fase ¢ de las ondas dofractadas debido a la
presencia de una pantalla con {a) dos orificios y (b) cinco orificios.
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Fig. 11 Difraccién provocada por !a presencia de una ranura de dimensién a en una
pantalla. Para considerar la difraccidbn en este caso se colocan varias fuentes
distribuldas a lo largo de ra ranura. El patrén de ondas planas que generan las fuentes
se presenta a la derecha cuando el observador estd ubicado a gran distancia. En la
figura sélo se dibujaron las fuentes de los extremos de Ia ranura {Maiin, 1978).

Fig. 12 Diagrama de vectores para el calculo de amplitud A{8). La diferencia de fases
B(8) entre el primero y el ditimo vector estd dada por kasen#.



La intensidad tiene valores nulos cuando B{6)=2m4n,6m,...., esto es ‘cuando
8= mn/ka=A/a, donde m es par. De aqul que la difraccién sea mas importante cuando
es mas pequena la ranura de la pantalla y/o cuando la longitud de onda es grande

(frecuencias pequefias).

El nimero de fuentes necesarias para la construccién adecuada de un frente de onda
piano dependerd de la longitud de onda. Esto es, el nimero de fuentes se deberd
incrementar cuando la longitud de onda crezca, por esta razén, mientras mas fuentes
se consideren por longitud de onda, se tendrd mayor exactitud en los célculos. La
amplitud correspondiente a cada fuente se obtendrd de la solucién de sistemas de
ecuaciénes que se forman al considerar 1as condiciones de frontera de! problema que

se analice.

Sismémetros y acelerémetros

Ei detectar y registrar las ondas sismicas implica un problema interesante, ;como
medir el movimiento cuando el punto de referencia utilizado es el que se mueve? La
solucién consiste basicamente en suspender un peso de un resorte, el cual a su vez
estd sujeto a una base. El soporte 0 base es asegurado al cuerpo cuyo movimiento se
va a medir. Ei movimiento reiativo entre la masa y ia base, registrado en un cilindro
que gira o a algun otro dispositivo colocado dentro del instrumento, indicaré el
movimiento del cuerpo. Los sismémetros son los intrumentos mas antiguos que se
utilizan para registrar las vibraciones del terreno. Los acelerdmetros miden las
aceleraciones del terreno. Escencialmente utilizan el mismo principio de los sisméme-
tros pero en lugar de tener resortes blandos, usan resortes muy duros con el fin de
obtener una frecuencia natural muy atta. Considérese por ejemplo la fig. 13. Utilizando
la segunda ley de Newton (Y F=ma) se tiene:

~k{x] -x2) (i} ~22) =mF1 (15)

El movimiento relativo esta dado por x7-x2=x. Si la vibracién a la que se somete Ia
el sistema {fig. 13) esta dada por x2 = Asen(wt), sustituyendo en la ec. 15:

mI+cx+kx=mAdwisenwr

La solucidn de esta ecuacidn diferencial estd dada por:

x = A sen(wr-¢)

R EE | (17)
LAl &

donde £=c/2mw,, w,?=k/m, r=w/w,, ¢ =tan cw/lk-mw?. Si w, es muy pequena (!a
masa m es muy grande}, entonces x,=A, lo que implica que el sistema estaria
midiendo la amplitud del movimiento. Si por otro lado w, es muy grande (ia rigidez k
es muy grande), entonces x, =Ar’ = Aw/w,,; donde Auw” es una medida de Ia acelera-

ltf



cién, por tanto, el movimiento relativo es una medida de la aceleracion.

x1

1/2k e <1/2k

[ x2

Fig. 13 Sistema de un grado de libertad. Forma esquematica para representar un
sismégrafo o un acelerégrafo. &

Con base en la diferencia del tiempo de arribo entre las ondas P y las ondas S, se
puede determinar la distancia en la que ocurrié Ia liberacién de la energia. Se necesitan
por lo menos dos aparatos (sismégrafos o acelerbgrafos) cercanos al foco, para
determinar la profundidad en la que se localiz6; y tres aparatos para determinar la
ubicacidn del epicentro (fig. 14).

Magnitud e intensidad

Los sismélogos estiman la violencia local del movimiento de tierra usando la £scala
Modificada de Intensidad de Mercalli en donde se mide que tan severos fueron los
danos, en grador Lrs terremotos menos intersos solo pueden ser detectados por
instrumentos y no cadusan dafno; de ahi, los terreamotos se miden en escala creciente
de danos hasta el g-ado mas alto que implicy a aquellos sismoes que causan ia
destruccion total de odas las estructuras.

Como es de esperar, los mapas de curvas de igual intensidad en general muestran
progresivamente menor dafo cuando se incrementa la distancia del epicentro. Sin
embargo, los danos tienden a ser mas severos en zonas donde los sedimentos del
suelo son blandos o no estan consolidados. Tomando en cuenta que la intensidad de
un sismo no resuelve el problerna de conocer que tan grande fue un terremoto debido
a que un sismo fuerte a cierta distancia puede producir los mismos dafios que uno
pequeino en un area cerca al epicentro; y ademas de que la escala de intensidad no



contribuye a Ia investigacién de temblores cuyos epicentros se localizan en el oceano
o en lugares inhabitados donde no se puede registrar el dafio estructura!l, los
sismélogos requirieron de una escala que midiera el grado de los temblores en
términos de la cantidad de energfla liberada.
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Fig. 14 Elintervalo de tiempo de llegada entre las ondas Py las ondas S se incrementa
con la distancia, haciendo posible dibujar un circulo con e! radio apropiado desde el
sismograma hasta el posible iugar donde se localiza el foco. Para poder determinar el
la ubicacién del epicentro se requieren tres sismégrafos (Main, 1982).



Los sismélogos generalmente usan la Escala de Magnitud de Richter en 1a cual un
brinco de un nGmero entero a otro refleja una diferencia de diez veces la amplitud del
movimiento, y aproximadamente una diferencia de treinta veces la cantidad de energia
liberada en el foco. Un sismo con una magnitud en la escala de Richter mayor a 5.5
puede causar dafos estructurales; magnitudes mayores que 6 son generaimente des-
tructivos si se generan en zonas pobladas. Los terremotos mas grandes detectados
tienen magnitudes de 8.9. Muchos sismélogos sospechan que los sismos de esta
magnitud son los més grandes que se pueden generar, pues creen que la litosfera es
demasiado débil para aguantar esfuerzos mayores sin sufrir desplazamientos.

Estructura interna de la Tierra

Los sismégrafos ubicados en cualquier parte del globo terrdqueo registran a partir de
un gran terremoto, una larga serie de vibraciones de las cuales, sélo pocas, provienen
directamente del foco. Las demds son ondas reflejadas de la superficie de la Tierra o
de las fronteras entre sus diferentes capas en su interior. El contacto con los
diferentes tipos de roca, hacen que las ondas se propaguen con distintas velocidades.
La investigacién de los diferentes trayectos que siguen las ondas ha dado lugar a la
interpretacion de la estructura y composicion de ia Tierra.

El mas simple y persistente eco proviene de la frontera entre la corteza terrestre y la
litosfera a |1a cual se le did el nombre de discontinuidad de Mohorovicic o, méas
sencillamente, discontinuidad Moho. Esta se localiza aproximadamente entre los 40
y 50 km si se mide en la corteza continental y a8 los 10 km de profundidad si se mide

en l{a corteza oceénica.

Entre los 100 y 250 km de profundidad, las ondas sismicas disminuyen su velocidad
de propagacion de manera constderable y una buena parte del componente de las
ondas de corte desaparece. Esto sugiere que esta zona de baja velocidad de
propagacion esté formada por rocas parcialmente derretidas. A esta zona se le conoce
como astenosfera.

Los sismégrafos que reciben las vibraciones de los terremotos grandes generalmente
registran un eco que proviene de una profundidad de aproximadamente 2900 km que
aparentemente refieja la superficie dr.i 1.. cleo de la Tierra. Este : . 20 crea una zona
de sombra en el lado opuesto de ta Tierra al lugar donde se gener6 el sismo debido a
la refraccion y reflexién de las ondas. Si- embargo, cerca del centr~ de esta zona de
sombra en el drea directamente opuesta al foco, se registran fuertes vibraciones
causadas por un enfocamiento de energia que el nucleo genera, actuando como un
lente que se encuentra embebido en el planeta. Estas vibraciones son causadas por
ondas longitudinales habiendo ausencia total de las ondas de corte, lo que sugiere
que, 3l menos la parte externa del ndcleo es liquida (fig. 15).
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Fig. 15 La zona de sombra es una &rea donde las ondas no llegan por la desviacién
que sufren debido a la presencia del nicleo. Sin embargo, algunas ondas sfsmicas
atraviezan el nucleo y aparecen enfocadas en un area directamente opuesta a donde
se generd el sismo.

EFECTOS SISMICOS EN PUENTES

Los efectos gue los sismos producen en los puentes o en cualquier estructura van a
depender de las caracteristicas del sismo, del suelo donde se cimenta Ia estructura y
de |a estructura misma.

Para poder llevar a cabo un disefio ade .yt > de la cimentacién -.e .. estructura se
requiere:

a) Evaluar el comportamiento esfuerzo-deformacion de los suelos (o rocas) bajo la
carga dinamica esperada en la practica.

b) Desarroliar métodos que permitan conocer los efectos de las fuerzas de inercia y
con ello conocer el comportamiento de las masas de suelo y de los sistemas suelo-
estructura.

c) Predecir la intensidad, duraci6é-. y contenido de frecuencias de los sismos que se
puedan presentar, con base en io$ eventos detectados en {a zona con anterioridad.



d) Evaluar la potenciaiidad de falla por licuacién del suelo.

e) Investigar la posibilidad de deslizamientos de taludes durante un terremoto.

Todo ello con el propééito de asegurarse de que:
a) Las amplitudes de las vibraciones que se generen no sean excesivas.
b) Los esfuerzos/deformaciones inducidos en estructuras vecinas, sean pequenas.

c) No haya peligro de una acumulacién permanente de deformaciones debidas a la
compactacién dinamica en estratos arenosos.

Para determinar las propiedades dinamicas del suelo se recurre tanto a pruebas de
campo como las de laboratorio. En las tablas I, il y Ill se presentan algunas de las
pruebas utilizadas para determinar los parametros dindmicos de! suelo. Con estos
pardmetros se podrén obtener las impedancias dindmicas que estén relacionadas con
la fuerza dindmica (R) y el desplazamiento que se genera en el suelo (v) de la siguente
manera: kK = R/u, donde u=u, +iu,, /,=-1; por consiguiente k =k, +ik,. k,/w) depende
de las caracteristicas de rigidez del sistema (el cual no depende de w; notese que las
propiedades del suelo de médulo de cortante, coeficiente de Poisson y amortiguamien-
to son en escencia independientes de w) y de las caracteristicas de inercia del suelo
(que son proporcionales a w?). k,fw) representa el amortiguamiento del sistema que
engloba una parte independiente de la frecuencia refiejando el amortiguamiento
histerético del suelo, y otra parte dependiente de la frecuencia que representa al
amortiguamiento viscoso. '

Para llevar a cabo los estudios de propagacién de ondas en suelos y/o estructuras
generalmente se recurre a modelos que son sujetos a hip6tesis fuertes pero simplifican
enormemente el problema, lo que permite entender, en general, el comportamiento del
modelo real y tomar decisiones respecto a su disefio.

Modelos unidirmensionales

En estos modelos se aceptan las hipdtesis de que los n it~ ales por los cuales ¢ .
propagan las ondas son elasticos y homogeneos; ademas, la direccién de propagacién
de ondas es en una sbla direccién, lo que implica que las fro teras entre los medios
que constituyen al modelo, son paraielas y 1a incidencia de ondas perpendicular a
estas fronteras. )

Como ejemplo considerese una barra por 18 cual se propagan ondas longitudinales (fig.
16} que generan esfuerzos {0) y desplazamientos (u) que estan en funcién del tiempo
y de la posicién en la cual son medidos. El equilibrio dindmico de un elemento
‘infinitesimal de la barra estd dado por -
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Aplicando la ley de Hooke
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donde £ es el médulo de elasticidad, de ahl que
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Esta es la ecuacién de onda para modelos unidimensionales cuando se propaganondas
longitudinales. La obtencién de la ecuacién de onda para otros tipos de ondas es
andloga. Cualquier funcién que cumpla con la ecuacion de onda {ec. 20) y con las
condiciones de frontera que impone el modelo, representa la solucién del problema
analizado. Estas funciones van a ser de la forma

 u,=f, (x+ct) +f,(x-ct) (21)

donde c es la velocidad con la que se propagan las ondas en el medio. fixxct)
representa a las ondas propagéndose en la direccibn Fx.

X

&

¢

Frontera
libre

—_——
*
&

Fig. 16 Barra longitudinal por donde se propagan ias ondas, con ' 'n extremo libre. Las
ondas inciden de izquierda a derecha. )

Cuando se considera en el modelo una frontera libre (fig. 17) las condiciones de
frontera son 0, =0 en x=0. Si Ia solucién de la ecuacién de onda es
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donde A y B son las amplitudes de las ondas incidentes y reflejadas, respectivamente,
se tiene que en x =0 aplicando las condiciones de frontera

_wpg ioa.q
c ¢ (23)

A=B

Si ahora se considera una frontera fija, las condiciones de tronera son u=0 en x=0
de donde se obtiene que A=-B y, por consiguiente

u=Ae "‘{e '%‘-e 4_‘:-3]=2Mer{3x}t“" (24)
¢

y o=20,. enx=0,

X

Frontera
fija

v
F 3

Fig. 17 Barra longitudinal por donde se propagan las ondas, con un extremo fijo. Las
ondas inciden de izquierda a derecha.

Cuando la propagacién de ondas se lleva a cabo entre dos medios (fig. 18) se deben
considerar dos ecuaciones de onda {una para cada medio). La solucién general es de
la forma
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Las condiciones de frontera en x=0 son u,=u, y 0, =0, de ahl se obtiene
Apc *Aru=Biane
(26)
P22
Apc-A=——
P1c
de donde
2
Bnm= Apc
1.022
P16

_Pats (27)
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llustr. 4

Fig. 18 Barra longitudinal compuesta por dos materiaies con propiedades del suelo por
donde se propagan ias pndas, con un extremo fijo. Las ondas inciden de izquierda a
derecha.
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Los modelos bi y tridimensionales tienen la particularidad de que las ondas se
propagan en dos 0 més direcciones debido a la presencia de fronteras u obstaculos
que, incluso pueden dar origen a la difraccién de ondas. Al final de estas notas se
presenta un articulo en el cual se analiza un caso particular de propagacién de ondas
en modelos bidimensionales {Suarez y Sanchez-Sesma, 1994).

GEOLOGIA Y CONDICIONES LOCALES

Cuando se registra la sefial de un sismo cuyo epicentro se localiza a varios kildmetros
de distancia, el registro que se obteniene es generalmete diferente al de alguna
estacion localizada directamente sobre el foco del sismo, debido a que las ondas viajan
a través de distintos materiales con diferentes velocidades de propagacién y
configuraciones varias que provocan que éstas modifiquen su trayecto, velocidad y
amplitud (efectos de trayecto). Cuando las ondas atraviesan los suelos o formaciones
locales del sitio, sufren también modificaciones adicionales (efectos de sitio o
condiciones locales). En la fig. 19 se presentan estos conceptos. Considerando
efectos lineales Gnicamente, si se conoce la senal antes y despues de ser afectada por
las condiciones locales, la contribucién de los efectos de sitio se obtiene al efectuar
la divisiéon de los espectros de Fourier de la sefal ubicada en el sitio, con aquella que
no se afectd por las condiciones locales. Al espectro que se obtiene de esta manera
se le conoce con el nombre de funcién de transferencia o cociente espectral. De esta
manera, cuando se tiene cualquier incidencia de ondas se puede obtener la respuesta
de! sitio al multiplicar su espectro de Fourier por la funcién de transferencia.

Una hipdtesis adicional que se hace es considerar planas a las ondas que se propagan
dentro de medios homogéneos e isétropos. Esta hipdtesis implica que se puede
identificar el lugar geométrico de los puntos que se encuentran en una misma fase
donde se localiza un frente de onda recto {fig. 20). Si la fuente de una perturbacién
es muy pequena y la onda se propaga en un medio isétropo, entonces el frente de
onda tendrd una superficie esférica con el centro en la fuente. Si la distanciar a la
fuente es muy grande, el frente de onda se puede considerar con buena aproximacién
como plano (fig. 21). A la direccién con la que se propagan los frentes de onda se le
epresenta por rayos ,ut ,on lineas perpendiculares a8 estos. Anexo a estas notas se
presenta un articulo en donde se plantea la importancia de considerar las condiciones
-Jcales cuando se estudi - la respuesta sismica de un sitio (Sanchez-Sesma et a/,
1987).
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Fig. 19 Elementos que influyen en la pro-pagacIOn de ondas sismicas. Fuente, trayecto
y condiciones locales i(modificada 8 partir de Chavez-Garcla, 1987)
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Fig. 20 Frente de ondas (linea a trazos) que pasa por los puntos indicados por un

circuio lleno en un tiempo t=¢". Las flechas indican la direccién de la propagacion del
frente de onda.
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Fig. 21 Un frente de onda a una distancia b puede considerarse mas cercanamente
representado por un frente de onda plano que el ubicado a una distancia menor a. En
la figura se presentan los campos generados por dos fuentes (S, y S,).
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Chapter 6
SEISMICITY

LUIS ESTEVA

Instituio de Ingenicria, Universidad Nocional Auldnoma de Miéxico, Mexico

b ON SEISMICITY MODELS

Hational formulation of engineering decistons i sesanie areas reguires
yuantitutive descriptions of seismicity, These descriptions should conform
willv Uheir intended applications: in some instances, ssimullancous intensities
during each carthquake have to be predicted at several locations, while in
olhers it suflices to make independent evaluations of the probable effects of
varthquakes al each of those locations,

The secontd model is adequate for Lhe selection of design purameters of
inlividual components of a regional systemy (the structures in a region of
country) when no significant interaction exists between response or damage
of severnl such individual components, or between any of them and Lhe
syslem as a whole. In other words, it applies when the Jdamage — or negative
utihty — inflicted upon the system by an ewrthquake can be taken simply as
the addition of the losses in the individual components.

The lincarily between monetary values and utilities implied in Lthe second
model is not always applicable. Such is the case, fur instance, when a sig-
nificant portion of the national wealth or of the production system is con-
centrated in a relatively narrow area, or when [ailure of life-line components
nmay disrupt emergency and relief actions just after an earthquake. Evalua-
tion of risk for the whole regional system has then to be based on scismicity
models of the first Lype, that is, models that predict simullaneous intensities
at several locations during each event; for the purmpose of decision making,
nonlinearity between monetary values and utilities can he accounted lor by
means of adequale scale transformations. These models are also of interest to
insurance companies, when the probability distribution of the maximum loss
in a given region during a given time interval is to be estimated.

Whatever the calegory to which a setsmic risk problem belongs, it requires
the prediction of probability distributions of certein ground motion char-
acteristics {such as peak ground acceleralion or velocily, spectral density,
response or Fourier spectra, duration) al a given site during a single shock or
of maximum values of some of those characteristics in earthquakes occurring
during given time intervals. When the reference interval tends to infinity, the
probability distribution of the maximum value of a given characleristic ap-
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proaches Lhat of its maximum possible value. Because differenl systems or
subsyslems are sensilive Lo different ground motion characleristics, the term
ntensity churacteristic will be used throughout this chapter Lo mean a partic-
ular parameter or seb of parameters of an earthquake motion, in terms of
which the response is to be predicted. Thus, when dealing with the failure
probability ol a struclure, intensity can be alternatively measured — wilh
hfferent degrees of comelalion wilh structural response — by the ordinale of
Lhe response spectrum for the corresponding period and damping, the peak
pround acecleratvon, or the peak ground velocity.

In general, local instramental information does not suffice for estimating
the probability distributions of maxaimum inlensity characteristics, and use
has Lo be made of data on subjective measures of intensities of past earth-
quakes, of models of incal seismicity, and of expressions relating characteris-
tics wilth magnitude and sile-to-source distance. Models of local seistmicity
cansist, at leasi, of expressions relating magnitudes of earthquakes generated
in given volumes of the earth's crust with their return periods. More often
than not, a8 more detailed description ol Incal seismicity is required, includ-
ing estimates of the maximum magnitude that can be generated In these
volumes, as well as probabilistic {(stochastic process) models of the possible
histories of seismic events (defined by magnitudes and coordinates).

This chapter deals with the various steps Lo be followed in the evalustion
of seismic risk al sites where information other than direct instrumental
records of intensities has Lo be used: identifying potential sources of ac-
tivity near the site, formulaiing malhematical models of local seismicity for
each source, oblaining the contribution of each source to seismic risk at the
site and adding up contributions of the various sources and combining in-
formation obtained (rom local seismicity ol sources near the site with data
on instrumental or subjeclive intensities observed at the site.

The foregoing steps consider use of information stemming from sources of
different nuture. Quantitative values derived therefrom are ordinarily tied to
wide uncertainty margins. Hence they demand probabibstic evaluation, even
though they cannot always be interpreted in terms of relative frequencies of
oulvomes of given expenments. ‘Phos, geologists Lalk of the maximum mag-
nitude that can be generated in a given area, assessed by looking ot the di-
mensions of the geological accidents and by exlrapolating the ohservations
of other regions which available evidence allows to brand as similar Lo the
onc of interest; the estimales priluced are obviously uncertain, and the
degree of uncertainty should be expressed together with the most probable
value. Fullowing nearly paraliel lines, some geophysiciats estimate the energy
that can be liherated by a single shock in a given area by making quantitative
assuniptions aboul source dimensions, dislocaticn amplitude and stress drop,
consistent wilh tectonic models of the region and, again, with comparisons
wilh arcas of similar teclonic characteristirs.

Uncertainties atlached Lo estimates of v.c type just described are in gen-
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eral extremely Inrge: some studies relating faull rupture arca, stress drop,
and magnitude (Drune, 1968) show that, considering not unusually high
stress drops, it does nol take very large soutrce dimensions to get magnitudes
8.0 ond greater, and those studies are practically restricted to the simplest
types of fault displacement. It is not clear, therefore, that realistic bounds
can olways be assigned Lo polential magnitudes in given areas or thal, when
Uws is feaxible, those bounds are sufficiently low, so that dusigning structures
Lo withstand the corresponding inlensilies is cconomically sound, particular.
ly when occurrence of those intensities is nol very likely in the near future.
Becavse uncertainties in maximum feasible magnitudes and in other param.
eters defining magnitude-recurrence laws can be as significant as their mean
values when trying lo make rational seismic design decisions, those uncer-
tainlies have to be explicitly recognized and accounled for by means of
wlequate probabilistic crileria. A corollary is that geophysically based esti-
mates of seismicily parameters should be accompanied with corresponding
uncertninty measures,

Seismic risk estimates are oflen based only on statistical information {ob-
served magnitudes and hypocentral coordinates). When this is done, a weslth
of relevant geophysical information is neglected, while the probabilistic pre-
diction of the future is made to rely on a sample that is often smnall and of
little value, particularly if the sampling period is short as compared with the
desirable return period of the events capable of severely damaging o given
system.

The criterion advocated here intends to unifly the foregoing approaches
and rationally te assimilate the corresponding pieces of information. Its
philosophy consists in using the geological, geophysival, and all other aval-
able non-stalistical evidence for producing a set of allernute assumptions
concerning a mathematical (stochastic process) model of scismicity in a given
source area. An initial probability distribution is assigned to the set of hy-
protheses, and the statistical information is then used Lo improve that probahil-
ity assignment. The criterion is based on application of Haves theorem, also
called the theorem of the probabilities of hypotheser. Since estimates of
risk deprend langely on conceplual models of the grophysioal processes in.
volved, and these are known with different deprees of uneertamty in dilfer-
enl zones of the earlh’s crust, Lhuse estimales will be derived from stochastic
process models with uncertain forms or parameters. The degree Lo which
these uncertainlies can be reduced depends on the limitations of the stale
of the art of geophysical sciences and on the elforl that can be put into
compilation and interpretation of geophysical und stoatisticel information.
This is an economi}al problem that should be handled, formally or informal-
ly, by the criteria of decision meking under uncertainty.
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6 2 INTENSITY ATTENUATION

Avnilatle crileria for the evaluation of the contribution of potential seis-
mic sources Lo the risk at a site make use of intensity aftenuation expressions
that relate intensity characteristics with magnitude and distance from site to
source. Depending on the application envisaged, the intensity characleristic
to be predicted can be expressed - a number of manners, ranging [rom n
subjective index, such as the Modified Mercalli ir.*-=1ity, to a combination of
une or more guantitative measures of ground shaking (see Chapter 1).

A number of expressions for atlenualion of v “aus inLensity characleris-
tics with distance have been developed, buw there 15 hittle sgreement amaong
most of them (Ambraseys, 1973). This is due in part to discrepancies in the
definitions of some paramelers, in the ranges of values analyzed, in the ac-
tual wave propagation properties of the geological formations lying helween
source and site, in the dominating shock mechanisms, and in the forms of
the analytical expressions adopted a priori.

Most intensily -attenuntion studies concern the prediction of earihquake
characteristics on rock or firm ground, and assume that these charncteristics,
properly modified in terms of frequency-dependenl soil amplification lac-
tors, should constitute the basis fur estimaling their counlerparls on soft
ground. OUbservations about the influence of soil properties on earthquake
damage support the assumption of a strong correlation between type of local
ground and intensity in a given shock. Attempts to analytically predict the
characteristics of motions on soil given those on firm ground or on bedrock
have not been loo successful, however (Crouse, 1973; Hudson and Udwadia,
1973; Salt, 1974}, with the exceplion of some peculiar cases, like Mexico
City (Herrera et al,, 1965), where local conditions favor the fulfillment
of the assumptions implied by usuzl analytical models. The following para-
graphs concentrate on prediction on intensities on firm ground; the influence
of local soil is discussed in Chapter 4.

6.2 I Intensity atlenuation on firm ground

When isuseismals {lines joining siles showing equal intensity) of a given
shock are based only on intensities obscrved on homogeneous ground con-
ditions, such as firm ground (compact solls) or bedrock, they are roughly
elliptirl and the orientalions of the corresponding axea are often correlated
with ...cal or regional geological trends (Figs. 6.1—86.3). In some regions — for
instance near major faults in the western United States — those trends are well
defined and the correlations are clear enough as Lo permit prediction of in-
tensity in the near and far lields in terms of magnitude and distance Lo the
generaling lault or to the centroid of the energy liberating volume. In other
regions, such as the easterns Uniled States and most of Mexico, isoseismals
seem lo elongate syslematicaliy in a direclion that is a function of the epi-
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Fig. 6.1. lsoseismals uof an sarthquake in Mexico. (After Figueron, 1963.)

central coordinates (Bollinger, 1973; Figueroa, 1963). In that case, Intensity
should be expressed as a function of magnitude and coordinates of source
and site. For most areas in the world, intensity has to be predicted in terms
of simple — and cruder — expresslons that depend only on magnitude and
distance from site Lo instrumental hypocenter. This stems from inadequate
knowledge of geolectonic conditions and from limited jnformation con-
cerning the volume where energy is liberated in each shock. -

A comparison of the rates of atltenuation of intensilies on firm ground for
shocks on weslern and eastern North America has disclosed systematic dif-
ferences belween those rates {Milne and Davenport, 1969). This is the source
of a basic, but often unavoidable, weakness of most intensity-attenuation ex-
pressions, because they are based on heterogeneous data, recorded In dif-
ferent zones, and the very nature of their applications implies that the less s
known about possible systematic deviations in s given zone, as & conse-
quence of the meagerness of local information, the greater weight is given
Lo prediclions with respect to observations.

6 2.1 I Modified Mercalli intensities
An analysis of Lthe Modified Mercalli intensities on firm ground reported
for earlhquakes occurring in Mexico in the last few decades leads to the fol-
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lowing expression relating mngnitude M, hypocenlral distance R {in kilo-
meters) and intensily [ (Esteva, 1968):

F=1.46M— 5.7 log,g R + 7.9 (6.1)

The prediction error, defined as Lhe difference between observed and
computed intensity, is roughly normally distributed, with a standard devia-
Lon of 2,04, which means Lthut there 1o o profiblily of GO% thal an ob.
servid intensity is more than one degree greater or smaller thun its pro-
dicted value,

6 2.1.2 Peak ground accelerations and velocities

A few ol the available expressions will be described. Their comparison will
show how cautiously a designer intending Lo use them should proceed.

Housner studied the attenuation of peak ground accelerations in several
regions of the United States and presenied his resulta graphically {1969) in
terms of faull length (in turn a function of magnitude), shapes of isoseismals
and areas experiencing intensities greater than given values (Fig. 6.4 and 6.5).
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He showil that intensities allenuate faster with distunce on the west coast,
Lhum i Lhee rest of the eountry. This compurixon is in agrecment with Miloe
wul Davenpart (1969), who performed a similar analynis for Cunoda. From
observations of strong earthquakes in Califorma und in British Columbia,
they developed the following expression fur a, the peak ground acceleration,
us a fraction of gravily:

afg = 0.0069 e' *y(1.1 "M+ RY (6.2}

llere, R is epicentral distance in kilumeters. The acceleration varies
roughly as e' *** 2% for large R, and as e **" where R approaches zero.
This reflects to some extent the fact thal energy is released not at a single
paint but from s finite volume, A later study by Davenport (1972) led him
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Esteva and Villaverde {1973), on the basis of accelerations reported by ‘i' Fig. 6.6. Compsruon of scvers| attenustion expremions.
Hudson (1971, 1972a,b), derived expressions lor peak ground accelerations 1
and velocities, as follows: P pared with R, is inadequate when denling with earthquake sources whose
8= 5.7t + 4092 . dimensions are of the order of moderate hypocentral distonces, and often
/8 = 5.1 7N J (6.4) ' ’ greater thon them. Although equation errors (probability distributions of the
v=32eM /(R +25)7 y ratio of ohserved to predicted intensities) have been evaluated by Davenport
€ (6.5) | (1972) and Estevaand Villaverde (1973), their deprendence un M and i hes not
Here v is peak ground velocity in em/fsec and the other symbols mean the been analyzed. Because seismic tisk estimales are very sensilive to Lhe at.
samne as above. The standard devistion of Lthe natural logarithm of the ratio .

tenualion expressions in the range of large magnitudes and short distances,
uof observed Lo predicted intensity is 0.64 for accelerations and 0.74 tor

more detailed studies should be undertaken, piming al improving those ex.
velocities. If judged by this parameter, eqs. 6.3 and 6.4 seem equally reliable. pressions in the mentioned range, and at evalvating the influence of M and R
However, as shown by Fig. 6.6, their mean values differ significantly in some . on equation error. Information on strong-motion records will prubably he
ranges. scanly for those studies, and hence they will have Lo he largely based on
analytical or physical models of the generation and propagation of sejamic
woves. Although significant progress has been kately altained in this direction
(Trifunac, 1973} the resulls from such mulels have hardly influenced the

D
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With Lhe exception of eq. 6.2, all the [otegoing altenuation expressions
are products of a function of R and a function of M. This form, which is ac-
ceplable when the dimensions of the energy-liberating source are small com-
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practice ol seismic risk estimation because they have remained either un-
known to or imperfectly apprecinted by engineers in charge of the cor-
responding decisions.

6.2.1.3 Response spectra

Peak ground acceleration and displacement nre fairly good indicators of
the response of structures possessing respeclively very high and very small
natural frequencies. Peak velocity is correlated ith the response of inter-
mediate-perind systems, bul the correlativi is less precise than that tying the
former paramelers;, hence, it is natural Lo formulate seismic risk evaluation
and enginecring design criteria in terms of spectral ordinates.

Response spectrum prediction for given magnitude and hypocentral or
site-to-foult distance usually entails a two.step process, according v which
peak ground acceleration, velocity and displacement are initiolly estimated
and then used as relerence vatues for prediclion of Lthe ordinates of the re-
spunse spectrum. Lol the second step in the process be represented by the
operulion y, = ay,, where ¥, Is an ordinale of the response spectrum for a
given natural period and damping ratio, and y, is a parameler (such as peak
ground acceleration or velocity) thal can be ditectly obtained {from the lime-
history recurd of a given shock regardless of the dynamic properties of the
systems whaose response is to be predicted. For given M and R, y, i3 random
and so is y,/¥, = a; the mean and standard deviation of y, depend ¢n those
of y, and a and on the coefficient of correlation of the latter variables. As
shown above, ¥, can only be predicted within wide uncertainly limils, often
wider than those tied Lo y, (Esteva and Villaverde, 1973). The coelhicient of
variation of v, given M and R can be smalter than thal of y, only if ¢ and
v, are negalively correlated, which is often the case: the greater the devia-
tion of an vbserved value of y, with respect to its expectation for given M
and I, the lower is likely to be a. In other words, it seems Lhat in Lhe inter-
mediate range ol natural periods Whe expected values of spectra) ordinales fur
given damping ratios can be predicted directly in lerms of magnilude and
focal distance wilh narrower (or at most equal) margins of uncertainty than
thuse tied to predicted peak ground velocities. For the ranges of very short
or very long natural periods, peak amplitudes of ground motion and spectral
ordinates approach each other and their standard errors are therefore nearly
equal.

McGuire (1974) has derived atlenuation expressions for the conditional
values (given M and R) of the mean and of various percentiles of the prob-
ability distributions of the ordinates of the response spectra for given natural
periods and damping ratios. Those expressiuns have Lhe same furm as eqs.
6.4 and 6.5, but their parameters show that Lhe rales of attenuation of spec-
tral ordinates differ significantly from those of peak ground accelerations or
velocities. For instance, McGuire linds that peak ground velocity atlenustes
in proportion to (R + 25)7'2% while the mean of the pseudovelocity for a

-
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TARLE 6.1
McGuire's attenuntion cxpressions y = b, 10°3% (7 s 25y ™
Y by by by Viy) = coell. of
var.of y

a gals 1723 0,218 1301 0.5438
¥ cmjsec 5.64 0.401 I 202 0 696
il em 0.393 0.431 0880 0 88)
Undamped specteal pseudnvelocilies
T =01 scc 1.0 0.218 1.346 0.94]

05 J 05 0.391 1 0014 0.616

I o 0631 0,378 Q510 768

20 0 U7hY 0469 0419 1 940

54 0084 0.564 N.897 13014
5% damped spectead presdovelocitics
T=01 e 1009 021 1an 65l

05 574 0.356 1197 0 5%

1.0 0402 0.399 0.7 0.703

249 Q122 0.466 0675 .94

iR 0 0706 0.557 HRHT 119

naturai period of 1 see and a damping rativ of 2'4 atlenuates in proportion
ty (R + 25)°%2Y, These results stem from the way that frequency content
changes with R and lead to the conclusion that the rativ of spectral velocity
should be taken as a function of M and R.

Table 6.1 summarnizes McGuire's attenuation expressions and Lheir coul-
ficients of varintion for ordinates of the psvudovelovity spectra and for peak
ground acceleration, velocily and displacement. Similar expressions woere
derived by Esteva and Villaverde (1873}, but they are intended to predict
only the maxima of the expected acceleralion and velocily spectra, regard-
less of the periods associated with those maxima. No analysis has been
performed of the relative validity of McGuire's and Esteva and Villaverde's
expressions {or various ranges of M and R.

-

6.3 LOCAL SEISMICITY

The term locol seismicity will be used here Lo designale the degree of
seismic aclivity in a given volume of the earth’s crust; it can be quantitatively
described according to various criteria, each providing a different amount of
information. Most usual criteris are based on upper bounds to the meg-
nitudes of earthquakes that can originate in & given seismic source, on the
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amount of energy liberated by shocks per unil volume and per unit time or
on more detaileml statistical descriptions of the process.

6.1 1 Magnitude-recurrence expressions

Gutenberg and Richler (1951) oblaimed expressions relating earthgquake
magnitudes with theie eates of occurrence for several zones of the earth.
‘Fheir results can be put in Lhe furm:

A wae W {(6.6)

where Ais the mean number of earthgoakes per umt volume and per unit
Lime having magnilude greater than A and a and # are zone-dependent con-
stants; o varies widely from point to point, as evidenced by the map of
epicenters shown in Fig. 6.7, while J remains within a relatively narrow
range, as shown in Fig. 6.8. Equation 6 6 implies.a distribution of the en-
ergy liberated per shock which is very similar Lo that observed in the process
ol microfracturing of labotalory specimens of several types of rock subjected
to gradually increasing compressive or hending strain (Mogi, 1962; Scholz,
1968) The values of g determined in the laboratory are of the same order
83 those oltained from seismic events, and have been shown to depend on
the helerogeneity of the specimens and on their nbility Lo yicld locally.
Thus, in heterogeneous specimens made of britlle materials mony smali
shocks precede a major fracture, while in homogeneous or plastic materials
the number of small shocks is relatively small. These cases correspond to
large and small §-values, respectively. No general relationship is known Lo the
writer between  and geotectonic features of seismic provinces: complexity
ol crustal structure and of stress gradients preciudes extrapolation of lab-
oratory results; and statistical records for relalively smuoll zones of the earth
are not, as a rule, adequale for establishing local values of f, Figure 6.8
shows that for very high magnitudes the observed frequency of events iy
fower thun predicted by eq. 6.6. In shdition, Rosenbiueth (1909) has shown
that @ cannot be smaller than 3.46, since that would imply an infinite
amownt of energy liherated per unit time. Howe v, Fig. 6.8 shows that the
vatues of ¢ which result from fitting exp,  “‘ons . the form 6.6 Lo observind
data are smaller than 3.46; hence, for very high values of M {above 7, ap-
proamately) the curve should bead down, in aceordanes with stabislical
evidenge,

Expressions alternalive to oq. 6.6 have Leen propostd, altempling to rep-
resent more adequotely the observied magnitude-recurtence data {Rosen-
blueth, 196-; Merz and Cornell, 1973). Most of these expressions also (ail t
recognize the existence of an upper bound to the magnitude that can be gen-
eraled in a given source. Although no precise estimates of this upper bound

"can yet be oblained, recognition of its existence and of its dependence on
the geotectonic characteristics of the source is inescapable. Indeed, the prac-
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tice of seismic zoning in the Soviet Union hns been based on this voncept
(Gzovsky, 1962; Ananiin el al., 1968) and in many countries design spectra
for very important slructures, such as nuclear reaclors or large dams, are
usually derived from the assumption of a maximum credible intensity at a
site; Lhat intensity is ordinarily obtained by laking the maximum of the
intensities that result at the site when al each of the potential sources an
earthquake with magnitude equal to the maximum feasible value [or Lthat
source is generoted et the most unfavourable location within the same
source. When this criterion is applied no attention is usually paid to the
unceriainty in the maximum feasible magnitude nor to the probability that
en ecarthquake with that magnitude will occur during a given time period.
The need to formulate seismic-risk-related decisions that account both for
upper bounds to magnitudes and for their probabilities of occurrence sug-
gests adoplion of magnilude recurrence expressions of the form:

A= G*(M) for M < M M,
=X, for M <M,
= { for M> My (6.7)

where M, = lowest magnitude whose contribution to risk is significant, My
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= maximum feasible magnitude, and G*(M) = complementary cumulative
probability distribution of magnitudes every time that an event (M > M, )

accurs. A particular form of G*(M) that lends itsell Lo analytical derivationa
is:

G*{M) = Ay + Ay exp(—~fM) — Aj exp[—{f — A1) (6.8)
wliere:

Ag = Ay exp[—p(My — M)

Ay =3 -3 explOAM L)

Ay = Ay exp(—f, My + (M)

A= 1B — expl=p, (Aly = MUOE) =B, (1 — expl- GtMy — M)l 17

As M teeds Lo My from above, eq. 6.7 approaches o 6 60 Adoption of
adequite values of M, and f§, permits sutisfying two adddivional conditions:
the maximum feasible magnitude and the rate of vapation of X inosts vicimity,
When 3, » =, eq. 6.8 tends to an expression proposed Ly Cornell and
Vanmarcke [1969).

Yegulalp and Kue (1974) have applied the theory of extreme values to
estimaling the probabilities that given magnitudes are excecded in given time
intervals, They assume thuse probabilities Lo [it an extreme Lype-Ifl dis-
tribution given by:

Farpa (MIt} = exp[—C(My — M) t]  for M < My

=0 for M > M, (6.9

Here Fuy | (M) indicates the probahilily that the maximum imagnitude ob-
servedd tn € years is smaller than M, My has the same meaning as above, and
C and K are zonedependent parameters. This distribubion is consistent
wilh the assumption thot earthquakes with magnitutdes greater than M take
place in accordance with a Poisson process with meuan rate A equal to C{My
— M)". Equation 6.9 produces magnitude recurrence curves that (it closely
the statistical data on which they are based for magniludes above 5.2 and
return periods from 1 to 50 years, even though Lthe values of A, that
result from pure statistical analysis are not reliable measures of the upper
bound to magnitudes, since in many cases they turn out inadmissibly high.

For low magnitudes, only a fraction of the number of shocks that take
place is detected. As a consequence, A-values based on statistical informa-
Lion lie below thosa computed according to eqs. 6.6 and 6.8 for M smaller
than about 5.5. In addition, Fig. 8.9, taken fromn Yegulalp and Kuo (1974),
shows that the numbers of detecled shocks fit the extreme Lype |1l in eq. 6.9
belter than the extreme type-I distribution implied by eq. 6.6., coupled with
the assumplion of Poisson distribution of the mumber ol evenls. It is not
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clear whal portion of the deviation from the extreme type-1 distribution is
due to the low values of Lhe deteclabilily levels and whal portion comes
from differences between the aclusl form of variation of A with M and that
given by ¢q. 6.6. The problem deserves altention because estimates of expect-
ed losses due Lo nonstructural dvmage may be sensitive to the values of A for
small magniludes (say helow 5 5) and because the evaluation of the level of
seismic activity in a region is often made to depend on the recorded numboers of
small magnitude shocks and on assumed detectability levels, i.e. of ratios of
numbers of detected and occurred earthquakes (Kaila and Narain 1971;
Kaila et al., 1972, 1974),

Nome of the expressions for X presented in this chapter possess the desir-
abilee property that its applicability over a number of non-overlapping regions
ul the earth’s crust imphies the validity of an expression of the same form
over the addition of those regions, unless some restrictions are imposed on
the paramelers of each A. For instance, the addition of expressions like 6 6
gives place to an expression of the sama form only il f§ is the same for all
terms in the sum. Similar objections can be made .0 eq. 6.8. In whal follows
these forms wiil be preserved, however, as thelr ~ccuracy is consistent with
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the amount of available informaotion and their adoption offers simificant
wlvantages in the evatuation of regional sessmicity, as shown luter.

6 .32 Varintion with depth

Depth of prevailing seismic activity in a regton depends on its tectonic
structure. For instance, most of the aclivity in the western coast of the
United Stales and Canada consists of shocks with hypoecentral depths in the
ringe of 20—30 km. In other areas, such as the southern coast of Mexico,
seismic events can be grouped into two ensembles: one of small shatlow
shacks and one of earthquakes with magnitucles comprised in a wide range,
and with depths whose mean value increnses with distance from Lhe shoreline
(Fig. 6.10). Figure 6.11 shows the depth distribution of carthyuakes with
magnitude above 5.9 for the whole circum-Pacilic bel,

6.3.3 Stochastic models of earthquake accurrence

Mean exceedance rates of given magniludes are expected averages during
long time intervals. For decision-making purposes the times of earthquake
occurrence are also significant, At present those Limes can only be predicted
within a probabilistic context. -

Let t, (i =1, ..., n) be the unknown Llimes of occurrence of carthquahkes
gencrated in a given volume of the earth’s crust during a given time interval,
and let M, be the corresponding magnitudes. For thie moment it will be as-
sumed that the risk is uniformly distributed throughout the given volume,
and hence no attention will be paid to the focal courdinates of each shuck.

Clussical methods ol time-series analysis have been applied by dilferent
rescarchers altempting to devise analytical models for random earthquake
sequences. The following approaches are often found in the literature:

{a) Plotting of histograms of waiting times between shocks (Knopofll,
1964; Aki, 1963).

(b) Evaluation ol Poisson’s index of dispersion, thal is of Lhe ratio of the
sample variance of the number of shocks Lo its expected value { Vere-Juney,
1970; Shlien and Toksoz, 1970). This index equals unity Tor Paisson pro-
cesses, is smaller for nearly periodic sequences, and is greater than one when
events lend to cluster.

(¢) Drtermination of autocovariance functiong, Lhat is, of functions rep-
resenting the covarinnce of the numbers of evenls observed in given time
intervals, expressed in terms ol the Lime vlapsed belween those intervuls
(Vere-Jones, 1970; Shlien and Toksdz, 1970). The autocovanance funclion
of a Poisson process is a Dirac delta function. This fealure is charactenstic
for the Poisson model since it does not hold for any other stochastic process.

(d) The hazard function Ak(t), defined so that A{¢)dt Is the conditional
probabillty that an event wiil take place in the interval (f, t + dt) given that
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no events have occurred before (. IT F(t) is the cumulative probability dis-
tribution of the time between events:

hit) = fie)tl — F(o) (6.10)
where f({) = aF(t)/at. \

191

Meon onnuol number of shochs per unit deplh,
whose magnilude esceeds 5 9

(o) 030 | 00 150
0 T I ™ T
Depth ,hm |- —J -
200 5‘ e - ————
u]
ooo}-m- e e o
)
600 ,?:|
u}
800 1 : 1

Fig 6,41, Variation of seismicily with depth, Cirewr Facitee Bell, | Atler Newnark and
Rosenblueth, 1971 )

For the Poisson model, i{t) is a constant eaual Lo the mean rate of the pro-
cuss.

6.3.3.1 Potsson mode!

Most commonly applied stochastic models of seismicity sssume thal the
evenls of earthquake occurrence constllute s Poissun process and that the
M/'s are independent and identically distributed. This assumption implies
that the probability of having N earthquakes with magnitude exceeding M
during time interval (0, ) equals:

Py = lexp(—vytH vy )™ 1IN (6.11)

where vy, is the mean rate of exceedance of magnitude M in the given vol.-
ume. If N is taken equal to zero In eq. 6.11, one obtains that the probability
distribution of the maximum magnitude during time interval t is equal Lo
exp(—¥y t). Il vy, is given by eq. 6.6, the extreme type-l distribution is ob-
tained.

Some weaknesses of this model become evident in the light of statistical
information and of an analysis of the physical processes involved: the Pois.
son assumplion implies that the distribution of the waiting time to the next
event is not modified by the knowledge of the time elapscd since the last
one, while physical models of graduslly accumulated and suddenly releassd
energy call for 8 more general renewal procass such that, unlike what hap-
prns in the Poisson process, the expected Lime to Lhe next event decreasey ay
time goes on (Esteve, 1974). Statistical data show that the Poisson assump-
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bon may be acceplable when dealing with large shocks throughout Lhe
wurld (Ben-Menabem, 1960), implying tack of correlation hetween seismici-
ties of dilferent regions; however, when constdering small volumes of Lhe
varth, of the order of those that can significantly contnbute to seismic nsk
at a site, data olten contradict Poisson’s model, usually because of clustering
of earthquakes in lime: the observed numbers of short intervals between
events are significantly higher than predicled by the exponential distnim-
tion, and values of Poisson's index of dispersion are well above unity (Figs.
6.12 and 6.13). In some instances, however, deviations in the opposite direc-
tion have been observed: wailing times lend to be more nearly periodic,
Poisson’s index of dispersion is smaller than one, and the process can be
represented by a renewal model. This condition has been reporied, for
instance, in the southem coast of Mexico (Esleva, 1974), and in the Kam-
chatka and Pamir—Hindu Kush regions (Gaisky, 1966 and 1967). The mud-
els under discussion alse fnil to account for clustering in space (Tsuboi,
1958; Gajardo and Lomnitz, 1960), for the evolulion of seismicity wilh
time, and for the systematic shifting of aclive sources along geologir ac-
cidents (Allen, Chapler 3 of this book). On account of its simplicity, how.
ever, the Poisson process model provides a valuable tool for the formulation
ol some seismic-risk-related decisions, particularly of those that are sensitive
only to magniludes of evenls having very long return periods.

6.1.3.2 Trigger models

Statistical apalysiy of waiting times between earthquukes does not favor
the adoption of the Poisson model or of olher forms of renewal processes,
such as those thal assume thal waiting times are mutunlly independent with
loghormal or gamma distribulions (Shlien and Toksoz, 1970). Alternative
mudels have been developed, most of them of the ‘Lrigger type' (Vere-Jones,
1970), i.e. the overall process ol enrthquake generalion is considered as Lhe
superposition of a number of time series, cach having a dilfverent origin,
where the origin Limes are the events of o Puisson process. In gencral, lel N
be the nuimber of events that take place during time interval (0, t), 7, = ori-
gin time of the mth series, W, {1, r.,) the corresponding number of evenls
up to instant {; and n, the random number of Ltime series initiated in the
interval (0, £). The total number ol events that occur before instant ¢ s then:

N
N=2o Wil 1) {6.12)
m
If origin times are distributed according to a homogencous Puisson provess

with mean rate v, and all W, 'y are identically distributed stochastic processes

wilh respect to (£ — 7,,,}, it can be shown (Parzen, 1962) that the mean aml
variance of N can be oblained from:

[}
E(N) = vfs|wu. r)ldr (6.13)
]
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i L]
var (N) = ¢ fr:|w=(f. ) ]dr {(6.14)
[

. Parzen (1962) gives also an expression for Lhe probability generating func-
tion ¢ (25 t) of the distribution of ¥ in lerms ol Yw(Z; 1, 1), the generat-
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ing function of cach of the component progesses:

[
YnlZi)=exp{- vl +u f..b.,(z; t, t)ir] 6.15)
o
where!
ValZit, 1) = 35 Z" PLW(L, v) = n) {6.16)
"

andd the probability meass function of N con be obtained from iy (Z: €} by
recalling that:

UnlZ:it) = Z‘;)Z"P{N=nl

expanding Y in power series of Z, and taking P{N = n) equal to the coel-
ficient of Z* In that expansion. For instance, if it is of intarest to compute

PN = 0}, expansion of ¢y (Z; ) in a Taylor's series with respect to Z = 0
leads to:

1
Yl Zi ) = fn0it) + 2y (0; ) *% (0 0) + .. (6.17)

where the prime signifies derivative with respect to Z. From the delinition of
Un PIN=0)=¢s(00).

Because Lhe component processes of 'Lrigger’-ty pe lime series appear over-
lapped in sample histories, their analytical representation usually entails
study of a number of alternative models, estim~ti~n of their parameters, and
comparison of model and sample properties — oten second-order properties
(Cox and Lewis, 1966).

VereJones models. Applicability of sc...¢ general ‘trigger’ models to rep-

. hm e
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resent local seismicily processes was discussed in 8 comprehensive paper by
Vere-Jones (1970), who calibroted them muinly ogainst records of scismic ac-
tivity in New Zealand. [n addition to simple and compound Polsson pro-
cesses (Parzen, 1962), he considered Neymun-Scutt and Bartlett-Lewis mod-
els, hoth of which assume Lhat earthquakes occur in clusters and Lhal the
number of events in each cluster is stocastically independent of ils origin
time. In the Neyman-Scott model, the process of clusters is assumed station.
ary and Poisson, and each cluster is defined by py, the probahility mass
function of its number of events, and A(¢), the cumulative distribution [unc-
tion of the time of an event corresponding to a given cluster, measured from
the cluster origin. The Bartlett-Lewis model is a special case of the former,
where each cluster is a renewal process thot ends after a finite number ol
renewals, In these models the conditional prababilily of an event taking
place during the interval {¢, t + dt), given that the cluster consists of N
shocks, is equal to NA(tjdt, where M) = 3 \(£)/aL.

Bucause clusters overlap in time they cannol easily be identified and
separaled. Estimation of process parameters is accomplished by assuming
different sets of those parameters and evaluating the corresponding goodness
of it with observed data.

Various allemative forms of Neyman -Scoll's model were compared by
Vere-Jones wilh observed dala on the basis of [irst. and second-order slatis-
tics: hazard functions, interval distributions (in the form of power spectra)
and voriance time curves. The statistical record comprises about one thou-
sand New Zenland earthquokes with magnitudes greoter than 4.6, recorded
from 1942 to 1961. Flgures 6.13-6.15 show resulis of the analysis [or shal-
low New Zealand shacks as well as the comparison of observed data with sev-
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Fig. 6.14. Smoothed periodogram for New Zealand shallow shocks. (Afler Vere-Jones,
1966.}
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eral alternative models. The process of cluster origins is Poisson in all coses,
bul the distributions of cluster sizes (V) and of times ol events within clus-
Lers differ among the various instances: in the Poisson model no clustering
takes place {the distribulion of N is a Dirac delta function centered at N = 1}
while in the exponential arnd in the power-law models the distribution of N is
extremely skewed towards N = 1, and A(t) is taken respectively as 1 —e—*'
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and 1 — [eflc + O)]* for t 2 0, and as zero for { < 0, where A, ¢, and & are
positive parameters. In Figs. 6.13—6.15, 5 = 0.25, ¢ = 2.3 doys, and A =
0.061 shocks/day. The significance of clustering is evidenced by the high
value of Poisson’s dispersion index in Fig. 6.13, while no significanl period-
icity can be inflerred from Fig. 6.14. Both figures show thal the power-law
model provides the best fit to the statistics of the samples. A similar analysis
fur New Zealand's deep shocks shows much less clustering: Poisson's disper-
sion index equuls 2, and the hazard function is nearly constant with time.

Still, data reporied by Gaisky (1967) have hozard functions that suggest
moudels where the cluster origins as well as the clusters themselves may be
represented by renewal processes. Mean relum periods are of the order of
several months, and hence these processes do nul correspond, at least in the
time scale, to the process of alternate periods of activity and quiescense of
some geological structures cited by Kellcher et al. {1973}, which have led to
the concept of ‘temporal seismic gaps’, discussed below,

Simplified trigger models. Shlien and Toksiéz (1970) proposed o simple
particular case of the Neyman-Scolt process; they luinped Logether all earth-
quakes taking place during non-overlapping time intervals of a given length and
defined them as clusters for which A(t) was a Dirac delta funclion. Working
wilth one-day intervals, they assumed the number of events per cluster to
e distributed in sccordance with the discrete Pareto law and applied a maxi-
mum-likelihood criterion to the information consisting of 35000 earth.
quakes reported by the USCGS from January 1971 Lo August 1968, The
model proposed represents reasonably well both the distribution of the num-
ber of earthquakes in one-day intervals and the dispersion index, Tlowever,
owing Lo the assumption that ro cluster lasts more than one day, the model
fails to represent Lhe autocorrelation function of the daily numbers of
shocks for small time lags. The degree of clustering is shown to be a regional
function, and Lo diminish with the magnilude threshold value and with the
fuocal depth,

Aftershoeh sequences, The trigger processes deseribed hove been branded
v3 ressonable representations of regionnl seismic aclivity, even when afler.
shock sequences and earthquake swarms are suppressed from slatistical
records, however arbitrary thel suppression may be, The most significant
instances of clustering are related, however, Lo aftershock sequences which
often [ollow shaliow shocks and only rarcly intermediate and deep events,
Persistence of large numbers of aftershocks for a few days or weeks has
propiliated the detailed statistical analysis of those sequences since lest
century. Omori [1894) pointed out the decay in the mean rate of after-
shock occurrence with (, the time elapsed since the main shock; he expressed
that rate as inversely proportional to t + q. where g is an empirical constant.
Ulsu (1961) proposed a more general expression, proportional Lo (¢ + ¢)~F
where { is a constant; Utsu's proposal is consistent with the power.law ex-
pression for A(f} presented above.
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Lomnitz and Hax (1966) proposed a clusiering model to represent alter-
shock sequences; it is a modified version of Neyman and Scotl's model,
where Llhe process of cluster origins is non-homogeneotus Poisson with mean
tate decaying in accordance with Omori's law, the number of events in each
cluster has a Poisson distribulion, and A(t) is exponential. All the resulls
and methods of analysis described by Vere-Jones {1970) for the stationary
process of cluster origing can be applied to the nonstationary case through a
transformation of the time scale. Filling of parameters Lo {our aftershock
sequences was accomplished through use of the second-order information of
the sample defined on a transformed time scale. By applying this criterion Lo
carlbguake sets having magnitudes above different threshold values it was
noliced that Lhe degree of clistering decreases as the threshold value in-
rrensey,

The magnitude of the main shock influences the number of aftershocks
okl the distribution of their maognitudes and, aithough the rate of activity
decreases with time, the distribulion of magnitudes remains stable through-
oul each sequence (Lommtz, 1966; Utsu, 1962; Drakopoulos, 1971). Equa-
tion 6.6 represents fairly well the distribution of magnitudes observed in
most aftershock sequences. Values of f range from 0.9 to 3.9 and decrease
A% Lhe depth increases. Since volues ol § for regular (main) earthquakes are
usually estimated from relatively small numbers of shocks generated
throughout crust volumes much wider than those active during aftershock
sequences, no relation has been established among -values [or series of both
lypes of events. The paramelers of Utsu's expression for the decay of after-
shock activity with time have been estimated lor several sequences, for in-
stance those lollowing the Aleutian earthquake of March 9, 1957, the Cen-
tral Alaska earthquake of April 7, 1958, and the Southeastern Alaska earlh-
quake of July 10, 1958 (Utsu, 1962), with magnitudes equal to 8.3, 7.3,
and 7.9, respectively; ¢ (in days} was 0,37, 0.40, and 0.01, while | was 1.05,
1.05 and 1.13, respectively. The relationship of the total number of after-
shocks whose magnituile exceeds a glven value with the magnilude of the
main shock was studied by Drakopoulos (1871) for 140 aftershock se
quences in Greece from 1912 to 1968. 1lis results can be expressed by
N{(M) = A exp(—pM), where N(M) is the total number of altershocks wilh
mugnitude grealer thon M, and A is a function of M, the magnitude of the
main shock:

A=exp(l620+1.1M, — 3.46} (6.18)

Formulation of stochastic process models [or given earthquake sequences is
feasible once Lhis relationship and the activity decay iaw are avaoilable for the
source of interest. For seismic.risk estimation at a given site the spatinl dis-
tribution of aftershocks may be as significant as the distribution of mug-

nitudes and Lhe time variation of activity, particularly for sources of rela-
tively large dimensions.

L= R
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6.3 3.3 Rencwal process models

The trigger models described are based on information about earthquakes
with magnitudes above relatively low thresholds recorded during time inter-
vuls of at most ten years. The degrees of cluslering observed and the dis-
tributions of times between clusters cannot be extrapolated to higher mag-
nitude thresholds and longer Lime intervals without further stucly., .

Available infortination shows beyond doubt that significant clustering is
the rule, st least when dealing with shallow shocks. However, there is con-
sideralle ground for discussion on the nalure of the process ol cluster orging
during intervals of the order of one century or longer. While lock of slatisti.
cal data hinders the formulation of seismicily models valid over long Lime
ntervals, qualitative consideration of the physical processes ol earthyuake
geaeration may point to models which at least are consistent with the state
of knowledge of geophysical sciences. Thus, if strain energy stored in a re-
gion grows in a more or less systematic mannee, the hazand function should
grow with the Llime elapsed since the last event, and nol remain constant as
the Poisson assumptlion implies. The concept of a growing hazatrd function is
consistenl with the conclusions of Kelleher el al. (1973) concemning the
theory of periodic aclivation of seismic gaps. This theory is partially sup.
ported by results of nearly qualitative analysis of the migration ol seismic
actlvity along & number ol geological struclures. An instance is provided by
the southern coast of Mexico, one of the most active regions in the world.
Large shallow shocks are generated probably by the intersction of the con-
tinental mass and the subductive oceanic Cocos plate that underthrusts it
and by compressive or flexural failure of the latler (Chapter 2). Seismologi-
cal data show significant gaps of activily along the coast during the present
century and not much is known about previous history (Fig. 6.16)}. Along
these gaps, seismic-risk estimates based solely on observed intensities are
quite low, although no significant dilference is evident in the geological
structure of these regions with respect Lo the rest of the coast, save some
transverse faults which divide the continental formation into several biocks.
Without looking at the statistical records a geophysicist would assign equal
risk throughout the area. On the basis of seismicity data, Kelleher et al. have
concluded that activily migrates along the region, in such a manner that large
earthquakes tend to occur st selsmic gaps, thus tmplying thel the hazard
function grows with time since the last earthquake, Similar phenomena have
been observed in other regions; of particular interest is the North Anatolian
fault where activity has shifled systematically along il from rast Lo west dur-
ing Lhe last [orty years {Allen, 1969).

Conclusions relative Lo activation of seismic gaps are controversiol because
the observation periods have not excecded one eycle of vach process. Never-
theless, those conclusions peint Lo the formulation of stochastic mwdels of
seismicity thatl reflect plausible features of the geophysicsl processes,

These consideralions suggest the use of renewal-process models Lo rep-
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resent sequences of individual shocks or of clusters, Such models are char-
acterized because times belween events are independent and identically
distributed, The Polsson process is a particular renewal model for which the
distributlon of the waiting time I8 exponential, Wider generality is achieved,
without much loss of mathematical traclability, if inter-event Limes are sup-
pused Lo be distributed in accordance with a gagmma function:

fo(t) = (—k{:‘i‘ﬁ ()=t e (6.19)

which becomes the exponential distribution when & = 1. 1If # < 1, short in-
tervals are more frequent and the coefficient of variation is greater than in
the Poisson model; if & > 1, the reverse is true. Shlien and Toksbz {1970)
found that gamma models were unalle o represent the sequences of in-
divictual shocks they analyzed; but these authors handled time intervals ut
least an order uf magnitude shorter than those referred to in Lthis section.

On the basis of hazard function estimated from sequences of small shocks
in the Hindu-Kush, Vere-Jones (1970) deduces the validity of ‘branching
renewal process’ modeds, in which the intervals between cluster centers, as
well as thuse Letween cluster members, constitute renewal processes.

Owing to the scarcity of statistical informat.. |, reliable comparisons be-
tween allernate models will have to rest partiallv on simulstion of the pro-
vess of storage and liberation of strain e. ergy (* rvidge and Knopofl, 1967,
Veneziano and Comell, 1973).

6.3 4 Influence of the sewmicity model on seiamic rish

Nominal values of investments made at a given instant increase with Lime
when placing them at compound interest rates, 1.e. when capilalizing them.
Their renl value — and nol only the nominal one — will also grow, provided
the interesl eale overshadows inflution. Conversely, fur the purpose of mak-
ing design decisions, nominal values of expected utilities and cousts inficted
upon in the [uture have to Be converted inlo present or actualized values,
which can be direclly compared with initial expenditures, Descriptions of
seismic risk at a site are insufficient for that purpose unless the probability
distributions of the times of occurrence of different inlensities — or ntag-
nitudes al neighbouring sources — are stipulated; this entails more than sim-
ple magnitude-recurrence graphs or even than maxinum fessible magnitude
estimales.

Immediately after the occurrence of a large earthquake, seismic risk is ab-
normally high due to altershock activity and to the probability that damage
inflicted by the main shock may have weakened natursl or man-made struc-
tures if emergency measures are not Laken in time. When aftershock activity
has ceased and damaged systems have been repaired, a normal risk level is
atlained, which depends on the probability-density functions of the waiting
times to the ensuing damaging earthquakes,

"~ .)(
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For the purpose of illustration, let it be assumed that a fixed and deler-
ministically known damage D, occurs whenever a8 magnitude above a given
value 18 generated at & given source. L[ f{t) is the probability-density function
of the wailing time lo the occurrence of the damaging event, and If the risk
level is sufficiently low that only the [irst failure is of concem, the expected
value of the aclualized cost of damage is (see Chapter 9):

=D, [ ef(0)at (6.20)
1]

where ¥ is the discount {or compound interest} coelfivienl and the overbar
denotes expectation. If the process is Poisson with mean rale v, then f(1) s
exponential and D = D, vfy; however, il dameging evenls take place in
clusters and most of the damege produced by each cluster corresponds Lo its
first event, the computation of D should make use of the mean rate v cor-
responding to the clusters, instead of that applicable to individual events,
Table 6.11 shows a comparison of seismic risk determined under the alterna-
live assumptions of a Poisson and a gamma model (£ = 2), both with the
same mean return period, kfv {Esteva, 1974). Three descriptions of risk are
presented as funclions of the time t, elapsed since the last damaging event:
Ty, the expecled time lo the next evenl, measured from instant {1y Lhe ex-
pected value of the present cost of failure computed from eq. 6.20, antd the
hazard funclion (or mean failure rate). Since clustering is neglecled, risk of
aftershock occurrence must be either included 1n Dy or supcrimposed on
Lhot disployed in the table.

This table shuws very significant differences among risk levels for bath
processes. At small values of ¢, risk is lower for ihe gamma process, hut it

TABLEG II

Comparisen of Puiuaon snd gamma processes

tyrsle Tyuh Poisson preocess, k=1 hh/v T v/b Gemma pracess, h =2 hhe

DiDe Ny

Thiv = 10 Yh/v= 100 Yhirt = 160 bh/v = 100

e 1.0 0.0274 0.0004 0
0.1 092 00511 0 0036 01367
0.2 068G - 00875- 00059 0667
D5 075  0.0913 00100 1.333
1 1.0 04909 0.0099 10 087 0.120 00132 2,000
2 060  0.139 00158 2.667
5 054 0.154 00179 1312
10 052 0.180 00187 1812
050 0.167 00198 4.000
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prows with time, unti! it oulrides that for the Poisson process, which remains
constant. The differences shown clearly affect enginecring decisions.

6 1 ASSESSMENT OF LOCAL SEISMICITY

Only exceplionally can magnitude-recurrence relations for small volumes
of Lhe earlh’s crust and statistical corre’ -tion I eotions of ithe process of
carlhquake generation be derived exclusively from statistical analysis of
recorded shocks. lo most coses this information i3 Lou limited for that pur-
pose and it does nol always refleet geological evidence. Since the latter, us
well as its conneclion with seismicity, is beset with wide uncertainty mar-
gins, information of different noture has to be evaluated, ils uncertainty
unnbyred, and conclusions reached consistent with all pieces of informalion.
A probabilisbic cnterion that accomplishes this Is presented here: on the
basis of geoleclonic data and of conceptual models of the physical processes
involved, a set of alternale assumptions can be made conceming the func:
tions in question {magnitude recurrence, time, and space correlation) and an
initial probabilily distribution assigned thereto; statistical information
is used to judge the likelihood of each assumption, and s posterior prob-
sinlity distribution is obtained. How statistical information contibutes to the
posterior probabilities of the alternate assumplions depends on the extent of
that information and on the degree of uncertainty implied by the initial
probabilities. Thus, il geological evidence supports conlidence in a particular
assumption or range of assumptions, statistical information should not
greatly modify the initial probabilities. If, on the other hand, a tong and
reliable statistical record is available, it practicaily determines the form and
parameters of the mathematical model selected to represent local seismicity.

6.4.1 Bayesian estimation of seismicity

Bayesian statistics provide a framework for probabilistic inference that
aceounts for prior probabilities assigned to a set of aiternate hypothetical
mulels of a given phenomencon aa well as lor statistical samples of eventls re-
Inted Lo that phepomenon, Unlike conventional methods of statistical in-
ference, Buyesian methods give weight to probability measures obtained
from samples or from other sources; numbers, coordinates and magniludes
of earthquakes observed In given time intervals serve to ascertain the prob-
able validity of each of the alternative models of loral seismicity thal can be
puastulated on the grounds of geological evidence. Any criterion intended Lo
weigh information of different nature and different degrees of uncertainly
should lead to probabilistic conclusions consistent with the degree of con-
fidence attached to each source of information. This is accomplished by
Bayesian methods.
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Let M, (1 = 1, ..., n) be a comprehensive set of mutually exclusive assump-
Lions concerning a given, imperfectly known phenomenon and let A he the
vbserved outcome of such a phenomenon. Defore observing outcome A we
assign an initial probability P(/{)) to each hypothesis. Il P(AIH,) is the
prohability of A in case hypothesis H, is Lrue, then Dayes' theorem (Raifla
and Schilailer, 1968) states that:

P(AINL)

PULIAY = P ¥, PP 1n.21)

The first member in this equation is Lhe {posterior) probabality that
assumption !, is true, given the observed outcome A,

In the evaluation of seismic risk, Bayes’ theorem can be used 1o improve
initial estimates of MM} and its variation with depth in a given area as well as
thuse of the parameters that define the shape of A{M) or, equivalenlly, the
conditional distribution of magnitudes given Lhe occurrence of an earth.
quake. For that purpose, take A(M) as the product of a rale funclion Ay =
A{A.) by a shape function G*(M.B), equal Lo the conditional complemen-
lary distribution of magnitudes given the occurrence of an earthquake with
M > My, where M, is the magnitude threshold of the sel of stalistical data
used in the estimation, and B i the vector of (uncertain) parnmeters B, ...,
B, that define the pt_mfe of A{M}. For instance, {f A(M) Is taken as given by
eq. 6.8, B is a vector of three elements equal respectively to f, f,, and My :
if eq. 6.9 is adopled, B is defined by k and M ;.

The Initial distribution of seismicity is in this case expressed by the initial
joint probability density function of Ay and B: {'(ALB). The observed oul-
come A can be expressed by the magnitudes of all earthquakes generated in &
given source during a given time interval. For instance, suppose Lhat N earth-
quakes were observed during time interval ¢ and thal their magnitudes were
my, my, .., my. Bayes’ expression takes the form:

__ Plmi g myitn, B]

]H’[m|. Mg, ... My, til, blr(',b)d’db
(6.22)

where [7(.) is the posterior probability densily function, amd [ and b are

dummy variables that stand for all values that may be taken by A, and B,

respeclively. Estimation of Ay can ususlly be formulated independently of

that of the other parameters. The observed fact is then expressed by N, Lhe

number of earthquakes with magnitude above A, during Lime 1, and the

following expression is oblained, as a (irst step in the estimation of A(A):

, . o PINL: tiAL)

FOVNG ) = FiA) TP T (e (6.21)

6 4.1.1 Initial probabilities of hypothetical models

Where statistical information is scarce, seismicily estimates will be very

[, Bimy, oy myi ty = (AL, B)
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sensilive to initial probabilities assigned to altemative hypothelical models;
the opinions of geologists and geophysicists about probable models, shout
the parameters of these models, and the corresponding marging of uncerlain-
ty should be sdequately interpreted and expressed in terms of & function {°,
vs required by equetions similar to 6.22 and 6.23. Ideally, these opinions
should be based on the formulation of potential earthquake sources and an
Lheir comparison with possibly similar geotectonic structures. This is usually
done by geologists, more qualitatively than quantitatively, when they esti-
male My, Initial estimates of Ay, are seldom made, despite the significance of
Whis parumeter for the design of moderately important structures (sec Chap-
wr ')

Analysis of geological infonnation must consider local details as well as
peaeral structure and evolulion. In some arcas it is clear that all polential
carthquake souwrces can be identficd by surface faults, snd their displace.
menls in recent geological Limes measured. When mean displacements per
unil tune con be estimatled, the order of magnitude of crecp and of energy
hiberaled by shocks and henee of the recurrence fntervals of given magin-
Linles can be established (Wallace, 1970, Davies and Brune, 1971), the cor-
respowding uncertainty evaluated, and an nitial probatshty distribution as-
suined, The fact that magnitude-recurrence relations are only weakly cor.
nelatedd with the size of recent displacements s reflected In large uncertun-
Lies (Petrushevsky, 1866).

Apphication of the crilerion described in the loregoing paragraph con be
wnfensible or inndequale in many problems, as in oreas where the abundance
of [aulls of different sizes, ages, and activity, and the insufficient accuracy
willh which focal coordinates are determined preclude a differentiation of all
sources. Regional seismicily may then be evaluated under the assumplion
that at least part of the seismic activity is distributed in a given volume
tather than concentrated in faults of different imporiance. The same silua-
tion would bhe faced when dealing with active zones where there is no surface
evidence of motions. Hence, consideration of th» ~verall behavior of com-
plex geological structures is often more significany than the atudy of local
details.

Not much work hss been done in the a..__ysis o1 the overall behavior of
large geological structures with respect to the energy that can be expected
to be liberated per unit volume and per unit time in given portions of those
structures. Important research and applications should be expected, how-
ever, since, as 8 result of the contribulion of plate-tectonics theory to the
understanding of large-seale Lectonic processes, the numerical values of some
ol the variables correlated with energy liberation are being determined, and
can be used at least to oblain orders of magnitude of expecled activity along
plate buundaries. Far less well understood are the occurrence of shocks in
apparently inactive regions of continental shields and the behavior of com-
plex continental blocks or regions of intense folding, but even there some

m

progress is expected in the study of accumulalion of stresses in the crust.

Knowledge of the geological structure can serve Lo formulate initiat prob-
ability distributions of seismicity even when quantitalive use of geophysical
information seems beyond reach. Initial prubability distributions of local
seismicily parameters Ay, B in the small volumes of the earth’s crust that
contribute significantly to seismic risk at a sile, can be assigned by com-
panson wilh the average seismicity observed in wider areas of similar tec.
lonic characteristics, or where the extent and completeness of statistical
information warrant reliable estimates- of magnitude-recurrence curves
(Esteva, 1969). In Lhis manner we can, for instance, use the information
uhout the average distribution of the depths of ewrthquakes of differrnt
magnitudes throughoutl a seismic province lu estimate the corresponding
distribution in an area of that province, where nctivity has been tow during
the abservation interval, even though there might He no apparent geophysical
reason to account for Uie difference. Similarly, the exprcted value and coelli-
cient of variation of A in a given area of moderate or low seismicity {asa con-
tmental shicld) con be obtained from the statistics of the motiony originated
at all the supposedly stable or aseismic regions in the world.

The significance of initial probabilities in seismire sk estimales, against
the weightl given to purely statistical infirmation, becomes evident in the
exampde of Fig, 6.16: il Kelleher's theory about activation of seismic gaps is
toue, risk is greater at the gops than any where else alon the coast: if Poisson
muodels are deemed representative of the process of energy liberation, the ex-
lent of statistical information is enough to substontiate the hypolhesis of
redduced risk at gaps. Because both models are still contraversial, and rep-
rescnt at most two extreme positions conceming the properties of the
sctual process, risk estimates will necessarily reflect subjective opinions.

6 4 1.2 Significance of statistical information

Estimation of Ay,. Application of eq. 6.23 to estimate A, independently
of other parameters will be first discussed, because it is a relatively simple
problem and because X, is usually more uncertain than M, and much more
so than fi.

A model as defined by eq. 6.19 will be assumed Lo apply. IT the possible
assumptions concerning the values of A} constitute a continuous interval,
the initial probabilities of the alternative hypolheses can he expressed in
teris of a probability-density functlon of A, . [f, in addition, a certain ws-
sumplion is made concerning the form of this probabilily density function,
only the initial values of E(A) and V{XA_) have to be assumed. It is advants-
geous to assign to P = k/E(T} a gamma distribution. Then, il p and p are the
rarameters of this initial distribution of ¢, il k is assumed to be known, and
if the observed outcome is expressed as the time ¢, elapsed during n + 1
consecutive events (earthquakes with magnitude >M,}, application of eq.
6.23 leads to the conclusion that the poslerior probability function of v is
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also gonmma, now wilh parameters p + nk and p + (. The initial and the
posterior expectled values of v are respectively equal to p/u, and to (p * nk)
(s + ¢,). When initial uncertainty about v is small, p and g will be large and
the initial and the poslerior expected values of v will not differ greatly. On
the other hand, if unly statistical information were deemed significant, p and
u should be given very small values in the initial distribution, and £(»), and
hence Xy, will be practically defined by n, k., and t,. This means thal the
initial estimales of geologists should not only Include expected or most
probable values of the different purameters, but also statements about ranges
uf possible values and degrees of confidence attached to each.

In the case studicd above only & portion of the statistical information was
used. In most cases, especially il seismic activity has been low during the
observatian interval, significant information is provided by the duratlons of
Lthe intervals elapsed from the initiation of observations to the lirt of the n +
1 events considered, and from the last of these events until the end of the
observation period. Here, spplication of eq. 6.23 leads to expressions stightly
more complicated than those obtained when only information about {,, is
used.

The particular case when the statistical record :-~otts no events during at
least an interval {0, f3) comes up frequently in practical problems. The
probability density function of the time ™, fror *; to the occurrence of
Lthe first event must account for the correspunding shifting of the time axis.
Furthermote, if Lhe time of occurrence of the last event before the origin is
unknown, the distribution of the waiting time from ¢ = 0 lo the first event
coincides with that of the excess life in a renewal process at an arbitrary
value of ¢ that approaches infinity (Parzen, 1962). For the particular case
when Lhe waiting times constitute a gaomma process, T, is measured from ¢ =
0, T is the waiting time between consecutive events, and it is known that
Ty ¥ ty, the conditional density function of 7, = (Ty — 1) E(T) is given by
vq. 6.21 (Esteva, 1U741), whete uy = 1, /E(T):

: k
L gy 1R vl
f2 (T3 tg) = ——— et (6.24)
2L L hugr-!

met nat (1 =)

Consider now the implications of Bayesian analysis when applied to one of
the seismic gaps in Fig. 6.16, under the conditions implicit in eq. 6.24, An
mitil set of assumplions and corresponding probabilities was adopted as
described in the following. From previous studies referring to all the south-
ern coast of Mexico, local seismicity in the gap area {measured in terms of
A for M > 6.5) was represented by a gamma process with k = 2. An initial
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probability density function for v was adopted such that the expected value
ol AM6.5) for the region coincided with its average throughout the complete
seismic provinee. Two values of p were considered: 2 and 10, which cor-
respond Lo coeflicients of variation of 0.71 and 0.32, respectively. Values in
Table G.111 were obtained for the ralio of the final Lo the initial expected
values of v, in terms of u,.

The last two columns in the table contain the ralios of the compuled
values of E°(T,) and E'(T) when v is taken as equal respectlively to its initial
or to ils posterior expected value. This table shows that, for g = 10, Lhat is,
when uncertainly attached to the geologically based assumptions is low, the
expected value of the time to the next event keeps decreasing, in accordancve
with Lhe conclusions of Kelleher «t al. (1973). However, as Llime goes on and
no events occur, the statistical evidence leads to & reductidn in the estimated
tisk, which shows in the increased conditlonal expected valuesof T, Forp =
2, the geologicol evidence is less significant and risk estimates decrease at &
faster rale,

6.4.1.3 Bayesian estimation of jointly distributed parameters

In the general case, estimation of B will consist in the determination of
the posterior Bayesian joint probability function of its components, taking
as statistical evidence the relative [requencies ol observed magnitudes. Thus,
if event A is described us the occurrence of N shocks, with magnitudes
m,, .., my,and b, (i = 1, ..., r) are values that may be adopted by Lhe com-
ponents of vector I being estimated, eq. 6.21 becomes:

__Trl(blu ey b,)P(AIb“ e 0,)

fothy, ... b 1A} =
fath ) J oo f Falty, oy uIPLAN, . v, )y, o dy,

(6.25)

where P(A luy, ..., 1,) is proportional Lu:

N
“ gimduy, ... u}
il

and g{m) = —aG*(m)fodm.

Closed-form solutions for f” as given by eq. 6.25 are not feasible in general.
For the purpose of evaluating risk, however, estimates of the posterior first
and second moments of /7 can be obtained from eq. 6.25, making use of
availuble first-order approximations (Benjamin and Comell, 1970; Rosen-
blueth, 1975) Thus, the posterior expected value of B, is given by [ [ iu)
u du, where f3{up) = f ... f [glug, ..., &,) duy, ., du, snd the multiple inte.
gral is of order r’— 1, because it Is not extended o the dominion of 8,
Hence:
En(B,PIAIR,, ..., B,)]

B T PATB, o BT (6:26)
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TABLE 6.111

Buyesiun estimates of weismicity In one seismic gap

g = t4/E (T) E"{(vHE (1) EY(T T, > taE(T)

p=2 pe10 pe? pe10
n 10 10 075 0.75
I 095 0.99 074 n7i
[} LLIrY 91 0y g1l
1 1 6HH 1187 11 nti
“ (1IN} ] 0hHi 111 1.040
1 N1 0136 817 1 5%
ny )46 022 10 30 2 IR

where E5 aned E7 stand for mitinl and posterior expectation, and subseript f
munns that expectation is tnken with respect Lo all the componenls of .
Likewise, the (ollowing poatertor moments can be gbtained:

Covariance ol B, and B,

o _EyBB,PAIB,, ... B
Cov'(l,, B)) = ‘-fu[f’(llbhﬁ.—ﬁ,)r_ = E°(B)E"(B) (6.27)

Expecied value of A(Af)
ETEAAN) = ET(N)ET G *(M; 1))
- g EalGod, Bypeain,, .., B,)|
Ea= e iviaim, o by (6 28)
M ginal distributions. The posterior expectation of A(M) is in snme coses
all that is required to describe seismicity for decision-making purposes. Of-
ten, however, uncertainty in A(M) must also be acounted for. For instance,
the probability of exceedance of a given magnitude during a given time inter-
val has Lo be obtained as the expectation of the corresponding probabilities
over all allemative hypotheses concerning MM). In this manner it can be
shown that, if the occurrence of earthquakes is a Poisson process and the
Bayesian distribution of A, is gamma with mean M. and coefficient of varia-
tion V., the marginal distribution of the number of earthquakes is negative
binomial with mean A¢. In particular, the marginal probehility of zero
events during time interval { — equivalently, the complementary distribution
function of the waiting time between events — is equal to {1 + l/l')"',
where 7" = V¥ and t” = r"/A,. The marginal probability density function of
the wailing time, that should be substituted in eq. 6.20, i A (1 +¢/t7)" R
which tends to the exponential probability funet;- as r" and ¢* tend to
infinity (and V|, = 0) while their ratio remains equal to 7\.‘.
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Bayesian uncertainly tied to the joint distribulion of all seismicity param-
eters (A, B, ..., B,} can be included in the computation of the prohability
of occurrence of a given event Z by taking the expectation of that proh-
ability with respect to all parameters:

P(Z) - E.!“HIP(Z]; )L- B|, . B‘.” (629)

When Lhe joini distribution of A\, I stems from Bayesian analysis of an
inilial distribution and an observed event, A, this equation adopts the form:

ElA,yn[P(zl)\r.- mP(AIN, B

PEy = = AR (630

where " and " stand [or initial and posterior, respectively,

Spatiol vartability. Figure 6.17 shows a map of geolectonic provinces of
Mexico, according to F. Mooser. Each province is characterized by the large-
scale features of its tectonic structure, but significant local perturbations Lo
the overall patterns can be identified. Take for instance zone 1, whose
scismotectonic features were described above, and are schemulically shown
in Fig. 6.18 (Singh, 1975): the Pacific plate underthrusts the continental

bLlock and is thought Lo break into several blocks, separated by faulls trans-
verse to the coast, that dip at dilferent angles. The continental mass Is also

. 3 10 H .
)
- 4] - me s
1" B, T | -
T ed -~ _ 18 L..._J._...}_, ]
n £ | Wy P L
' ; ' '!__; T v ' as

- PO PP —gmeinry

Fig. 6 17. Seismolectonic provinces of Mexico, (After F. Mooser.)
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>80,

Fig 6.18. Schematic drawing of the segmenting of Cocos plate as it subducls bretow
Americon plote. (Afler Singh, 1974.)

made up of several large blocks. Seismic activity at the underthrusting plate
or ol ils interface wilh the continental mass is characterized by magnitudes
that may reoch very high values and by Lhe increase of mean hypocentral
depth with distance from the coast; small and moderate shallow shoeks are
generated at the blocks themselves. Variability of statistical data along the
whole lectonic system was discussed above and is apparent in Fig. 6.10.
Bayesian eslimalion of local seismicity averaged throughout the system is a
matler of applying eq. 6.21 or any of its special . ms (eqs. 6.22 and 6.2,
laking as slalistical evidence the infurmalion corresponding to the whole
system. However, seismic risk estimate- are = itive to values of local
seismicily averaged over much smaller volumes of the earth's crust; hence the
need to develop criteria for probabilistic inference ol possible patterns of
space variability of seismicity along tectonically homogeneous zones.

On the basis of seismotectonic information, the system under considera-
Lion can first be subdivided into the underthrusting plate and the subsystem
of shalluw sources; each subsystem can then be separately analyzed. Take for
instance the underthrusting plate and subdivide it into s sufficiently small
equal-volume subzones. Let vy be the rate of exceedance of magnitude M,
throughout the main system, v, the corresponding rate at each subzone, and
define p, as v /vy, with py independent of vy (p, is equal to the probability
Lhat an earthquake known to have been generated in the overall system orig-
inated at subzone i). Initial infoamation about possible space variability of

11

1y, can be expressed in terms of an inilial probability distribution of p, and
ol the correlalion among p, and p; for any i and j. Because v, * vy, One
obtuims ¥p, = 1. This imposes two restrictions on Lhe initial joint probability
distnbution of the p)s: E'(p) =1, var’ Lp, = 0. if all p)s are assigned equal
expeclations and all pairs p,, p;, { # § are assumed to possess the same cor-
relalion coefficienl p, = p’, the restrictions mentioned lead to E'(p) = 1/s
and p° = —F{(s — 1). Posterior values of E(p,} and p,, are obtained according
Lo the same principles that led Lo eqs. 6.25—6.28. Statistical evidence s in
this case described by N, the total number of earthquakes generated in the
system, and n, (i = 1, ..., 8} the corresponding numbers for the subzones.
Given Lhe p/s, the probability of this event is the mullinomial distribulion:

1 " n
N'. = Pi' e P (6.31}

Plalpy, ...p] = FILAR

I the correlation coefficients among seismicities of the various subzones can
he neglecled, each p, can be separately estimated. Because p, has to be
comprised between 0 and 1, it is natural Lo assign it a beta inilia) probability
distribution, defined by its parameters n; and N/, such that E'(p,) = n/IN,"
and var'(p,) = n/(N; — n/Y[N;Y%N, + 1)] (Raifla and Schiaifer, 1968). The
parameters of the posteriot distribution will be:

no=n 4, N =N +N

Take for instance a zone whose prior distribution of A, is atsumed gamma
with expected value A}, and coefficient of variation Vg . Suppose that, on the
basis of geological evidence and of the dimensions involved, it is decided Lo
subdivide the zone into four subzones of equal dimensions: a-priori con-
siderations lead to the assignment of expectled volues and coelficients of
variation of p, for those subzones, say E'(p,) = 0.25, V'(p) = 0.25 (i= 1, ...,
4). From previous considerations for s = 4 take p;, = —1/J [or i # J. Suppose
now that, during a given time interval ¢, ten earthquakes were observed in
the zone, of which 0, 1, 3, and 6 occurred respeclively in each subzone, If
the Poisson process model is adopled, A} and Vy can be expressed in terms
ol a flictitious number of events n' = V" occurred during a fictitious time
mterval ¢ = "'I—?\L: alter observing n earlhquakes during an interval I, the
Bayesian mean end coefficient of variation of Ay will be AL = {n’ + n)/
(" +1), V, = (n' + n)~V? (Esteva, 1968). Hence:

Mo = (VT L0V e ), VE = (Ve 10y

Local deviations of seismicily in each subzone with respect to the avernge
Ay, can be analyzed in terms of p, (i = 1, ..., 4); Bayesian analysis of the pro-
portion in which the ten earthquakes were distributed emong the subzones
proceeds according to:

E.IPI'P(Alpl- - Pa)l

E PN (b ipr 0] (6-:32)
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The expectations thal appear in Lthis equation have to be computed with re-
spect to the initial joint distribution of the ps. In practice, adequate approx.
imutions are required. For instance, Benjamin and Cornells’ (1970) first-
onler approximation leads to E"(p,) = 0.226, £"(p,) = 0.294.

If correlation among subzone seismicities ja neglected, and statistical in-
formation of each subzone is independently analyzed, when the p/s are as-
sighed beta probabnlity-density functions with means and coeflicients of
varintion as defined above, one obtains E"(p,) = 0.206, E"(p,) = 0.311,
which are not very diflferent from those formerly obtained; however, when
E'\p)) = 0.25 and V'(p,) = 0.5, the first criterion leads to E"(p) = 0206,
E"(p,) = 0.311, while the second produces 0.131 and 0.416, respectively.
Cart of the difference may be due to neglect of p);, but probably a significant
part stems from inaceuracies of the first-order approximation to the expecta-
tions that appear in eq. 6.32; alternate approximations are therefore desir-
able,

Incomplete data, Statistical information is known to he fairky reliable only
for magnitudes above threshold values that depend on the region considered,
its level of activily, and the quality of local and nearby seismic instrumenla-
tion. Even incomplete statistical records may be significant when evaluating
som seismicily parameters, their use has to be accompanied by estimates of
detectubility values, that is, of ratios of the numbers of events recorded to

tolal numbers of events in given ranges {Estevs, 1970; Kaila and Narain,
1971).

6 5 REGIONAL SEISMICITY

The final goal of local seismicity assessment is the estimation of regional
seismicity, that is, of probability distributions of Intensities at given sites,
and of probabilistic correlations among them. These funclions are oblained
by integrating the contributions of local seismicities of nearby sources, and
hence their estimates reflect Bayesian uncertainties tied to those seismicities.
In the (ollowing, regional seismicity will be expressed in lerms of mean rates
ol exceedance of given intensities; mote detgiled probabilistic descriptiona

would entail adoption of specific hypotheses concerning space and time cor-
relations of earthquake generation.

6.5.1 Intensity-recurrence curves

The case when uncertainty in seismicity paramelers is neglected will he
discussed [irst. Consider an elementary seismic source with velume dV and
lacol seismicity A(Af) per unit volume, distant R from a site 8, where intensity-
recurrence functions are to be estimaled. Every tlime Lhat a magnitude M
shock is generaled at that source, the intensity at § equals:

toe T .

o mma o

[ ¥ el

-
-

o e
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Y =€V, = eb, exp(byMg(R) {6.30)

(sce eqs. 6.4 and 6.5}, where € is o rondom factor and ¥ ond Y, stand .[or
actual and predicted intensities, b, and &, are given conslants, and g(R) is a
function of hypocentral distance. The probability that an e:}rlhquakc orig-
inating at the source will have an intensily greater than ¥ is equal 1o the
probatiibity that €Y, > w. If ¥, is expressed in derms of W and randomness
i ¢ is accounted for, one obtains:
n,

r(y) = { v,y (u)du (6.34)
where 1'" amd v, are respectively mean rates at which actual ad predicted
intensilies excevd given volues, ey = y/fyy, oy = y/v,, ¥, and ¥y, are 'lhe
predicled inlensities that cotrespond to My, and My and f, the probability-
density function of €. Il eq. .33 is assunied Lo hold:

paiy) = Ko+ K, y7"t —Kpy™"2 (6.35)
where:

K, =|byg(R)"AMN AV (i=0,1,2) (6.36)
ro =0, ry-Blbs, ry={F—Bi}b, (6.37)

Substitution of eq. 6.35 into 6.34, coupled with the assumption that In e
is nonnally distributed with mean m and standard deviation o leads to:

Cu(y) = coKo + o Ky~ " — Ky "2 (6.38)
where:
Ina, —u Inay—u
¢ =exp(Q,) [¢(“""%‘,—') —¢ (‘“—F)] (6.39)

¢ is the standard normal cumulative distribution lunction, Q; = 1/2 or? +
mr,, and u, = m * o?r,, Similar expressions have been presented by Merz and
Comell (1973) for the special case of eq. 6.8 when ; - = and lor a quadra-
tic form ol the relation between magnitude and logarithm of exceedance
rate. Closed-form solutions In terms of Incomplete gamma functions nre_ob-
tained when magnitudes are assumed to possess extreme type-fll distribu-
tions (eq. 6.9). . '

Intensity-recurrence curves at given siles are obtained by lnleg.ralllon .of
the contributions, of al! significant sources. Uncertainties in local smsmicllmls
can be handled by describing regional seismicity in terms of means and vari-
unces of v(y) and estimating these moments from eq. 6.34 and sun.alhlv first-
and second-moment approximations. Influence of these uncertaintics in
design decisions has been discussed by Rosenblueth {in preparation).
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6.6.2 Seiemic probability maps

When intensity-recurrence functions are determined for a number of sites
wilth uniform local ground conditions the results are conveniently rep-
reseitled by sets of seismic probability maps, each map showing contours
ol intensities thal correspond to a given return period. For instance, Figs.
6.19 and 6.20 show peak ground velocities and accelerations that correspond
to 100 years retum period on firm ground in Mexico. These maps form part
of n set that was obtained through application of the criteria described in
this chapler. Because the ratio of peak ground accelerations and velocilies
does not remain constant Lhroughout a region, the corresponding design
spectra will not only vary in scale but also in shape {{requency content), in
other words, selsmic risk will usually have to be expressed in lerms of at
feast the values of two parameters (for instance, as in this case, pesk ground
accelerations and velocities that correspond to various risk levels (return
periods)).

6.5 3 Microzoning

Implicit in the above criteria for evaluation of regional seismicity is the
acdoption of intensity atlenuation expressions valid on firm ground. Scatter
of actual intensities with respect to predicted values was ascribed to differ-
ences in source mechanisms, propagation paths, and local site conditions; at
teast the latter group of variables can introduce systematic devialions in the
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Fig. 6.19. Pesk ground velocities with return period of 100 years (¢mi/sec).
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Fig. 6.20. Peak ground sccelerations with return period of 10U yeors (emisec?).

rulio of aclual to predicted intensities: and geological delails may signili-
cantly aller local seismicity in a small region, as well as energy radiation pat.
terns, and hence regional seismicity in the neighhourhood. 'lhcse.systt?mauc
deviations are the matter of microzoning, that is, of local modification of
risk maps similar to Figs. 6.1% and 6.20.

Most of the efforl invested in microzoning has been devoted Lo study of
the influence of local soil stratigraphy on the intensity and Irnqurm'y_ cnn-
tent of varthquakes (see Chapter -4). Analytical models ho\ft- been practically
limiled to response analysis of stratified formations of linear or nonhnear
sothy Lo vertically truveling shear waves, The results of comparing UllﬂlferitI
um! predicted behavior have ranged from satisfuctory (Ilcrn-ra.el al., 1_‘.16.;]
to poor (1ludson and Udwadia, 1972} Topographic irregulorities, as hills or
slapes of firm ground formations underlying sedirm?nl.s, may introduce sig-
nilicant systemalic perturbations in the surface motion, as a cunsenuence of
wave {ocusing or dynamic emplification. The latler effect was probably re.
sponsible for the exceptionally high accelerolions recorded at the abutment
of Pacoima dantduring the 1971 San Fernando earthq.un!(e. N .

Present pmcticg of micrgroning determines seismic intensities or design
parometers in two steps. First the values of tHote parameters on flrm ground
are sstimatad by menns of sultable attznuation sxpressiuns m:ul.th-m they are
"amplified according to the properties of local so.ill; but thls.unplles an ar-
bitrary decision to which seismic risk is very sensn!we: selecting the bound-
ary between soil and firm ground. A specially difficult problem stems when
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trying to fix thot boundary for the purpose of predicting the molion at the
lop ot a hill or the stope stability of a high cliff (1tukos, 1974).

IL can be concluded that rational formulation of microzoning for seismic
rigk is still i its infancy and that new criteria will appear thot will prohably
reyuire intensity attenoation models which include the influence of loeal
systemalic perturbutions Whelher these models are avaitable or the Lwo-slep
process deseribed above is wceeptable, intensity-recurrence expressions can
he oblmned as for the upperturbated case, a®t-- mulliplying the second
member of eq. 6.34 by an adequalte intensity-dependent corrective factor,
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COMPORTAMIENTO SISMICO DE PUENTES CON ELEMENTOS DISIPADORES DE
ENERGIA

1. PRINCIPIOS DE DISIPACION DE ENERGIA
Los dos elementos basicos que forman un dispositivo para disipar energia son

1) Un aislamiento flexible, para incrementar el periodo de vibracion de la estructura y de
ésta forma reducir la respuesta (aceleracion), y

2) Un amortiguador, para que las deflexiones relativas a través del elemento flexible sean
controladas. En la figura 1.1 se muestran.los slementos descritos: W y w representan el
peso de la super y la subestructura respectivamente, Kb representa la rigidez transversal

del apoyo elastomérico, K es la rigidez de las pilas y Cb es el amortiguamiento

proporcionado por el apoyo.

1.1 Cambio de periodo

Como resultado del aislamiento flexibie se tiene un cambio en el perniodo de vibracion del
sistema La respuesta idealizada, aceleracion periodo se muestra esquematicamente en la figura 1.2

mediante un espectro de respuesta de aceleraciones De esta figura se puede observar que cuando el

Desp relativo

R/

LSS,

Figura 1.1 Componentes de un mecanismo disipador de energia

I o




periodo de vibracion aumenta, se reduce el corante basal. Sin embargo, como se puede notar, la

flexibilidad proporcional adicional que se necesitd para incrementar el periodo da onigen a mayores

desplazamientos (fig. 1.3).
1.2 Disipacion de energia

Los desplazamientos relativos generados pueden ser controlados si se introduce un
amortiguamiento adicional a la estructura. Esto puede verse en la figura 1.4, asi como el efecto de

suavizacion de la curva para un mayor amortiguamiento.

Cambio de! penodo

i _

Aceleracion

_’.
Periodo

Figura 1.2 Curva idealizada del espectro de respuesta de aceleraciones.

a0 de penodo

l & |

Desplazamiento

! ot

Periodo
Figura 1.3 Curva idealizada del espectro de respuesta de desplazamientos.



‘ Incremento de
amortiguamiento

Aceleracion

-

Periodo
Figura 1.4 Espectro de respuesta para diferentes niveles de amortiguamiento.

Uno de los medios mas efectivos de proveer un sustancial nivel de amortiguamiento es la
disipacion de energia por histéresis. {ref. 1]. En la figura 1.5 se muestra una curva idealizada fuerza
‘desplazamiento, donde el area encerrada es una medida de la energia disipada durante un ciclo de
movimiento Para puentes se han desarrollado varios dispdsitivos mecanicos, de acero suave o

plomo, los cuales pueden lograr este tipo de comportamiento.

Fuerza
Deformacion

/ plastica

—
Desplazamiento

Figura 1.5 Curva de histéresis idealizada.



1.3 Rigidez bajo cargas laterales pequenas

Mientras que una flexibilidad lateral es altamente deseable para cargas sismicas, es claro que no
es recomendable tener un sistema estructural que vibre perceptiblemente bajo cargas que ocurren
frecuentemente tales como las producidas por sismos pequefios o cargas de viento. Los mecanismos
disipadores de energia proveen de una rigidez y amortiguamiento aceptables deseada para resistir
estas cargas {de servicio), en virtud de la alta rigidez elastica que poseen y de su capacidad para

disipar energia (Fig. 1.5). De este modo las deflexiones son minimizadas.



2.  MECANISMOS DE DISIPACION DE ENERGIA PARA PUENTES

2.1 Introduccion.

A partir de 1970 se disefiaron varios tipos de dispositivos disipadores de energia, a los cuales
se les han hecho un gran numero de pruebas en laboratorio para conocer sus propiedades fisicas
[ref. 2]. Con base en el material empleado para la deformacion plastica estos dispositivos pueden

dividirse en dos categorias: disipadores histeréticos de acero y disipadores histeréticos de plomo.

2.2 Disipadores histeréticos de acero.

El acero fue el primer matenal utilizado para construir mecanismos disipadores de energia.
Su ejeccidn se baso ya que era un material utilizado comunmente en las estructuras y por lo tanto
no presentaban problemas inusuales de disefio, construccion o mantenimiento, aparte de las
posibles fallas en las soldaduras y concentraciones de esfuerios. Principalmente, se ha utilizado
el acero suave, ya sea el estandar britanico 4360/43A o el estandar australiano CS 10308 6 CS
10208 [ref. 3], los cuales tienen esenciaimente la misma composicion quimica. Entre los

mecanismos de esta categoria se encuentran los siguientes:
2.2.1 Viga torsional (fig. 2.1)

La seccion rectangular solida es de acero suave y generalmente tiene una longitud variable de
500 mm. 2 1 m Estos dispositivos se anclan en sus extremos sujetdndolos a una base fija del
puente mediante tornillos a cortante y sus brazos cargadores se unen a la superestructura, de
modo que se generan momentos flexionantes relativos entre los brazos cargadores en cada
extremo de la viga en una direccion y el centro de la viga en lalotra direccion, los cuales inducen

torsion en la viga. La energia es disipada por los ciclos de deformacién plastica torsional [ref 3].



Anclaje
Brazos \

cargadores

Figura 2.1  Viga torsional.

2.2.2 Viga a flexion (fig. 2.2}

Se compone de una viga conta vertical en cantiliver, de seccion cuadrada o circular, la cual es
plasticamente deformada primariamente a flexion y que opera para movimientos relativos en
cualquier direccion horizontal fref 4] Esta viga se coloca debajo de la superestructura en los

estribos, como se muestra en la figura 2.3,

Anclaje
y@\
| s I;Il//""l/ s |
=
Cabezal de
laviga
Anclaje
Vigaa
Nex10n

Figura2.2 Viga a flexion



Superestructura

elastoménco

Estribo

Figura 2.3 Colocacion de la viga a flexion
A pesar de las propiedades de disipacién de estos dos mecanismos, se tienen grandes
desventajas, como: su reiativa dificuliad de colocacion, ademds de que estos mecanismos

requieren de un amortiguador que disminuya los desplazamientos inducidos por estos.3

2.3 Disipadores histeréticos de plomo.

La investigacion en el uso de la capacidad de deformacion plastica del plomo para disipadores
histeréticos comenzo en 1971 con la invencién del mecanismo de extrusion. Las razones de la
eleccion del plomo son: fluye a esfuerzos relativamente pequefios, cercanos a 10 Mpa,; y su
comportamiento se aproxima a un sélido plastico lineal. Por otro lado, la deformacion plastica del
plomo a 20" centigrados es equivalente a la deformacién plastica del acero a una temperatura
" mayor que 400" centigrados; por lo tanto. el plomo se comporta adecuadamente bajo condiciones

de fatiga durante los ciclos de deformaciones plasticas.
2.3.1 Mecanismos de extrusion de plomo (fig. 2.4) -

Los momentos relativos entre el piston y el cilindro, expulsan el plomo encerrado a través de
un onificio en el cilindro La energia-es disipada durante ciclos de deformacion por extrusion del
plomo a traves del orificio hacia atras y adelante Cuando el plomo es extruido, éste se

recristaliza inmediatamente, restaurandose sus propiedades mecanicas originales.



Cabeza del

piston Anclaje

Onificio de
. extrusion

Figura2.4 Mecanismo de extrusién de plomo

2.3.2 Apoyo elastomérico con centro de plomo (fig. 2.5)

Este mecanismo se compone de un apoyo elastomérico reforzado (placas de acero .
intercaladas) con un centro de plomo cilindrico insertado a presion. Cuando el mecanismo es
deformado en cortante bajo una carga sismica, el plomo tiene una deformacion plastica, de modo

que la energia es disipada.

Elastomero

Figura 2.5  Apovo elastomérico con centro de plomo

Los apoyos elastoméricos son muy utilizados en estructuras de puentes, ya que resultan ser un

mecanismo muy practico: pueden acomodar los movimientos provocados por flujo plastico del



concreto, asi como la expansion térmica del mismo, ademas absorben impactos de los
automoviles y permiten giros por carga viva; ademas de que resultan muy econémicos, en

comparacion con cualquier otro sistema de apoyo y requieren de poco mantenimiento.

El hule natural o sintético {neopreno), tiene insertadas varias placas de acero las que tienen

para 3 funciones principales:

a) soportar el peso de la estructura
b) proveer de elasticidad que puede sobrepasar el punto de fluencia y

¢) dar confinamiento al nicleo de plomo.

Si a estos apoyos se les incorpora un centro de plomo, este permite disipar energia durante la
accion de un sismo, ademas de que aumenta la rigidez para soportar los efectos de cargas

estaticas. El resultado es un sistema disipador de energia compacto.

El centro de plomo se deforma plasticamente y disipa energia. Este tiene dos efectos en Ja
respuesta de un puente: el primero, es que cambia la rigidez de la estructura, resultando
generalmente en un incremento del periodo natural, y el segundo, es que incrementa el

amortiguamiento debido a las propiedades histeréticas de la deformacidn inelastica.

Este apoyo es disefiado para resistir en el rango elastico niveles bajos de cortante (como los
producidos por cargas de viento) con una rigidez inicial alta (Ku) hasta que se alcanza un nivel
defluencia determinado por la resistencia caractenistica (Q), la cual depqnde del diametro del
centro de plomo. La rigidez en la pos:-flu ncia (Kd) es mantenida en un minimo para asegurar
una buena disipacion de energia y una rigidc z baja de la estructura durante una carga sismica mas
severa. La curva de histéresis bilineal formada por estas dos rigideces (fig. 2.6) tiene una forma

estable y un area encerrada grande, demostrando las propiedades de disipacion de energia.

Dependiendo de la magnitud v orientacion de las cargas aplicadas; estos apoyos pueden tener

varios grados de rigidez:



1) Una alta rigidez vertical que permite soportar cargas estaticas con una deflexion vertical
minima. Esta rigidez la proporcionan las placas laminadas, ya que estas disminuyen el

pandeo de las caras laterales de los apoyos por la adherencia entre los dos materiales.

2) Una baja rigidez horizontal ante cargas sismicas. Esto hace que el apoyo funcione como

disipador sismico; su rigidez lateral depende de las propiedades del elastémero.

3} Una alta rigidez horizontal para controlar cargas laterales pequefias debidas a viento o

para evitar deflexiones laterales grandes bajo condiciones de servicio.

Qmax t ________
e
. - 7l
o Kd // |
Vo o - |
—_— Kb
Q l //’ Ky |
Kafy o '
g :
[ = h_
' Amax

Figura 2.6 Modelo bilineal de histéresis.

Donde:
Q = Resistencia caracteristica
Qy = Fuerza contante de fluencia
Qmax = Fuerza maxima
Kd = Rigidez en la postfluencia

Ku = Rigidez elastica (carga y descarga)
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Kb = Rigidez secante del zislador ='Qmax / Xmax
Xy = Desplazamiento en la fluencia

Xmax = Maximo desplazamiento

La determinacién de la curva carga — deformacién de estos dispositivos es de primordial

importancia para definir modelos elasticos e inelasticos de estructuras provistas con este tipo de

elementos.

De pruebas experimentales para medir los ciclos de carga - deflexion del apoyo elastomérico
con centro de plomo [ref. 5], se encontr6 gue una descripcion razonable del ciclo de histeresis es

un sélido bilineal con las siguientes caracteristicas:

Ku=10Kb(r) | ec.2.1
Kd = Kb(r) ec.2.2
Kb(r)=GA/h ec. 2.3
Qv=1(Ph) A’ ec. 2.4
Xy = 1(Pb) A(Pb) / Kb(r) ec. 2.5

En estas ecuaciones, G es el modulo de cortante del elastomero, A es el area del apoyo
elastomeérico, h es la altura total del apovo elastomérico, 1(Pb) representa el esfuerzo conante de
fluencia del plomo (aproximadamente 10 Mpa), A" denota el area a cortante del centro de plomo,
Ab es el area transversal del centro de plomo y Kb(r) es la rigidez del elastomero en un plano

horizontal

Se encontro ademas que Ja fuerza horizontal F, requerida para deformar al apoyo
horizontalmente puede ser considerada como equivalente a dos fuerzas actuando en paralelo: la
primera debida a la elasticidad del elastomero y la segunda debida a la plasticidad del plomo. La

elasticidad del elastomero resulta en una fuerza que es proporcional al desplazamiento mientras

1



que la plastificacién requiere una fuerza que es independiente del desplazamiento. Por lo tanto,

‘una buena aproximacion resulta ser:
F = 1(Pb) A(Pb) + Kb(r) X ec. 2.6

donde X es el desplazamiento relativo de la parte supenor con la parte inferior del elastémero. De
esta formula puede verse entonces la gran dependencia del tamafio del centro de plomo con la
fuerza F, con lo que el tamafo del centro de plomo puede ser usado como una variable adicional

del disefio, para obtener las caracteristicas deseadas del sistema disipador.

Los efectos conceptuales de las variaciones geométricas tanto del centro de plomo como del
elastomero se resumen en la figura 2.7. El tamaifio del centro de plomo es proporcional a la fuerza
de fluencia del aisiador, mientras que la rigidez en la post-fluencia es proporcional a la rigidez del
elastomero, por lo tanto, incrementa cuando el tamafio en planta del apoyo elastomérico

incrementa y cuando su altura decrece.

A 1 Incremento de
Fuerza ‘ ncremeE: o ‘ altura del
de tamario . .
cortante ucrza disipador y/o
ortan del centro iy
de ol cortante reduccién del
€ plomo ¥ tamaiio en planta
o e
Desplazamicnto . Desplazamicnto

Figura 2.7 Efecto de vaniaciones geométricas del centro de plomo y del elastomero en la

resp estatotal.

2.4 Seleccion del tipo de disipador.

La seleccion de un mecanismo disipador en particular, depende de varios parametros: el

costo, el mérito técnico y su adaptabilidad a la aplicacion requerida.

12



Es opinion general, que el apoyo elastomérico con centro de plomo es la mejor seleccion
para puentes en genefal, ya que incorpora en una-sola unidad dos funciones: servir de apoyo
para los puentes y a su vez como mecanismo disipador, ademas de que ofrece simplicidad en
su instalacién. En virtud de lo anterior se selecciond este mecanismo en los modelos de

puente estudiados.



3. FILOSOFiA DE DISENO

3.1 Antecedentes

De acuerdo con Turkington et. al. [ref 6}, dos de los procedimientos mas comunes para

disediar puentes con apoyos de centro de plomo son:

1) La guia de disefio del Ministerio de trabajo y desarrollo de Nueva Zelanda (MWD, 1983),

2) El procedimiento de sisternas de aislamiento dinamico de California (DIS, 1984).

.El procedimiento MWD supone que la superestructura es infinitamente rigida y que |z rigidez
del sistema equivalente de un grado de libertad es la suma de las rigideces de todas las pilas v los
estribos; y supone ademas que la masa del sistema equivalente es igual a 1a masa total del tablero
de la superestructura. Con este meétodo la respuesta se puede obtener de dos formas:
determinando la respuesta directamente de unas tablas ¢ ayudas de disefio, aunque son muy
pocas las que se presentan no se puede apreciar qué parametros se consideraron, o la forma en
que éstos se consideraron; ademas son para un peso asumido de la pila. La otra forma es
determinar la respuesta directamente del espectro inelastico. Pudiera parecer que es éste el
método mas confiable No lo es asi, ya que el periodo real no se calcula directamente y la

respuesta debe estimarse utilizando el procedimiento de prueba y error.

En el procedimiento DIS, los apovos en las pilas y estribos se consideran independientes y la
respuesta se basa en el esfuerzo de compresion o la carga vertical en los estribos o pilas
individuales, en éste método se hacen suposiciones que limitar. la aplicacion de éste, como por
ejemplo, solamente se considera un tipo de disipador con un? resistencia caracteristica

caracteristica de 5% el peso de la superestructura.

En ninguno de los dos procedimientos descritos se toman en cuenta los efectos de la inercia
rotacional de la masa de la superestructura. Por esto Turkington et al [ref 7] proponen un
procedimiento de disefio de acuerdo con los resultados obtenidos anteriormente por ellos mismos

[ref. 6]. Con su procedimiento, la respuesta sismica inelastica de las superestructuras de puentes
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sobre apoyos elastoméricos con centro de plomo se representa por una estructura elastica de un
solo grado de libertad. La respuesta se estima directamente del espectro de respuesta elastico
utilizando un periodo y un amortiguamiento efectivo calculado con el procedimiento propuesto
[ref, 6]. El periodo efectivo es el periodo inicial fundamental de la estructura mas un cambio de
periodo, resultado de la deformacion inelastica de los apoyos con centro de piomo. El
amortiguamiento efectivo es un amortiguamiento asumido de 5% asociado con el modo
fundamental, mas un amorticuamiento adicional histerético debido a la deformacién inelastica

de los apoyos con centro de plomo; estos dos parametros se determinan directamente de graficas

de disefio ya realizadas.

En el trabajo [ref. 7] se muestra que los resultados obtenidos utilizando el procedimiento
propuesto concuerdan bien con los resultados obtenidos de un analisis por computadora en el
dominio del tiempo, ademas éste procedimiento provee un método para evaluar la respuesta
sismica de puentes y es apropiado para disefio, ya que el espectro de disefio elastico puede ser
usado directamente y el cambio de parametros se puede realizar facilmente. Se muestran también
varios ejemplos numeéricos para mostrar el procedimiento. que es bastante sencillo, sin embargo
se pudo apreciar que el método presenta errores en la determinacion de la fuerza cortante en la
base de las pilas y el momento fiexionante, que son uno de los puntos mas importantes en el
disefio. Entonces volvemos a lo mismo, necesita desarrollarse un procedimiento de disefio o

mejorar el presentado anteriormente de modo que se puedan eliminar esas fallas.

3.2  Aspectos generales a considerar
3.2.1 Aplicacion

Los mecanismos de disipacion de energia pueden ser aplicados al disefio de estructuras de
puentes nuevos o para rehabilitacion de estructuras existentes. Para puentes existentes, la

disipacion de energia representa una solucion efectiva para las 3 deficiencias mas comunes en

_puentes construides a mediados de los 70's:

15



a) Vulnerabilidad de los apoyos existentes y sus conexiones
b) Insuficiente resistencia y ductilidad de columnas

¢) Longitud de sopore inadecuada de las vigas.

.

Para puentes nuevos, la aplicacion de los disipadores de energia resulta ser mas efectiva en los

siguientes casos:

a) en regiones de alta sismicidad

b) cuando se tiene una subestructura rigida

3.2.2 Costo
Los factores a considerar son los siguientes:

a) Costo total del mecanismo (fabricacion, instalacion y mantenimiento)

b) Ahorro en el sistema estructural

¢} Ahorro en el tiempo de construccion

d) Reduccion del costo en reparaciones estructurales después de un sismo.

e) Beneficios indirectos tales como: accidentes, muertes y demandas como
resultado del dafio de un sismo.

f) Imporntancia de la continuidad de operacion después de un sismo.

g) Dispositivos adicionales necesarios.
3.2.3 Ventajas y desventajas

El uso de mecanismos disipadores de energia ofrece un numero de ventajas potenciales para el

disefio sismo resistente de puentes:

a) Simphcidad conceptual - esto es, el atractivo de concentrar la disipacion de

energia de un sismo en componentes especialmente disefiados para este propésito

y detallados para un facil reemplazo si es necesario.
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b) Eliminacion de grandes demandas de ductilidad y por lo tanto el dafio a las pilas.

¢) Reduccion en las fuerzas sismicas en columnas y cimentacion.

Las posibles desventajas que se pueden presentar son debidas a requerimientos de

mantenimiento y el costo que esto pueda presentar.
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r=C/D
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e Todo el puente

< ALTERNATIVAS

e Falla local
» Falla global

BECO = Relacion beneficio/costc
PEAR = Pérdidas antes de reforzar
PEDR = Pérdidas después de refor.ar
CR = Costo del refuerzo

BECO = PEAR - PEDR
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REFUERZO DE CIMENTACION 21
‘ 2.2
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3.2
3.3

REDUCCION DE FUERZAS SISMICAS 4.1

CAIDA DE LA SUPERESTRUCTURA

TIPO DE CIMENTACION
LICUACION
SOCAVACION

TIPO DE SUBESTRUCTURA
MATERIAL DE LA SUBESTRUCTURA
ACERO PRINCIPAL DE REFUERZO

INTENSIDAD DE L.OS MOVIMIENTOS
SISMICOS

CONEXIONES ENTRE
SUPERESTRUCTURA Y
SUBESTRUCTURA

NUMERO DE PILOTES
ENSANCHAMIENTO DE
ZAPATAS

NUMERO DE COLUMNAS
ENCAMISADOS

MUROS .
ANCLAJE (ESTRIBOS)
DISMINUCION DE
EMPUJES DE TIERRA

DISIPACION
AISLAMIENTO
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% EVALUACION DETALLADA

e Desplazamiento de juntas

N(C)

r

“ND)

N = longitud de apoyo

_8,(0)-2(D)
8(D)

Aa = desplazamiento permisible

A; = desplazamiento maximo inducido por efectos
de temperatura (acortamiento y fluencia)

Aeq = desplazamiento relativo maximo producido
durante un temblor



REDUCTORES DE MOVIMIENTOS

Diseno Conceptual

- FUERZA DE DISENO

- MINIMO DE 2

- ORIENTACION
PERMITIR MOVIMIENTO

- NIVEL DE CARGA PARA QUE FUNCIONEN



REDUCTORES DE MOVIMIENTO

Criterios de diseno
- EUA
. JAPON
Opciones:
- Cables

- Barras

Método de analisis

- Estétfco
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CALCULAR EL ALARGAMIENTO MAXIMO
PERMISIBLE EN EL REDUCTOR DE
MOVIMIENTO

D,= D, + Dg
donde:
D, = deflexion maxima permisible del

dispositivo de restriccion

Dy = deflexion de fluencia del dispositivo
de restriccion

Dy = holgura de la junta o articulacion
D, = sy L/E
donde:

oy = esfuerzo de fluencia del dispositivo
de restriccion

L= longitud de: dispositivo de restriccion

E = "mddulo de elasticidad del dispositivo de
restriccion -



Si D, > longitud de apoyo disponible, entonces

a) reducir la longitud del dispositivo de
restriccion

b) reducir la holgura

c) reducir el esfuerzo en el dispositivo de
restriccion |

2. CALCULELA SEPARACION LONGITUDINAL
MAXIMA PRODUCIDA POR EL SISMO EN
AMBOS LADOS DE LA JUNTA

* f— CIW
donde:

Ky = rigidez del claro o segmento de la
superaestructura entre dos juntas o

articulaciones

W = peso del claro o segmento

Nota: Se deben incluir los efectos de [a componente
transversal del sismo (D,)

VO



Con los valores anteriores se calcula el valor
maximo de:

*

Deq = Df +0.3 Dt

Deq =0.3 DE + Dt
donde:
D.q = separacion méﬁ;ima producida por el

sismo

COMPARAR RESULTADOS DE LOS PASOS 1
y 2 ' |

Si Deq < D; = no dispositivos de restriccion
— (minimo de 2)

Si D¢q > D, = calcular el numero de constric-

tores de movimieaty
DETERMINAR EL NUMERO DE CONSTRIC-
TORES DE MOVIMIENTO

N, = K, (Deq — D:)/F,A,

I+



donde:
N, = numero de constrictores

A, = area de la seccion transversal de un
constrictor

5. REVISION
*  Drer= CWI/K, +0.3 D,

* D= 0.3 C.W/K, + D,

donde:

D..s = separacion de la junta o articulacién, pero
con el dispositivo de restricciones ya
instalado

Si Dies = D, = ajustar N,

Si D; > D, = reducir N,

Si D, < D,.s > aumentar N,



CONSTRICTORES DE MOVIMIENTO

Aspectos constructivos

ACCESO
TRANSITO
MUERTOS/DESVIADORES DE CONCRETO

PERFORACIONES
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REFUERZO SISMICO DE SUBESTRUCTURAS

< ENCAMISADO DE PLACAS DE ACERO
% ACERO ADICIONAL

<+ ACERO DE PRESFUERZO

< AUMENTOS DE SECCION

% OTROS MATERIALES



EVALUACION PRELIMINAR DE LA RESISTENCIA
DE ELEMENTOS DE SUBESTRUCTURAS DE PUENTES



nl

Para tomar decisiones en cuan'o al tipo y nivel de rcluerzo sismico de la subestructura de un puente, es
necesario realizar una evaluacion sismica de la misma. Ll refuerzo se provee con ¢l objeto de minimizar la
probabilidad de colapso total y/o dafio estructural del puente.

En empalimes en regiones criticas, o por el desgastc prematuro del refuerzo fongitudinal, las columnas de
concreto son gencralmente, deficientes en ductilidad a la flexion, resistencia al cortante y resistencia a la
flexion.



METODOLOGIA

|. EVALUACION DL LA PILA POR CARGA MUERTA

2. ESTIMACION DE LAS PROPIEDADIES DE LOS MATERIALES
3, ANALISIS LATERAL BAJO CARGA SISMICA

IDENTIFICACION DIE PROBABLES MODOS DE FALLA

La

h

ESTIMACION DE LA RESISTENCIA A FLEXION

a) empalmes
b) articulaciones pia.iicas

6. ESTIMACION DE LA RESISTENCIA BAJO FUERZAS CORTANTES

~

REVISION DL UNIONES VIGA-COLUMNA

REVISION DE ZAPATAS
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RESISTENCIA ESTIMADA DE LOS MATERIALES

Es necesario conocer la resistencia y las caracteristicas de deformacion de los miembros de la subestructura. Asi se
obliene una mejor estimacion del comportamiento esperado. Se recurre a pruebas no destructivas en sitio,
incluyendo pruebas de compresidn en corazones de concreto tomados de elementos del puente.

Cuando sea posible, la resistencia del acero de refuerzo debe ser determinada con base en pruebas representativas y

confiables o con muestras adecuadas tomadas de la estructura del puente. Cuando las pruebas no sean factibles de
realizar, se sugiere utiliza: los ¢ rruientes valores de resistencia :

feaa=15F,
fa =111,
donde: f ., y fy, son los valores estimados de la resistencia a la compresion del concreto y la resistencia a la

fluencia del acero, respectivamente ; . y f, son las resistencias del material (concreto y acero) especificadas en el
proyecto ejecutivo del puente.



MODO DE FALLA DE LOS ELEMENTOS
Se debe identificar el mecanismo de deforimacion inelastica que puede ocurrir :

- flexion @ @M, 2M
-cortante : sV, 2V

donde ;

¢r = factor de reduccion por flexion
s = laclor de reduccion por cortante
M, = resistencia a flexion, estimada
V, = resistencia a cortante, estimada
M (., = resistencia a {lexion, requerida
V . = resistencia a cortante, requerida

Segun AASHTO : .
0.9 2(pr=09-2P/f A,)205

Otros reglamentos :

pr=1.0 CALTRANS
or=1.0 NUEVA ZELANDA
o= 1.0 JAPON



RIGIDEZ ELASTICA

Con este parametro se estiman los desplazamientos ultimos y los desplazamientos de fluencia de los elementos
dicliles. Cuando sea el caso, sc debe tener en cuenta la rigidez de las secciones agrietadas.

Miembros con articulaciones plasticas deben ser modelados con propiedades de rigidez elastica apropladas para el
nivel de fluencia correspondiente. De resultados de un analisis momento curvatura:

M

_ cm
lcﬂ' -

¢CNIE

donde M,,, ¥ $cwm son el mamer ~ y curvatura a la fluencia, respectivamente.



Mcm




RESISTENCIA A LA FLEXION

Se debe emplear un andlisis momento-curvatura considerando los efectos de confinamiento del nicleo de concreto
por refuerzo transversal y el endurecimiento por deformacion del refuerzo longitudinal.

La resistencia a flexion es el momento correspondiente a :

a) la deformacion por compresion de la fibra extrema de concreto €= 0.004
b) la deformacion por tension de la barra extrema del acero de refuerzo g,= 0.005

Concreto : Del andlisis momento-curvatura:

b="¢

C

donde: ¢ es la curvalura, €. es la deformacion por compresion de la fibra extrema y ¢ es la profundidad del bloque
de compresion. ‘

Acero : Cuantia de refuerzo en coelumnas :

1% <p, <8%  USA
08% <p, <8%  NZ
0.5% <p, <8%  JAPON



columno circulor

RECUBRIMIENTO

N /// ,/// //

,//ﬂ ////

N\o ¢

columna rectongulor



RESISTENCIA LATERAL DE LAS COLUMNAS CON EMPALMES DE REFUERZO
LONGITUDINAL

Cuando se diseiia para baja ductilidad, es probable que ocurra falla en los empalmes, excepto cuando las cantidades
de refuerzo transversal provistas son muy grandes.

La resistencia a flexion de columnas con empalmes en la base se degrada de la resistencia inicial (correspondiente a
la fuerza de tension maxima) a la resistencia residual M,,.

Para columnas con confinamiento transversal no efectivo, la capacidad de momento residual puede ser llevado por
la fuerza de compresion axial () en la columna, sin que contribuya el refuerzo longitudinal.

Para una seccion rectangular, la capacidad del momento residual (M, )}, basada en la fuerza axial es:

M,,, _ P( h'__a)
2

donde a = P/0.85f,b’; b’ y h’ son las dimensiones del nucleo residual de la seccion, es decir el nticleo de concreto
confinado por el estribo.

Para una columna circular, la resistencia residual correspondiente es:



donde x define el centroide de la curva de zona de compresion y D)’ es la dimension del nicleo, de centro a centro
del estribo alrededor de la columna.

Si el empalme es electivames ‘e confinado con refuerzo transversal la resistencia residual de la seccion se

incrementard. Una columna civ ular con refuerzo debidamente confinado sera capaz de desarrollar la resistencia
total a la flexion.

Ll refuerzo wnlmado puede detallarse con aros soldados o espirales conlmuos soldados cada vuelta, o con aros o
espirales doblados con ganchos estandar de 135°,






— zono de compresion

columna rectongulor

- 20n0, de compresidn

P D

columna circulor



CAPACIDAD DE DEFORMACION DE ARTICULACIONES PLASTICAS

Secciones sin empalmes del acero de refuerzo. En lugar del valor dado por :

Eeu = 0.004 + (1.4 gy B/ Tec )

donde :

ps = cuantia )

f.,, = esfuerzo de fluencia del acero de los estribos
yh ;

€., = deformacion maxima  tension en el acero

f .. = resistencia del concreto confinado

se recomienda emplear un valor de 0.005 para la deformacion Gltima por compresion g,

No se debe confiar en los efectos benéficos del confinamiento, a menos que este sea propiamente anclado con
soldadura o con ganchos en el nicleo, dado que los empalmes de aros (estribos) en el ntcleo de concreto pierden su

integridad una vez que la cubierta del concreto se astilla o deteriora.

En columnas, los elementos criticos son las articulaciones plasticas. El andlisis momento-curvatura debe ser
desarrollado para determinar la respuesta ineldstica apropiada para incorporarse en el analisis de colapso plastico.

Para secciones pobremente confinadas con g, = 0.005, el momento ultimo (M,) es aproximadamente igual al
momento nominal {(M,).



Durante el andlisis de colapso plastico, la rigidez elastica del miembro se calcula con la rigidez efectiva Eley =
M.,/$,. Cuando se forma la articulacion plastica en el elemento, se utiliza la siguiente rigidez efectiva reducida:

- Ml.l-_MlI
Bl = -

" g, -4,

L.a curvatura de fluencia es independiente de las relaciones de carga axial y de refuerzo, y su magnitud se obtiene
con :

D =245, +15%
¢, y

h=2.14c, +10%
by y

para secciones circulares y rectangulares, respectivamente; €, es la deformacion de fluencia del refuerzo
longitudinal, D es el diametro y h el peralte de la seccion transversal.

Secciones con empalmes de acero de refuerzo. Para secciones donde el empalime falla antes que la resistencia
nominal a flexion sea alcanzad- s necesario una ductilidad de curvatura p, =~ 8 para alcanzar la capacidad residual

M,.s. Donde la falla de empaln s ocurre después que la capacidad nominal M, es alcanzada, la capacidad residual
es desarrollada para una ductilidad de curvatura alta.



Momento

falla ductil
acero de
confinamiento)

curvaturao



RESISTENCIA AL CORTANTE

La resistencia al cortante de miiembros puede ser estimada usando las siguientes ecuaciones:

V, =V _+V_+ Vp
donde:

V. es la resislencia al cortante del concreto
V. es la resistencia al cortante del acero
V, es la resistencia la cortante resultado de la compresion del puntal diagonal

V. =k /A,
r A, Dot _
columa circular
_]2 s
: A F,D'cotd
-~ 7 - columna rectangular
5
V, = Ptana

donde:

A.=08A,
0 = angulo de inclinacion de I» ~rieta de flexion con respecto al eje de la columna ( 30°)

~

o
)



g

Ay, = area de la seccion transversal de uno de los estribos
A, = area total de una capa de refuerzo transversal en la direccion de la fuerza cortante

D’ = dimension del nicleo de centro a centro del estribo periférico para columna circular y rectangular

k = factor que puede ser expresado en términos del factor de ductilidad de curvatura .
s = distancia o separacion entre estribos, a lo largo del elemento

P = fuerza axial

o = angulo formado entre el eje de la columna y el punto donde se aplica la carga

Fuera de las zonas extremas de las articulaciones plasticas (extension de distancia de 2D o 2h), el valor de k
aplicable para py = | puede ser adoptado.



~
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CARACTERISTICAS DE DEFORMACION Y RESISTENCIA DE UNIONES VIGA-
COLUMNA

Sea p, el esfuerzo principa! de wasion en la union, el cual se calcula con

2
b = fﬁf..i\/(f.,—ch o
2 2 :

donde:
fv = esfuerzo promedio en la direccion vertical

fi, = esfucrzo promedio en la direccion horizontal
v; = esfuerzo cortante en la junta

Si p, = 3.5Vfc (psi) se inicia el agrietamiento de la junta

Si py 2 SVlc (psi) se desarrolla un ﬁatrén completo de grietas

Si la articulacion plastica se desarrolla para esfuerzos en el rango de 3.5VFc< p. < 53¢ (psi), la fuerza de fluencia
en la untdn incrementa con la ductilidad, y la falla de la unidn ocurre eventualimente.



hh

Si el esfuerzo principal de tension permanece debajo de la envolvente de resistencia, la unidon no limitara la
capacidad de ductilidad de miembros adyacentes. Sin embargo, si este esluerzo principal alcanza la resistencia, la
resistencia en la union se degru-iara.

Con la degradacion de la union es poco probable que ocurra una falla por colapso. Ya que puede ocurrir que la falla
de la union ocasione un mecanismo de colapso lateral de resistencia muy reducida.



CARACTERISTICAS DE DEFORMACION Y RESISTENCIA DE ZAPATAS

Estabilidad. En primer término se debe revisar el siguiente requisito de estabilidad :
p P+ W )l—ay2> M" +V'ly
donde :

¢ = factor de resistencia= 1.0
P = carga axial

M’ = momento [lexionante

V® = fuerza cortante

W = peso total de la zapata
L= loongitud de la zapata

a =(P+ W) /p, By

hy = peralte de la zapata

p. = presion del suelo

B; = ancho de la zapata

Si la cimentacion es claramente inestable, las condiciones de balanceo deben ser cuidadosamente consideradas.

Resistencia a la flexion. Para revisar esta resistencia es necesario incrementar el ancho efectivo b.y. Cuando se
provee acero de refuerzo superior e inferior, se recomienda que el ancho efeclivo se incremente a:



D, +3d;
eff
[30 "' 3dr
donde :

D, = diametro de la columna
B. = ancho de la columna

d; = peralte electivo de la zapat~

La dudtilidad de curvatura maxuina, y, la capacidad de rotacion de una articulacion plastica en la zapata, pueden ser
estimadas basada en la deformacion de compresion maxima de g = 0.005 o en la deformacion de tension maxima
de g, = 0.04,

Resistencia al cortante. Se recomienda utilizar el mismo ancho efectivo b,y que para la revision por flexion.

Uniones zapata-columna. Se utilizaran los procedimientos descritos anteriormente para uniones viga-columna
pero utilizando el siguiente ancho efectivo :

Dyer = V2D para columnas circulares
bier = h + b, para columnas rectangulares

por lo que cl esfuerzo cortante promedio v, en la junta se calcula con :



th

Viv ™ vjv / bjcl" hf
donde :
V;, = fuerza cortante en la union zapata-columna

Falla del cimiento como un mecanismo de respuesta aceptado. In todos los casos la zapata debe ser capaz de
soportar la carga gravitacional de la columna durante y después del sismo. Cuando ocurre un daiio severo de la
zapala asociado con la formacién de una articulacion plastica, la region central debe ser capaz de soportar |a carga
total transferida de la columna.

Cuando se asegura el soporte de la carga gravitacional, el disefiador puede escoger deliberadamente tener dafio

considerable en algunas o todas las columnas y considerarlas articuladas durante el analisis de colapso plastico
global.

Capacidad de los pilotes. Cuando se estima la resistencia lateral de cimentaciones con pilotes o cilindros, la

resistencia lateral provista por estos elementos debe ser considerada en la estimacion de la capacidad de carga de [a
zapala. :
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< EVALUACION DETALLADA

¢ Fuerza en los apoyos

V =

» PILAS

_V©

v
Cortante

Formacioén de articulaciones plasticas
Modos de falla

Momentos elasticos
Momentos ultimos

revisar r =M(C)/M(D) para el momento

. la(C), ., .
revisar r= *r' para el anclaje
la (D)

A,(C)

revisar r=
A (D)

r' para los empalmes

revisar r para confinamiento transversal
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Present Criteria |1 Gates)
INTRODUCTION

Fhe following discussion presents US seismic design view from two primary
perspectives The AASHTO code viewpaint, which refers to the currant
veision of the AASHIQ seismic cade (1) which was previously known as the
Seismic Design Gurdeling and earlier known as ATC-6, herealter referred to as
AASHTO  The second viewpoint, the current CALTRANS code(l), (used by
the State of California), is very similar to AASHTO in many respects and
hereafter will be referred to as CALTRANS. It is the intent of thit paper to
discuss primarily the above two criteria but there are currently several bridge
designs and retrohts underway in the US which apply & modified code which
departs somewhat from either of the two above major codes. These departures
will also be discussed in this paper.

1. DESIGN PHILOSOPHY

The basic design philosophy of both major US codes is to prevent collapse
under 2 major seismic event, The AASHTO code indicates that:
“Bridges and their components that are designed to resist these
forces and that are constructed in accordance with the design
details cantained in the provisions may sulffer damage, but
should have low probability of collapse due to setamically induced
ground shaking”.

The CALTRANS code, while not specifying this directly in their code, does use
similar wording in Memos and commentary material.

A secondary philosophy is also spelled out in the AASHTO code:
"Small to moderate earthquakes should be resisted within the
elastic range of the structural components without significant
damage"”, :

Although implicit in the current CALTRANS code, this secondary philosophy is
not spelled out directiy.

1.1 Evaluation of importance_of the bridqgs

The AASHTO code currently defines two importance categories as follows:
1 Essential Bridges
1. Other Bridges

AASHTO only requires the application of the importance classification to bridgas
located with a seismic coefficient greater than 0 29. Classification of Essential
Biidges {IC Classification 1) is based on social/survival and security/defensn
requirements;
“An tmportance Classification {IC) thall he assigned for all
bodges with an Accelaration Coefficient greates than 0.29 for
the purpose of determining the Seismic. Priformance Category
(SPC} in Sec 3 4 as follows:
1. Essential bridges - I1C = 1
2. Other bridges - I1IC - 1}

Bridges shall be clasyiflied on the basis of Social/Survival and
Security/Defense requirements, guidelines for which are given in
the Commentary.”
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The current CALTRANS code does not specifically address importance in the

criteria. The assumption made at the time of the development of the current

code (in 1973} was that all bridges were important. Recommendations by the
Loma Prieta Investigation Board (J) require CALTRANS to address this issue,
future codes at CALTRANS will specify importance in terms of amergency and
economic need to the community.

Currently CALTRANS is developing guidelines for evaluation of bridqes for
seiamic retrofit and are proposing 2 three tevel importance classification a3
follows :
Category | -- Essential structures for emergency response
Category 2 - Structures necessary for recovery
{determined hy cost-benelit evaluation)
Category 3 -- Structures needed for normal operations (others)

1.2 Definttion of limit states and‘their probability of accurrence

Both the AASHTO and CALTRANS codes do not specifically address this issye.
Implicit in both codes 13 the fact that a yield himit state will gccur in column
members. AASHTO assumes the probability of the elastic design force levels
not being exceeded 1n 30 years is in the range of 80 to 95%. However,
AASHTO states that;

"_.the design earthquake force level by itselfl dors not determine

Fisk; the risk is also affected by the design rules and analysis

procedures used in connection with the design ground motion™.

AASHTO provides additional material on thls in the commentary to the criteria.

CALTRANS does not make any p-obabilistic assumplions, their cods is based on
deterministic methods defining a maximum credible event where return periods
vary from hundreds to many thousands of years, depending on the parlicular
fault adjacent to the site. Additional discussion is provided in their
commentary material to their specification.

This particular contideration in the various US eriteria is currently undergoing
change. For example the Transportation Corridor Agency in Orange County is
building a new privately owned toll facility in Orange County(4}. Their design
return period about 2500 years which compares favorably with the CALTRANS
values for the region under consideration. Various groups evaluating the
current AASHTO criteria are alto investigating the possibility of increasing the
return period of the design motion.

The recently issued recommendations by the Loma Prieta Investigation Beard (3)
requires CALTRANS to perform a comprehensive seismic safety assessment of
each major toll crossing. The first step recommended in this process is to
perform a seismic hazard analysis to establish the ann.  probability of
exceedance relation for peak free-field ground acceleration on firm soil and/or
bedrock at the bridge sites. :

1,) Basic_deslan_choices: structural systems, hridge_\xge:, Isolation _or
dhasipation devices

Bridge designs in the US fall into two general categories:
1. Menolithic systems
2. Girder/bearing systems.

. . : .
faternational Workshap on Seismic Design and Retrofiting of R.C. Tiidaes _

i tems with cofumns
re generally concrete glrdt.:r sys : -
th ?he superstructure. Girder/bearing sy:s!emq utilize
biy installed at the superstructure soffit level,
and/or cap beam substructure.

The monolithic systems 2

constructed monolithic wi

some lorm of bearing assem

separating it from the column
he US the girder/bearing system

" new"acmhes'h':he Eat:\‘:r:e:j!:rrtl:mljlso,' lth‘: monulllh'f:: conl'igu.rat'!on is more

Predommaiﬂ.hw I:t ms ar;ppar to be approxilnatf:ly equally seismically resistant,

hoaver 'noﬁlh:: c:‘sne it Is generally accepted that su.per!tructures must be

howlui:::n:: :s much as pouit;1e in order to minimire joint pull apart and

con

subsequent collapse.

imi in the US, with
i h atly somewhat limited use in ¢ . Wi
o asra?:‘:s ayrgtrom measure and a few m:llzfﬂat'uonl in
AASHTO recently adopted a Guide. Specnflncahon for
le as an oplion on 3 Nationwide basis(5)

The use of base isola‘
about 4 installations an Califo
tr
other parts of the country :
base isalation which will be availab

2. SEISMIC ACTION

ation_{ground_acceleration and fraquency_content]

Both US codes utilize 59 damped acceleration rrsp;ont:)e stp;cttraslc:eg::‘i;’e el;!ht‘l’c
: i o .

ign f s over a period range of abou el
E\L.;nsrlﬁ?gecrti))dedesz;gglraor:ree based on basic spectra defined for buildings (6).

2.1 Definition of qround m

i be uted with regional
i for 5% damping were deve!oped. to )
oo :I“::m;’;:t::t 2' response spectra for a maximunt ground at':ce:‘erl:ilrl‘on
m:%’ig i!n shown in Figure 1. This represents the maximum level of shaking
of 0.

specified by the criteria.
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Fig 1 AASHTO Ground Motion Spectra for A = 0.4



10 i ‘
Internationaf Workshop on Seismic Design and Retrofitling of B C. Prid
T g—r'——g“s

;Tph: lCALdTRANSi spectra wers deyelo
c ] ;
ra derived from several California earthquakes recorded o k

N orock, Rock

OCCC'EI“I!IOH fevels var rom a r
¢ ' A Y 1 0.1 t 7 T ALT
1 " ; ) h ; ; 0 Q he C LTRANS ock 1pectra (1 tlo

" —ffn
———
7]
——
an St [ it St Spuary |
- - % Aty
L’. — W o P Al ATt
" -]}
- —_—
LX) 13 —
—_——
: T & ] _ o' - 10 ARnwm
R Bt EEE—
-«
n - | A-A-S SPECTRS T/
" —_—
" —_—
— _—
— ]
a LLI B, - ——f——
— _
_—_—
L1} A—— —_—
i ——
—_
a N i, T - —
. e
" _—
as e
=Rt
LTIV T m " e =S R r——
' A
Lr]

Portad of Srucha (Sec) T

Fig. 2 CALTRANS Rock Spectra

2.2 Effects of s0il conditions

Characterization is based on ATC-3 soif typas (ey? 2nd Sands This

CALTRANS utihizes 4 .

) categories to d
rock-like material- 0 ¢ escribe various depths of
150 feet in depth. 0 T2t 10 to B0 feet, g

alluvium over
B0 to 150 feel, ang greater thanp

Both criteria recognize
spectra for spacyal sitrs. The CALTRANS
!peclf" spectra when site condi!lons- and ‘t .
Slle‘: adjacent to active faults o
conditions, unusyyl structure l'
!und_amentnl Period greater tha Y
lplecl?l Cases. In such cases §
seismic load: by utilization of'a
dynamic analysiy techniques . "

’

e developmant of “srte- specific’
feleria parpnts the dth‘|r)nr;lﬂn1 {
- fcture mpartance warraniyg ¢
sites with unusual geologic )

Pes, and structures with 3

3.0 seconds win be considered
structures shall be evaluated fo

pproved soil responge and ’
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2.3 Assumptions on the ground motion at the base of differapt plery,

All current US design specifications assume equal motions at each support.

Several of the larger California Toll bridges are currently being evaluated using
state-of-the:art techniques neluding the consuderation of variation of support
motions (or coherence) along the length of the structure, Hopafully the rasults
of these studies will better define the practical limits where such refinement in

analysis is required.

2.4 Treatment of yertical acceleration

Vertical acceleration is currently not directly specified in the two major criteria
in use in the US, Both codes specily hold down requirements for resultant
uplift forces obtained from the horizontal loads as follows;

"Hold-down devices shall be provided at a!l supports and

intermadiate hinges where the vertical seismic force (from a

horizontal seismic load) exceeds 50% of the dead load reaction,

The hold-down device (when required) shall be designed for the

greater of 10% of the dead load reaction or 1.2 times the net

upward force.”
CALTRANS standard superstructure expansion hinge details provide for uplift.

The retrofit of partions of the San Francitco Viaducts are being parformed
using a vertical spectra of 0.67 times Lhe horizontal. It is expected that future
criteria in California will contain vertical load considerations.

3. PROCEDURES OF ANALYSIS

3.1 Linear static

Both AASHTO and CALTRANS permit the use of a linear static analysis.

AASHTO specifies a more complex procedure based on a generalized coordinate
approach.

CALTRANS specifies a simpfe uniform load appreach  CALTRANS also raquires
that the static_load approach always be used to determine forces in longitudinal
restrainer systems. '

Both codes restrict the use of the static load approach to simple framed

structures where a singte mode of vibratron in the direction under consideration
can accurately replicate the results of a simple modal analysis.

3.2 Linear dynamic_{Modal_Analysis)

Both AASHTO and CALTRANS permit the use of linear dynamic analysis.
AASHTO specifies in greater detail the number of nodes to be used in the
model CALTRANS uses the same numbers in their models, however they have
no written specification  Mationally, there it a very small percentage of
bridges being designed using linear dynamic analysis procedures. however
usage is slowly growing as 2 result of the complexity of the AASHTO simplified
model, the availability of a simple and easy to use dynamic snalysis tonl
(SEISAB), and the recent adoption of the AASHTO Guide Specificatior "~ the
required specification for Nationwide use.
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CALTRANS has automated the hinear dynamic roced . )
being vsed on virmallg every bridge, The program ';el F:ct,,l[;tel'fot;n" where 't. is
conjunction with an efficient Pre-processor call RAG fo genaral ellng used in
specitic model which can be utilized for all horizontal losds melod s oo
temperature, and centrifugal forces as well as sersmic tnclhiding wind,

Uncracked section properties are ulilized in the space --am del
* mode

3.3 Nenlinear

Neither US code currently specifiss 3 n
on-lhinea i
this a3 a methad, but no specific guid-li,.”' :rer ::‘:,'::;:d Both codes altude tg

CALTRANS is current! i
C : Y eva!uahng several larqge toll i i2i
llne;lr and non-hne?r alnalysis Hopefully the‘r'uulubg:fld?hp: utiliting bo_“‘
lena’e 3 better definition of what structure configurationy se studies wil)
evels will justily this refinement of analysis © wines and force

3.4 Foundations abutments) snd 19il struclure interaction

Both AASHTO and CALTRANS re i
A : . cognite the need to ¢ i
:(:'g&;‘k‘ in the analytical model. CALTRANS “wmﬂoins':::: the abulmenAl
KSF fin per linear foot of abutment with a maximum for l; tatiy Cauivalent
on mobilized abutment structural membars c¢ imitstion of 7.7

Pier footings, whether |
. ocated on rock or pi
o r piles are usuall i
bl T“ ;ounded on very so_fl.' materialy, Large diameter ﬂ:ﬂcto?sld"ed xed
dlyred assuming soil springs a3 a lateral support oundations are

4. DUCTILITY LEVELS

4.1 Bridge types

Both AASHTO and CALTRANS define ductil;
 / i vctility 1 i i

épaectl;ucsconép:iv;n'l and suhs}ruclure configut:t?::i‘. t':rA;eHdTuCc)hlon“l) Narerms of
";ec"i“." AL RANS reduction vaiues can be as high as 8 C;’{’-"T; vary from
tpec colu:m’n: esbm their commenl?ry that a basic ductihly'of 4iva ANS
b otum embers and then a risk of up to 2 it applied de d e Jor

) re configuration and sire AASHTO us ing e oo O the
entire period range ' €3 2 single value over the

R!tlofl‘ and repl:cemenl nalysi f the San Franc tco
analysis o i i
I it : l rsc VIIdUC[! utilizes an

4.2 Cuyryature ductility

Curvaiur! dl-ll:h“ly it not g ifi i i r r Fta It '\I] been [3TH d
. pecified in eithe UsS ¢ ite e utrize
in special Cases o jevery P 2 Californi etrofi l;ro;ects includ th
n eral im, ortant ifor ar fit ng ose

4.3 Displacemsnt ductility
Displacement ductility is not normally computed.
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It is assummed that it Iy
approximately equat to the force reduction factor. Effort is currently underway
at CALTRANS to implement displacement duclility calculations on a routine

banis.

4.4 Force raduction factors
The force reduction factors used by AASHTO are shown in Figure 3

Subutuciure! [ Conncctions R
Wall-Type Prer? 1 Supetttructure 10 Aburment o8
Reinforced Conciete Pile Bents Ecpannan Joints within
v Vernical Pies Only 3 s Span of the Superstructure 08
b One or more Batter Piles ? Columns, Pices or Pile Bents :
h] to Cap Beam or Supersructure’ 1 0
10

Single Columns
Stee) or Compaotite Steel
snd Concreie Pile Bents

Columns or Prers to Foundations?

s Vertical Palex Only ]
b One or mote Batter Piles ]
Muyluple Columa Bent 3

! The R Furios 11 10 be wwed for both onthoganal ates of The wbstiruciure.
1A wall 130 pict mas be derigned as & column un the wead direction o the phee provided all the proviions

Tor columnt i Chapier B pre followed The R Fuactor for & ungle moluma cam Ihen be wied
s be dcvigrad lor 1he

For dridger clinified a1 SPC Cand D m ded that the
masimum lorces capable of being developed by plastic hinging of (he column or columa beat &3 ipectined In

$rc 4 85 These loroes wiil ofies be ugmificanily less then those obiained waing 8a R Factor of |

Fig. 3 AASHTO Response Modification Factors (R)

The Force reduction factors used by CALTRANS are shown In Figure 4.
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Fig. 4 CALTRANS Adjustment for Ductility and Risk Assessment Faclors {2}
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Seat width (N) is specified as follows

In Categories A and B rones (Low tersmuc):
N=8-+002_ ¢+« 0081 {inches)

In Categaries C and D rones (High sarsmic)
N =712 « 0,031 » 0 1211 (inches)

Where
L = Length in Feet brtween expansion joints and,
H = Height in Feet of the column or pier

CALTRANS does not specify seal width in their specification, however the
AASHTO seat width specification is mentwned in commentary and support
material {or abutments, This specification is also applied to larger structures.
CALTRANS uses a 24 inch minimum seat on all bridges. Also at CALTRANS,
additional seat width it recommended at abutments on high skew.

4.6 Second order effects (pi dalta)

AASHTO requires that moment magnification and slenderness effects be
considered as part of the seismic loading case. CALTRANS does not Include
this refinement in their calculations. HNeither code specifically requires the
consideration of other second order effects, however CALTRANS recommeands
maintaining a KL/RA ratio of less than 100 on all column members.
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Design Detaila [S A Mahin]

1. PRELTMINATY REMARKS .

achicvement of satjiafactery structural performance in the event of
rare and vunusually severe earthquake ground motions depends on a
wide wvariecty of parameters. Possibly none of these parameters is
more important than the selection and implementation of details to
achieve ductile response.

This paper reviews the basic detalling, proportioning and related
designh principles incorporated in the design of reinforced concrete
bridge structures located in regions of high seismic risk in the
United States, with an emphasis on speclifications adopted by the
california Department of Transportations {Caltrans).

The basis for the design of reinforced concretes bridges 4in the
United States is Standard Specjfications for Highway Bridges as
promulgated by the American Association’ of State Highway and

Transportation Officials (1987 edition [1]). Calitorqia bridge
design practice is governed by Bridge Design Specifications ({1990
edition (21). The California specifications are in large measure

based on Ref. 1, with various sections, especially those related to
earthquake resistant design, modified to reflect California design
conditions and practices. In addition, a series of memos to
designers [3-7]) have been developed by Caltrans to deal with
specialized design details and standards, such 8s restrainers st
hinges and bearings, abutments, earthquake retrofit of single column
bridges, and so on,

Some of these details and guidelines are summarized herein as
applicable to Californja. Wheré appropriate, comparisons are also
made to code recommendations for reinforced concrete ta.ldings [8]).

2. MEMBER PROPORTIONING AND DETAILS

2.1 Basic Parameters and Choices for Member Proportioning

The basic U.S. and Caltrans design practice is to design structures
capable of resisting small to moderate earthquakes with 1ittle -or o
damage and maximum credible events with no serloug damage or
collapse (9}. Thus, while essentialiy elastic behavior is expected
for moderate level excitations, damage associated with fnelastic
response is anticipated in the event of a large earthquake. It |«
the intent of current Caltrans design practices to limit damage to
repairable levels and to have important interchanges remain operable
following a major earthruake.

To achieve these performance goals Caltrans usually adopts a moment
tesisting frame system for resisting earthquake induced loads.
Ductile details are implemented in the frame to impart the desired
degree of member ductility. Caltrans also adopts capacity design
Principles to insure an overall ductile system response. hs
Currently stipulated, design provisions tend to concentrate damage
(flexural plastic hinging) in columns, and to minimize jrelactic
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behavior in the bridge decks, bent caps, joints and foundations,
Localized damage in abutments is anticipated by current Caltrap,
- provisions.

Monolithic structures have become the standard of practice i,
Californja. Special details are required at all expansion joints,
hinges and abutments to prevent unseating during earthquakes.

To provide a more rational means of assessing member ultimat,
capacities and the distribution of forces in the structure during
earthquakes, Caltrans stipulates that the earthquake design of
concrete structurcs and members be performed uslng strength methods
The design forces are determined for critical members, typically th,
columns, using results of elastic dynamic analyses based on response
spectrum for the site correspending to the maximum credible
earthquake. These elastic forces are reduced by a response
modification (ductility/importance) factor, £, accounting for the
inelastic deformations permitted in the columns and other elements,
The value of Z depends on the importance of the structure and member
as well as on the period and perceived ductility capacity of ths
structure.

Within these general guidelines a wide variety of structural forns

are vtilized. 1In cCalifornia, aesthetic considerations have an
important role in the selection of member shapes and proportioens,
For example, drain pipes pnd wutilities may not be exposed,

necessitating the positioning of these items within structural
members. Similarly, rectangular columns are only infrequently
employed, with more complex and aesthetically appealing shapes being
preferred. Typically, columns are flared, rather than being
prismatic, and octagonal or circular cross-sectional shapes are
favored (Fig. 1). Hexagonal columns and rectangular columns (with
beveled corners) are wused in some special cases [10]. Simple
prismatic columns are only recommended by Caltrans for “multi-colur:
bents, bridges with low public exposure and highly industializes
areas." Architectural treatments in the form of texturing, insets
and fillets on the column surfaces are frequently wused where
pedestrian and vehicular densities are signifizint. In spite o!
these complexities, wuse of standardized column sizes and shapes |is
encouraged by Caltrans for aesthetic, economic and practical
reasons.

Pier walls are also utilized in some situations. These are definel
as vertical elements with hdights less than 2.5 times the width
Again, tapered or flared geometries are most commonly used (Fig. l}-
Although ductile details are stipulate for these elements, their
relatively poor behavior under seismic loading conditions has le?
Caltrans to utilize forces 2 to 4 times greater (i.e.,, a lower I
factor is utilized) than for ductile columns.

Bridge decks are monolithic. Generally, box girders with either
vertical and inclined edge girders are utilized. The depth of ¢
continuous box girder section is typically egual to the span divided
by 18. Vertical deflections due to live load plus impact 2art
limited to the span length divided by B0O!.
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Fig. 1 Typical Column and Pier Geometries

2.2 Foundations

Foundations 2are either of the spread or pile type. Pliles are
constructed from timber, concrete, steel or cast-in-drilled-hole
(CIDH) concrete. Friction and point bearing may be considered as the
load resisting mechanism for pile foundations. Piles may ba spacer
no closer on center than twice the largest sectional dimension of
the pile or 3 ft. (910 mm}. Friction piles may be considered able to
resist an intermittent =seismic uplift equivalent to 50% of the
pile’s ultimate compressive -load capacity (providing proper
provision {is made to anchor the pile to the footing and sufficient
skin friction can be developed). The Commentary to Caltrans’ Bridrge
Design Specifications stipulates against the allowance of wuplift
forces for =saturated cohesionless soils, because of the possible
loss of frictional resistance due to the buildup of pore-water
pressures during ecarthquakes,

Standard details are utilized for piles. With the exception of cast-
in-place piles, details for confinement and shear reinforcement do
not conform to ductile detailing requirements imposed for columns
above ground. However, special analysis is required for moment,
shear, axial load and stability vhen piles are embedded in soils
¥with measured standard penetration resistance values of 10 or less.
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Footings are typically reinforced top and bottom in both directioen
and minimum reinforcement is stipulated for shear. A typical detaj
is shown in Fiq. 2. Design loads for footings are based .
capacity decign principles,  a.e.,  the moment and sheae dmduced g,
the supported column is taken as the lessor of the forces  resultj
from plastic hinging in the column, or from thr clastic rnﬁponQ
spectrum analysis of the structure plus dead load. The plastic hinge
capacity of the column is taken as 1.3 times the nominal capacity o
the critical section. The capacity reduction factor for footings
(and piles) is taken as unity. Thus, yielding 1is expected ¢,
initiate in the colunmn and the footing is designed to be able ¢4
develop the full plastic capacity of the column.

A top layer of reinforcement is provided both ways in all foolingg
to resist uplift and bending effects. This layer of reinforcement j.
often contrelled by the minimum flexural reintorcement requirementg
for concrete sections, rather than by computed internal forces.

The need for shear reinforcement in feootings 1s computed as fo-

flexural elements. However, no distinction 19 made 1n the capacity
reduction factors applied to flexure and shear. Thus, no apparent
preference 1 made regarding the possible eventual failure

(flexural vs. shecar) moede of the footing. Hone the less, a minimuz
amount of shear reinforcement is stipulated for all footings in ,
band located near the column. Vertical hooked ties (Mo. 5S)  are
required at 12 in. (305 mn} spacing in each direction in a bani
extending from 6 in. (153 mm) away from the column face to ,
distance away from the column face equal to the effective depth of
the footing {see Fig. 2). These ties must be hooked around the top
and bottom layers of flexural reinforcement in the footing. ‘This
steel is intended to prevent delamination of the footing due to
tensile yielding of the c¢olumn Jongitudinal reinforcement. 1t
undoubtedly plays an. important role in resisting the anchorage
torces developed by the hooked column bars terminating in the
footing.

The connection of the column reinforcement to feooting is called ou
for special attention by the Caltrans’ Bridge Design Specification.
When a moment connection is provided, the column longitudinal bars
must be anchored by hooking them at the battom of the footing (Fig.
2). Typical design practices have the hooks turned outward. The
commentary to the Caltrans’ specifications indicates that it is
preferable from a performance perspective to turn the hooks inward,
but that outwardly turned hooks are used in practice in order t2
provide a more stable base for supperting the column reinforcenent
cage during construction. The adequacy of this detail remains to be
evaluated.

In many cases columns are intended to be pin connected to the
tootings (see Fig. 2). In these cases, a minimum of four bars ate
used with a combined area of not les. “han 0.5%Y of the gross are?
of the supported column. The required shear capacity of the pin is
based on the plastic shear demand pr vided by the column or the

force resulting from the elas: - (u.. duced) earthquake responst
’
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spectrum analysis (which ever is less). The shear capacity of dows|,
passing through the center portion of the connection is estimate.
as: : .

v, = A\rf fn}.'l (1,

where A, is the area of steel provided in excess of that needed f.,
compression loading and p is the friction coefficient (p eguals |,
for monolithic concrete and 1.0 concrete cast against a roughengg
but hardened concrete surface. If uplift is developed in a pinpes
connection, an additional area of steel must be provided to resjg
the full applied tensile force with a capacity reduction factor g
unity for sgeismic loading. The tensile design force is computey
based on equilibrium considerations for the case where plastj
hinges occur in a1l of the columns (plus dead load). The large she,.
and axia}l forces associated with plastic hinging in the colupm,
frequently necessitates the wuse of clusters of rebar bound 1n ,
spiral cage, or steel H-beam dr tube sections, instead of th,
traditional grouping of a few unconfired, large diameter, rebars
near the center of the column. ‘

2.) Abutments

The selection of abutment type depends on the needs for structura
support, structure movement, drainage, structure approach apd
earthquake effects. 5ix priﬁcipal types of abutments are utilized,
but two are the most common: diaphragm abutments, and short seat
abutments (Fig. 3}. Both of these types of abutment are usually
placed at the top of thé approach embankment in order to provide the
structure with a relatively open appearance. Support for the
abutments is provided by spread footings or piles, depending o
loading .,and soil conditions. The main difference between the tuwe
types of abutments is that the seat abutment permits relative
movement between the superstructure and the embankment, and the
diaphragm abutment dces not.

Wingwa ] Wingwafl +
Barm = “— Beaanng
5 Barm
Pres (Optiona) |- Pies (Optionad ] L)
Monolithic Abutments Seat Type Abutments

Fig. 3 Common Types of Abutnmants
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piaphrags abutments monolighically connect the superstructure to the
supportinq piles or fqot!ng. This integral behavior facilities
resistance of large seismic loads. While this type of abutment |is
economical, 1t often requires substantial long term maintenance due
to settlement of the approach roadway relative to the abutment and
due to potential erosion of the embankment resulting from water
intruding in the joint between the diaphragm abutment and the
approach roadway. Special details can be employed to alleviate these
roblems. Hone the less, this approach is most commonly utilized in
relatively short structures (spans less than 400 ft. (123 m).

The short seat abutment permits the superstructure to move
independent of the abutment. As such, the abutment is designed as
an independent structural element for relatively low forces. The
road surface usually rests on top of the abutment, eliminating
problems associated with settlement and water intrusion in diaphragm
abutments.

caltrans design procedures anticipate earthguake damage to the
abutment. Design forces and detailing provisions are intended to
limit damage (a 2 factor of 2 is employed (see Fig. 4)) and prevent
loss of support for the superstructure. Typically, the design \is
done such that the damage is localized in key ways or in the
abutment backwall so as to minimize damage below grade.

Well conlined ductile
mulu column benus

H \,\
~ Well cunl'u::-d ducide

ringle eolumn benti™~_} (3 0)
Y Piers Abutment Walh, and Wingwlli (2= 2.0)
§ Hinge restrainer cables (t - 1.0)
4 1
— ! |
v ell reinforced concrete Shear Keyt (12 0 1)
0 t t
DOolos060Y1D 10 30

PERIOD OF STRUCTURE (Sec) (T)

o™

(]

ADJUSTMENT FACTOR (2)
|

Fig. 4 Responee Modification Factors for Importance and Ductility

2.4 Provisions for Deck Joint Seismic Movement

A positive restraint mechanism is required at all deck hinges and
expansion Jjoints in order to limit relative displacements and
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minimize the possibility of unseating. 1In the transverse directig,
keys are generally utilized. Restraint {n the longitudinal directie,
is generally provided by flexible, wunidirectional devices which Can
limit superstructure displacement. longitudinal restraint at tha
abutments is optional depending on site conditions, abutment type
and the need to limit overall displacements of the structure.

often multiple post-tension strands are ““*llized by cCaltrans for th,
longitudinal restrainers. A minimum of cwo restraining wunits ar,
required at an expansion joint, one 1w v each side of the deck.
minimum of four and a maximum of -~ven bles per restraining unijy
are recommended on the basis of practical considerations, the likely
strength of the deck and test results.

The design criterion for restrainers and keys at Intermediate hinges
requires them to 1»m1in elastic. Keys at abutments are permitted tp
yield to limit damage in the abutment and foundation.

7. REINFORCEMENT DETATILS

1.1 Typical Material Properties and Reinforcement Ratios

Bridge =structures arc designed using Grade 60 deformed bars. Plain
bars and smooth wire may be used for column spirals and ties,
Prestressing steel is permitted, but not as a part of the critical
earthquake load resisting systéam that is allowed to yield.

The ACI code [8] contains requirements for the minimum and maximun
ultimate strength of the bars, as well as for the minimum vyield
strength of the reinforcement. The omission of such requirements
from the Caltrans’ Bridge Design Specifications may not be generally
significant in view of manufacturing practices in the U.S.

Concrete with a minimum strength of 3250 psi (230 kg/cm?2} is
stipulated by Caltrans. Special gquality assurance measures are
required for strengths equal to or greater than 6000psi {420 kg/m2),
Mormal weight and light weight concrete may be used. HNo limit is
apparently placed on the strength of light weight concrete, unliike
the ACI which stipulates a maximum strength of 4000 psi (280kg/cm2)
for lightweight concrete.

3.1.1 Flexural Members .

The maximum reinforcement ratio permitted in flexural elements s
limited to 75% of the balance ratio considering the beneficial
effects of any compression steel. Since it is not expected that
flexural members will signiticantly yield for bridge structures,
requirements for {flexural elements are far less stringent in
References 1 and 2 than in the ACI ctode [B]. For example, the Bridge
Design Specifications do not mandate minimum ratios for compression
reinforcement, minimum ratios of positive to negative moment
capacities at critical moment locations and so on.

-

Moreover, bridge seismic detaliling requirements fare far less
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demanding than the ACI code with regards to the need for and amount
of continuous reinforcement in flexural members. However,
requirements for side face crack control reinforcement require that
a minimum of one Ho. B bar be placed 1n the top corners of all
girders with a depth greater than 2 feet {610 mm). Additionally, 10%
aof the tensile steel provided at any section along the length of the
pember must be distributed across the sides of the member. (The 1989
Acl Code has been revised withH regard to the amount of side steel
required.})

A wminimum amount of tensile longitudinal reinforcement is required
at locations in flexural mwembers where tensile stresses are
computed. Reinforcement able to resist the lessor of 1.2 times the
cracking moment or 1.33 times the computed design load is required.

For continuous flexural members a minimum of 25t of the maximum
apount of flexural reinforcement must be continuved into the support.
This reinforcement must be anchored to develop the full vyield
capacity of the bars.

A minimum amount of shear reinforcement is required in all members
(except slabs and footings) where the computed shear force exceeds
43t of the nominal shear capacity of the concrete. Where this value
is exceeded, stirrups should be provided to contribute 50 psi (3.5
kg/cm2} to the ultimate average shear stress over the section. The
maximum spacing of shear reinforcement is half of the effective
depth of the member or 24 inches {610 mm) which ever ls less. In the
lateral load resisting system,. shears are computed considering
equilibrium for plastic hinging in the columns,

1.1.2 Columns

"In columns the reinforcement ratie (total area of long’*udinal steel

to effective area of the column} is limited to a range between 1 and
@ percent. The ACI Code limits the maximum reinforcement ratio to
6%, Where architectural treatments increase the cover the Bridge
Design Specifications permit the effective area may be arbitrarily
reduced to satisfy the 1% requirement {provided the design load can
still be carried).

For spiral columns 2 minimum of six bars are to be used. Four bars
can be wused in the case where rectangular hoops are used for
transverse reinforcement. Rectangula: columns are usually reinforced
vith overlapping spiral cages (see Fig. 5). A minimum overlap of
between adjacent spiral cages shall not be less than 0.5 cage
diameters. At least 4 longitudinal bars shall be located in the
overlapped reqjon.

The shear capacity incolumns is estimated identically by the AC]
and Caltrans’ specifications. Shear capacity of the concrete is
increased with axial compression and decreased for axial tension. At
the plastic hinge rtegions Caltrans stipulates that the concrets
Shear strength should be be varied linearly from zero to 2 \{'c as
the axial 1load increases fron zero to 0.1f°cAq, where Ag is the
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Fig. 5 Ductile Column Details

gross area of the section. Where the axial stress intensity 1s
greater than O0.1f‘’cAg the normal shear relation is used for
concrete. The contribution of the steel is based on only the
transverse steel in the core and the effective depth of the renher
is taken to be 80t of the dimension of the column in the directior
of the applied shear. The Caltrans specificarisns do not szy what
should be done in the event of tensile loads. Current ACI
requirements stipulate that the contribution of the concrete be
taken to be zero for axial loads less than 0.05f'cAg. This results
In the ACI beving more cancervative for loads Yesn that 0.0l R and
less so tor larger loads. However, given the limited amount ol
experimental data on this range of behavior,. greater refinement may
be unwarranted at this time. .
In pier walls the minimum reinforcement ratio is 0.7°% percent
Spacing of bars on each face shal., is 1 ted to 12 n (100rnr)
More stringent requirements are placeu on the plastic hinge regicon.

3.2 Critical Reqgions

J.2.1 Flexural Members

As indicated previously, bridge design philosophies in the U.S.
envisioen yielding to take place primarily in the columns. As such,
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few special  earthquake provisions are stipulated for ductile
detailing of flexural members. The Bridge Design Specifications

indicate that transverse reinforcement must be provided for
compression reinforcement used to increase the flexural strength of
pembers (Ho. 4 stirrups for Ho. 10 and larger bars, spaced no more

than 16 bar diameters on center).,

However, the maximam spacing of lateral reinforcement for
compression members is stipulated to be the smaller of 1/5 the least
dimension of the cross-section, 6 times the nominal diameter of the
jongitudinal reinforcement or 8 inches (200 mm). The maximum spacing
petween longitudinal reinforcement in compression members is limited

to 8 inches (200 mm). The application of these requirements to bent
caps and other flexural members that develop axial compression
forces Aas a result of seismic loading is uncertain. There is no

formal definition of the axial load necessary in an elcmant to
gualify it as a compression member in the Caltrans’ specifications.

The Bridge Design Specificatjons [2] indicate that "in seismic
areas, where an earthguake that could cause major damage to
construction has a high probability of occurrence, lateral
reinforcement shall be designed and detailed to provide adequate
strength and ductility to resist expected seismic movements,"
However, no guidance is provided regarding the application of this
provision.

Closed tjies are required where computed torsional forces indicate
the need for torsional reinforcement. The stipulated detailing for
these elements do not anticipate, consistent with the design
criteria, that torsion would develop in a critical region.

1.2.2 Compression Members

Special lateral reinforcement is required in columns in order .o
develop the reguired ductility during seismic events. This consists
generally of spiral reinforcement, but circular hoops and a
combination of perimeter and cross ties may be used where spirals
are nol feasibile,

Lateral reinforcement is continued over the full helight of the
column angd continues into the footing and bent cap connection. 1In
the footing it must continue to the beginning .of the hook. In a bent
cap connection it must continue into the cap for a distance equal
to the lessor of: (a) one-half of the maximum horizontal dimension
of the column’'s confined core: (b} the development length of the
longitudinal ceolunmn reinforcement, If the bars are straight: and (c)
the straight pottion of the column reinforcement, {f the bars are
hooked (see Fig. 6). This later provision may have significantly
adverse effects with regard to ieint confinecment and shear, if the
lateral reinforcerent s actyally terminated within the joint,
Practical considerations normally dictate that the reinforcement
continue over the full extent of the joint.

As indicated previously the maximum spacing allowed for the 1lateral
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Fig. & Bent Cap and Joint betails

reinforcement is the lessor of 1/5th of the least dimension of
column, & times the diameter o the - Agitudinal bar or 8 1nches
(200 mm). This is in excess of s, .cing requirements in the ACI Code
which limits spirals to a 3 inch {76 mm) clear spacing and a center
0 A minimum colunr
dimension or 4 inches {100 mm)(or he lessor of six bar diameters or
6 inches (150 mm) away from the plastic hinge region).

to center spacing in tied columns to 1/4th the

the

For spirally reinforced columns the ratio of spiral reinforcement is

given by:

P - 0.45(Ag/Ac - 1)f°c/[y

where Ag is the gross area of the section, Ac is the area of

(2}

the

confined core, f’c is the specified strength of the concrete and fy
in the yicid stirngth of the spiral. Where architectural or
features result in large covers, the value of Mg may be basced on an

assumed 2 inch (50 mm} cover over the spirals.

other
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in the plastic hinge region it may be necessary to  increase the
amount of lateral reinforcement. The length of the plastic hinge is
specifird to be not less than the maximuk horizontal dimension of
the column, 1/6th the length of the column, or 24 inches (610 mm).
In these regions, the ratio of spiral reinforcement may not be taken
less than specified by the previous expression or the greater of:

{a) for columns 3 feet {910 mm} or less in d}ameter:

Pe ~ 0.45{Ag/Ac - 1)f'c/fy (0.5 + 1.25Pe/f'c$g] : (N
and (b} for.celumns 3 feet (910 mm) or more in diameter:

pg = 0.12£7c/Ly [0.5 + 1.25Pe/f’chg) (4}

These later provisions, based on research in New Z2ealand, require
Jarger amounts of confinement than stipulated by the ACI Code for
columns when Pe/f’cAq exceeds 40%. Current practices do not normally
result in such large axial load intensities.

Where longlitudinal bars are provided outside of the special
transverse reinforcement, they shall be supported laterally by cross
ties (see Fig 7). The cross tie must be hooked around the
longitudinal bar at one end and fully developed in the confined core
of the column at the other. The Caltrans’ specifications are not
specific regarding the design of these cross ties. Use of a single
cross tie designed to nominal minimum specifications for tie
diameter (Ho. 4 ties for No. 10 longitudinal bars or greater) and
spacing {the lessor of 1/S5th of the least dimension of the column, &
times the diameter of the longitudinal bar or B inchrs (200 mm})
would not be expected to allow these longitudinal bars ‘o contribute
to the capacity of the plastic hinge and would likely result in
significant spalling of the cover.
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Fig. 7 Cross Tie Detail for Bars Outside of Confined Core

Piers are often designed as walls about the strong axis and ar,
Columns about the weak axis. Overlapping spirals or closely spacea,
tier and cross ties are used as lateral reinforcement when a 7
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factor corresponding to celumn design is employed n the weak axis
direction. However, Memo to Designers 6-5 [5) indicates that, if the
axial load in the pier is less than.40% of the balanced lcad and a 2
factor ©f 2 or less is used, less stringent criteria may be
employed {see Fig. 8). In this case, vertical spacing of horizontal
ties =hall not excred the smaller cross-sectional dimension or 12
inches (300 mm) whichever is less. In a pnssible plastic hinqge ronc,
the maximum wpacing is reduced to 6 inches (150 mm). Special
requirements are stipulated for bundled bars. Cross ties, with 135
degree hooks on one end and 90 degree hooks on the other end, are
used at each intersection of Jlonglitudinal and transverse
reinforcement.

3.3 Anchorages

pevelopment length vreguirements in the Caltrans’ Bridge Design
specifications are essentially the same as in the 1983 ACI Code for
gravity load. Revisions to these provisions in the 1989 ACT Code are
not relflected in the @Bridge Design Specifications. The main
difference 1is that the basic development length of No. 1B bars is
increased in tne new ACI specifications by about 14%. The ACI has
pore definitive descriptions for cases where bar spacing and
transverse reinforcement modify the basic development length.
Relatively severe penaltijes are imposed by the new ACI code for
close bar spacing. These new ACI modification factors could give
substantially different - development length reguirements than
computed using the Caltrans' Bridge Design Specifications, depending
on the particular situvation. Requirements for bundled bhars and
hooked bars are virtually identical for the ACI Code and the Brilge
Design Specification. As a practical matter the Caltrans’ ©Division
of Structures is wusing the 1989 ACI Code development length
prgvisions in design.

The ACI stipulates special anchorage length requirements for hooked
and straight bars in joints. These lengths take advantage of
reductions in the basic development length provided by mandated
confinement for joints and include increased due to the e¥pected
deterioration of anchorage due to cyclic load reversals. The
Caltrans’ Bridge Design Specifications contain no such special
anchorage requirements for seismic loading conditions,

3.4 Joints

Column to bent cap joints are designed through a combination o!f
nominal detailing and limitations on ultimate shear stressrs at the
jeint. Tlateral reinforcement in the columns is continued into the
joint .(at least partially} and column and bent cap steel are (with
exceptions) to be fully developed into the joint region (ser Fig.
6). The shear stress for the joint may not exceed 12 [‘cC for normatl
weight concrete and 75t of thiz value for lightweight concrete,
These values are the same as provided by the ACI Code for a joint
With members framing into fewer than two of -its transverse side-.
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However, it should be noted that the design philosophy adopted .
the ACI Code tends to force plastic hinging inte the beams.
the column reinforcement 1s expected te remain ejlastic  a,,
additional lateral reinforcement (spirals or ties) is provided .
joints, & juiynt 1s confined horizentally and vertically by close),
spaced reinforcement that remains essentially elastic. In the cag,
vhere column lengitudinal steel is expected to yield significant]{
as is the case with bridges designed in accordance vith Refs. 1 ap:
2, jt- is doubtful that the column flexural reinforcement Ca-
contribute effectively to the required confinement and Shea:
resistance. Consequently, the adequacy of these types of joip
details remains unclear. FElesentary calculations can be carried oy
to demonstrate that vertically eoriented stirrups may be required j:
typical cases on the basis of joint equilibrium. Furthermore
vertical ties may be needed to help confine the joint when the
column steel e yielding Miditieona)l dnvestigations arte reguited ta
assess this situation.

1
S!lm:s

4. CAPACITY DESIGH PRINCIPLES
4.1 CGeneral

Capaclty design 1is a antrinsic part of U.S. bridge design
procedures. As adoprted by Caltrans [2] this consists of postulatin:
plastic hinges in the ceolumns,” making a realistic assessment of the
maximum likely flexural capacity of the critical plastic hinges, and
distributing the effects of these plastic capacities to other
elements in the structute on the basis of equilibrium. TIn addition,
variations in capacity reduction factors further promote the
development of flexural failures in all elements over those
associated "with shear and axial load. As indicated previously,
smaller amounts of yielding are anticipated in somc regions of the
structure. Notably, abutments are expected to yield, and where keys
exist in abutments they are typically designed as fuses that protect
subgrade elements.

The results of the elastic dynamic analysis is used to select the
capacity of the plastic hinge regions. The elastically conpute?
moments may be used directly (without reduction) or may be reduce?
by the ductility and importance factor, 2. The column plastic hinge
-is  then designed for 8)t of this moment, as a moment capacity
reduction factor of 1.2 is specified for earthguake loading. The
probable plastic moment capacity of the plastic hinge is then taken
2as 1.3 times the nominal moment capacity of the actual sectiern
selected. The 1.3 factor |is used to account approrimately for
increases in strength due to overstrength materjal picperties
resulting from as-built conditionsz, ane strengthening of «oncrete,
confinement effects on concrete and strain hardening in  the
reinforcement, and an anticipated ultimate concrete compressive
strain in excess of 0.001 at failure. The code stipulates that more
refined analyses are warranted to determine probable capacity in
some cases, such as when axjal loads exceed the balanced load.

The column axial load specified for seismic design consists of the

the column an In addition,

over an axial,

of the column and
are flared,
assumed (for shear) to occur outside of
regions. The length of the plastic hinge is estimated as the greater
the maximum horizontal dimension of the prismatic portion of
1/6th of the length of the column: or (c¢) 24 inches
Special provisions are stipulated for shear design of the
portions of the column as well as for cases where the column
the extensinn of a CID concrete pile.
utilized for sherar design is 0.85,
against a shear failure in the columns.

conservatively

the column;

which further
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dead load plus or minus the axial forces resulting from an analysis
distrihution of forces due to plastic hinging in the bent.
dependence of flexural capacity on axial load makes
iterative process.

design of

it 15 interesting to
that the capacity reduction factor for axial loads in columns
The difference between this value and
tends to promote a flexural,

utilized for
failure mode.

forces are based on statics considering the probable
distance between

hinges are
the flared

reduction
mitigates

Assims
Flarws Efactive

elastic dynamic

manner in which they are written may confuse the

orthogonal

or

V-”" + My
Ly

Potential Plastic Hinge Locations and Column Shears

The design of other elements of the lateral load resisting system is
of developing the forces
analysis of the structure (unreduced} or the forces
consistent with plastic hinging in the columna,

obtajned from the

The intent of thene
th the specifications and
inexperienced

Bridge Design Specification stipulates lateral! load
combining 100% of the design load in one dirvection with

the load associated with direction. This
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criterion is applied about both principal axes of the structure.
implication of this criterion is that whenever Z values greater thy.
1/0.3 = 3.1 are employed in design, bidirectional yielding must .
anticipated in columns. This can he easily accounted for in circula.
or other types of columps. It may necessitate, however, npesia-
considerations vhen applying capacity design methods to the dnqlgl
of bent caps and, especially, outriggers.

4.2 Colunmns

As indicated above capacity design principles are clearly elucidates
by Caltrans for columns. Procedures for computing maximum forces ;-
columns are well developed on a practical basis. Potential problers
that may develop due to difficulties in estimating axial loading j-
the column duve to bidirectional loading and vertical ground an+
structural accelerations are treated on a case by case basis.

4.1 Soil-Foupdation System

Typically, common practice is to avoid yielding and damage t=
subgrade elements. However, local yielding and distress may be
anticipated in footings due to the use of a capacity reductiox
factor of wunity for both shear and flexure. The adequacy of pir
connection details where the,plastic shear capacity of the colurs
must be transferred by shear (riction may be questioned. However, sz
long a< the column is adequately confined, slippage at  the pt-
connection would not be expected to be a lite sately 1msue.

In areas supported on soft soil, special ductile detailir:
provisions should be incorporated in 1 le foundations. Detaili
these elements on the basis «f strength and pile driving
considerations may not be sufficient considering the uncertainties
in predicting pile response.

4.4 Connections between Deck and Columns

Joint provisions in the Bridge Design Specifications are not highl:
developed. The performance of joints in even relatively new bridges
during the Loma Prieta earthquake suggests that these provisions
need re-evaluation.

4.5 Abutments

The lateral load resisting elements of the abutment <cystem are
designed wusing the strength method consistent with the assumptlons
utilized in seismic analysis. The response modification facter
utilized in the design of seismic elements is 2, less than half of
that wused for column bents. Thus, damage in the abutments is
expected, but the damage should be less thap that in the colur:
bents. The design of the abutments is directed towards prevention c!
collapse, control deformations at the support and realistic
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assessment of displacements at the column bents.

in diaphragm abutments it is assumed that the abutment engages the
packfill immediately. As such, it is impracticable to proportion the
giaprragm just below the level of the roadway to be stronger than
the capacity of the backfill. PDamage to the diaphragm would be
expected. The analytical model utilized is modified (softened) when
this overstress is detected.

geat abutments are designed for less force than diaphragm abutments,
put measures must be taken to prevent the superstructure from beling
unseated during the earthquake. Positive longitudinal and transverse
restraints are required. Typlcally, this is provided by shear keys
in the transverse direction and by passive goil resistance of one
abutment backwall for the longitudinal direction. Because of the
high capacity of the backfill the back wall adjacent to
superstructure 1is expected to be critical and designed accordingly.
Th stiffness of the analytical modeling is reduced to reflect
overstressed conditions when they occur..

The bearing support width for seat abutments is based on the maximum
displacement predicted by the elastic seismic analysis or the
following expression which ever is greater:

M= (12 + 0.03L + 0.12 H) {§2/8000 + 1) (s

where L is the length of the bridge deck In feet from the abutment
to the first expansion joint, H is the average helght in feet of the
columns supporting the deck, S5 is the skew of the abutment in
degrees. The bearing support width should not be less than 2 ft. - &
in. (762 mm). These provisions of the Caltrans specifications are
adapted from AASHTC guideline to account for skew.

4.6 Deck

The deck is not wusuvally considered part of the lateral load
resisting Esystem. However, consistent with the objective o:
maintaining the operability of the structure following a major
earthguake, it is desired to maintain elastic behavior in the deck.

Provisions are not specitied for cases where the deck 1is to
actively participate in the lateral load resisting system, as might
b the case for the longitudinal direction of the roadway. Detailing
reguirements and load transfer mechanisms are developed on a case hy
case hasis.

4.7 Deck Joint Restraining Devices

longitudinal restraining devices at expansion joints and hinges are
intended to remain elastic under the earthquake jnduced loading in
order to prevent unseating of adjacent sections of the deck. :The
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equivaleng SFﬁtic method of apalysis is recommended for determinj
the . longitudinal forces in the vrestrainers. This procedure 0

heLigwed to be conservative and avoids problems in estimating SEH
openings that occur with dynamic analysis methods as a result o
trYIn? to superinpose the deflections of incompatible modeor
Friction [forces developed on the seat surface may not be Consider;

as contributing to the requiredq restraining force,

The static method of design isolates. a gmal

structure located between expgnsion joints. Lateril gigziggemggtsth!
the expansion joint in question are initially estimated by applyiat
unrequged static earthquake loads to a deck segment on one side :?
the joint. Two separate analyses are required. One analysis for each
segment adjacent to the joint. Any restraining effect of ¢t
restrainers is ignored 4in these {nitial calculations. The
contribution of one additional adjacent segment may be considered ;
the direction of deck motion, if the computed displacements arn
sufficient to clese the gap separating the two segments.' If thE
computed displacements exceed the seat width provided (minus a 4 ine
(10 cm) safety margin), restralners are provided to reduce th;
displacements. The displacement of the restrajned system {s then
cpeckeg {assuming the restrainers are fi. ' at the end away from the
direction of motion). Because the weaker of the two segments will he
forced to move along with the stronger s ament by the restrainers
the smaller number of restrainers -=pu.. for each segment is useé
at  the joint. Clearly, . this: process is complex and iteratfive
involving modifications in number, size and length (i.e. stiffness)
of vrestrainers, initial slack {in the restrainer systeé the gap
width between segments, seat width and segment (column) siiffness.
When vertical seismic forces are computed at a hi

of the dead load reactien, hold dogn devices ar:gerzgzgr:;?eegh:g:

devices are intended to minimize the potential e
motions. P ffects of vertical

When rigid restraining devices, 1ljike keys are

decinned  for  amplified loadings relativeyté the e$:§sic t:sgpoi;:
spectrum analysis results (l.e., & Z factor of 0.4 js employcd).
However, keys at abutments are most often intentionally designed to
have a swaller capacity than than the plles, ftootings and‘soil in
order to limit damage to these subgrade elements.

§. CONCILUDING REMARKS '

The earthquake resistant design provisions utilized in the U.5. for
areas of high seismic risk are based on absorbing a significant
amount of the energy imparted by the earthquake through ducttle
yleldn?q. Satisfactory performance is requlated though the used of
ductility/importance factors which control the degree of ielding
capacity design concepts that control the distribution o¥ damaqé
(plastic hinging), and local details that insure adequate ductility
capacity at the critical plastic hinges,

Due to the linmited research that hae been carried oyt on the seisnic
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performance of bridge structures, bridge design specifications are
pot as refined as those promulgated for buildings. While the overall
earthquake design procedures stipulated by Caltrans for bridges fis
conceptually sound, the format makes 1its {implementation by
incxpnrienced designers problematic. In addition, significant areas
exist which need additional research wupon which improved code
rovisions might - be based. Thesr teas include joint shear and
confinement, foundation design, built-in pins, hinge restrainers,

_abutment design detafls, and so on. Similarly, a whole spectrum of

unresolved problems exist related to the three dimensional response
and behavior of elements and bridges. '

problems associated with precast and other types of non-monollithic
pridge construction also need to be addressed. Such structural types
are common in the U.5. in areas of lessor selsmic hazard. The
relationship of seismic hazard, vrequired details and expected
performance needs to be carefully assessed for areas of moderate
selsmic risk.
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Basic Design Concepts

Japan
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1.1 INTRODUCTION

Highways in Japan consist of FExpressways (3,721 km), National Nighwnys
(46,661 km), P'refectural Roads (128,202 km), and Municipal Roads (925,138 km).
Atm{g the highways and roads, excluding the Municipal Roads, there are about
60,000 bridges with  span  lengths (deck length between two adjacent
gubstructures} of 15m or longer.

Although the number of bridges constructed per year depends on the year
and span length, it is about 6000 for concrete bridges and 2000 for ateel
bridges with a length of 15 m or longer.

Design of highway bridges with span lengths less than 200 m is made in
nccordance with the "Design Specifications of llighway Bridges” issued by the
Ministry ol Construction. The Design Specifications of Highway Bridges consist
of "Part | Common Part”, "Part Il Steel Bridges”, "Part 11l Concrete Bridges®,
*Part IV Foundations® and "Part V Seismic Design”. The explanation for the main
body of the specifications are provided and published by the Japan Road
Association [1-11 .

Design of highway bridges with span length larger than 200 m, such as Lhe
Honshu-Shikoku Bridge Project, is made in accordance with the specifications
which are stipulated exclusively lor Lhe bridges. llowever the basic concepts of
seismic design for such long bridges are essentially the same as those in the
Design Specifications of Highway Bridges.

This paper summarizes the current secismic design philosophy of highway
bridges with span tengths less than 200 m in Japan.

1.2 DAMAGES OF HIGHWAY BRIDCES IN THE PAST EARTHQUAKES

Located along the Paciflic Seismic Belt, Japan is one of the most seismically
disastrous countries in the world and has often suffered significant damage
from large earthquakes. Fig. 1.1 shows the largest magnitude of the earthquakes
which occurred in the past [1-2] . It is recognized that the earthquakes with
magnitude over B have occurred with rather short recurrvent, period in and
around Japan in the past 1t should be noted that seismicity ie especially high
along the Pacific coast. Cities large in popuiation and industrial products
such as Tokyo, Osaka and Nagoya are located in 1his region,
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Fig 1-1 Largest Magnitude of Farthquakes in the Past

h

Table 1-1 ghows the highway bridges which suffered damage in the past
earthquakes since the Kanto Earthquake of 1921 It should be wited that
although there were many bridges which sulfered damage due to earthyuakes
the number af bridges which fell down was only 15 ‘

] Rased on surveys of .lhe damaged hridges, it is pointed out thal the three
major factors which contributed to the damage of bridges are (1.3)

a) wenkness of substructure,
b) weakness of bearing supports, and
c) weakness of surrounding subsoils.

From such factors, the following types of damages were most often

developed in the past : - .

a) substructure tilting, settlement, rliding, cracks, and overturning

b) superstructure ; movement, buckhing and cracks near the suppear s, amd
falling of girder

c) bearing supports : failure of supports, and pult-out or ropioie of
anchor bolts
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Table 1-1 Bamage of llighway Nridges In the Past since Kanto Earthquake of

1923
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Although these kinds of damage are the ones commonly observed in past
rearthquakes, the damage Lypes have been changing in asccordance with the
progress of seismic design methods and improvements in coastruction practice.
Seismic damage since the 1923 Kanto Farthquake may he classiflied into three
stages from their sigmficance [1-4] (refer to Table 1.2).

(1) Damage due to Inadequate Strength of Foundations - Stage 1 -

After experigncing the destructive damage of the 1923 Kanto Earthquake
the flirst requirements for seismic design of highway bridges were included in
the "Delails of Road Structures (firaftl)” isswed by the Ministry of Internal
Affairs in 1926. No saismic effects were considered for design of highway
bridges prior to the Kanto Earthquake. Even after the Tirst stipulations issued
in 1926, seismic design was not adeqguate hecause the stipulations only
dosertbed destpn foree levels sithout provding a detailed design method or
desipn details Therefore,  seismic safety  of bridge subatructures was
inadegquate  until  the 19%)’'s when seicance  design for  foundations  aml
substructures came to be wmidely adopted

In those days, when seismic effects were either disregarded or inadequately
considered, seismic damige was characterized by failure of loundations and
substruclures as.ahown 10 Photos lal and 1-2. In most cases, foundations
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iped construction

methods, the nest stage of damage encountered was koi) failure during the 1964

in accordance with the improvement of seismic design a

Namapge of Nakarung Hridge by the Fukul FarLhquakec of 1348
amage due to inadequate strength of foundations became lera

tilted, moved or even overturned due lu'ill:lllﬂqu:lll'! atrength of the foundations
Damage of Sakawa-gawa Bridge on Nationat Mighway No. ] by the Kanto

and the surrounding subsoils. This led 1o Talling-of of the superstructures.
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Niigata Farthquake Soil liquefaction, which took place extensively around
sites,r caused destructive damage to bridges. Photes 1-3 and 1-4 shows the
Inlling-off of the decks of the Showa Bridge and the Higashi Overcrossing
Extensive sail movement associated with liquefaction [ 1-51 caused targe
lateral mavements of bent pile {fonndations, which caused the deck to Fall Fig.
1-2 ghows the damage of Yaclhiyo Hridge due to such liquelaction jnduced lateral
movement of soils

v

Photo 1-4 Damage of ligashi-Kosen Iiridge by Lhe Niigala karthquake of 1964

——_
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(a) Residual Displacement of piers {h) Damage of Bearing Seat

Fig. 1-2 Damnge of Yachiyo Bridge due to Liquefaction Induced Soil Movement
during Niigata Earthquake of 1964

Through the damage, it was learned that it is important to take nccount of
liquefaction in design of bridges, and various studies for nssessing and
evaluating the effects of liquelaction were initiated Through such studies, the
first atipulations _for nssessment of liquefaclion were introduced in the
"Seismic Design Specifications of llighway Rridges™ in 1971 (1.6] .,

L

One more important lesson gained from the Niigata Farthquake wns that
devices for preventing superstructures from falling from the crest of
substructures are required. It was considered that even il large relative
movements between the deck and substructures occurred due to either failure
of substructures or failures of soils such as soil liquelaction, critical failure
causing the deck to fall could be prevented if such duvices were provided.
Varioue devices were then developed, and design recormendations were included
in the Seismic Design Specilications of Highway Bridges issued in 1971.

(3) Damage to Piers and Bearing Supports - Stage 3 -

in recent earthquakes inctudimg the Miyagi-ken-oki Farthquake (M7.4) of
1978 and the Nihon-kai-chubu Earthquake (M7.7) of 1933, substantial damage due
to inadequate strength of foundations and elfects of soil ligquelaction did not
develop in those bridpes designed and constructed in accordance with the
recent design specifications. lowaver, damage to reinflorced conerete piers aml
bearing supports did develop extensively as shown in Photos 1-5, 1 6 and 1.7
This is dur tp the furt that other modes of failures such as tilting or movemnent
of the foundutiansg, =oil |ir|uefa;:lim|, amel Cibling off of superstruclures were
prevented by the new design recommendations

The new strengthening and earthguake resistant countermeasures brought
damage at the next weak points such as the reinforced concrate piers and the
bearing supports. This ohviously shows thal countermeasures aiming only al
minimizing the damage observed in  past earthquakes do not necessarily
contribute to avoiding new types of dumage in future earthguakes 't is now
required to take account of the tolal seismic safety of highway t s, and



92 International Workshop on Seismuc |)c'.ign_a_r]ll_lh‘_tl:_u_ﬁ_t'l.i_n_p:o_f R.C. Dridges

this was the main scope of the latest rev ston of the seismic design
specifications i 1590

Photo 1-5 hamage Lo Relnforced Concrete P'lers of Sendal Bridge by the
Miyngl-ken okl Earthguake of 1978

Photo 1-6 Bamage Lo Bearing Supports of Da e Bridge by the Miyagi-ken-okl
Earthqunke of 1078

It should In: noted here that the dumuye shown 1n Photo 17 was developed
by shear at the mid-height of the rewnforceml concrotn piers where main
reinforcement was terminated. In the design specifications issued prior to 1980,
the main reinforcement was terminateid with the hond length of 20 times the
diameter of the main reinforcement Thraugh the thmage, such as that shaown in
Photo 1-7, the bond length was revised in the 19830 specilications to 20 times the
diameter of the main reinforcement plus the effeetive depth of the pier.
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Photo 1-7 Damage Lo Keinforced Concrete Uiers of Shlzunal Nridge by the
Urnkawa-oki 'nrihquake of 1982 N

1.3 NISTORY OF SEISMIC DFSICN OF NIGIWAY BRIDGES

Seismic design was  initiated for highway bridges in 1926 after the
experience of  the Kanto FEarthiunke in 1923, The importance ol considering
seismic eflects in design of highway bridges was recognized from the extensive
damage resulting from the Kanto Earthquake. The first stipulations requiring
seismic ellecls for  ighway bridges were included in "Details of Road
Struclures (heafu)” dssomd by the Minmistry of Internal Affairs in i726. It was
stipulated in the dralt details that the maximum lateral force ~-pected to
develop at the site shall hbe considered in seismic design. It waa also
recommended in the dealt details that the 30 % of gravity force shall be
adopted for the reconstruction of the hridges damaged by the Kanto Earthquake
at Tokyo and Yokolum:

After experviencing significant damage during strong earthquakes seirmic
regulations were reviewed awd amended several times as shiown in Table 1-3.
“Desigm Speeificatinns ol Steel Highway Bridges (Dralt)” were issued in 1939, and
“Design Specibieations of Steel Wighway Bridges” and the revised version were
issued i 1956 d M, respeciively A seisnic lateral forde of 20 % of the
gravity faree was stipulated o these speeifications. The 20 % gravity force was
consithered Tor o b Gime s a0 basie desgin Toree Tor highway bridges,

The Niest comprelensice seismic design stipalations were issued by the
Ministry of Cowstroctiom in 1970 0 o sepaeate volume exclusively for seismic
design as  “Specilications {or Sm<me Design of Highway Bridges™. U waa
described in the speciflvobions that  lateral force shall be determined
depending on zone, importanee anl gronnd condition in the %l:llic lateral force
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method (seigmic coeflicient method) and atructural response shalt he forther
tonsidered n the modified statie lateral [orce method (modilted seismic
coefficient method), Evaluation of soil Trquelaction was firstly incorporated in
view of the dwmage caused in the 191 Nngata Earthquake Pewgm detals to
increase the seismic salety such as devices tp prevent the superstructure
falling from substructurcs were newly intoclewd  Design methods  (or
substructures were also issued hetween 1964 and 1971 in the form of "Design
Specifications of Substructlures”. Therefore, it is considered that considerable
increases in seismic safety were made for those bridges designed and
constructed in accordance with the 1971 Specifications,

Table 1-3 Nistory of Design Selsale Loads for llighway liridges In Japan
Yerr Name of Requlanons  Sevxmc Detign Methodt ' mh;'ﬂf:;?:r;:,'mm Nillnf h""‘ﬂ"““

IBBE T uri;. I; I} Meustiy of Ilu Conzidervd INal Cnnnazu.d'

|l\l¢!l‘|l| .lﬂml
1926 Detarls ol Rosd Structurtt Seismic Costhesent
{0rat1) Naad Law MIR Meihogd
"he=0 1504 |k,20)
atvized in lehys nd

m llnll (L]

j
.
1" o 1 1881 Mohin [MB 4]
iunl Canyidered : !
|
|
I

Takahama|
199 1|g;| Speaitications of  Seismuc Coelliiend Nat Considered
Sieel Highway Bridges ' Melhod 1916 Nanksi (M4 1)
(Brafty MIA Ilrﬁ]? [ 7] ll 1948 fubw (M1 ]]

Besign Specit i

1358 Design Spmfmr-onl [] S!nlmlt Coetcient ot Considersd
Jand 1964] |Sieel Mighway Beoofger  Method ' L1952 Takach ok [MA2) .
| Mimstry of Consiruchos (k=0 1-015) 1964 Nugata (W1 5]

T TR -Snc;liuhum lov Seismic o Seismee Coelhoient  # Evaleation of Eand; '
| Qestgn M Highway « Methed Layers Yulnerable ty | '
| Bredges MOC fhecdl 1--0 24) Liquetaction '

» Modilied Sexmic
Coettirient Methad
| =004 )
"1980 Part ¥ Seigmic Beviga o« Seiseme CoeMlicien
*Denign Specihcations of Method

* Device tor Preventing
Fathing olt gt 1978 Miyagl kea ok;
Supes steuriure {MIa

* Fy Methon loi '
Evituztion of

1982 Yrakawa ghs

:‘ Highway Bredges MOC Mhe=0 1-0 24) Lrquediction mrn
, * Modilied Seismg * Oewice fos Preventing 1983 Mihan kai chybu
Caeiliciemt Melhad Falteng of of LRI

=000
+ {heck of Delormation
Capability of RC Prers
» Jynamic Respnse
Analynis

1990 Part ¥ Seismc Drssgn ol o Sersmic Coefhicient
Design Spezshcangrs o Methad
Highway Biidges MOC =100
= Chech of Branmg *
Capacity o RC Prers
e Ealeral Faice
& Qynamec Retponse
Anglpsi

Swpetsiruclure

* Fy Method lar
F+luation ot
Liguelathion

= Oevice loe Peeventing
Falhng off of
Supersiructure

The 1971 specifications were revised by the Ministry of Construction in the
form of “Part V Seismic Design® of the "Design Specifications of Highway
Bridges™ in 1930 Although the Part V was essentially the same as the 1979
Specifications, a ratioua) evaluation method for predicting sajt liquefaction as
well as practical design methods at the t"“e when liguefaction is judged to
occur 11-6) were included in the Part ¥ Scismic Design.
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The latest speciflications were issued by the Ministey of Construetion in
February 1990 in the form of "Part V Seismic Design " for the " Design
slmcifmﬂtinns ol Ihghway Bridges® {1-1,1-8]) . Major revigiona introduced in the
199 Specifications were umbieation of static Iateral force method (seismic
corfticient method) and the modified static lateral foree method (modifiml
seismic coellicient method) incluling the revision of the seismic design force, a
new method for computing inertia force for multi-span continuous bridges, n
pow ductility check for reinforced concrete piers, and detailed stipulations
for dynamic response analysis. These revisions were incorporated based on the
recent studies for prctlu‘tlng earthquake ground motions and strength of
reinforced concrete piers [1-9~1-27) .

The "Part V Seismic Design® of the
Bridges” has the following contents

"Design Specilications of Highway

Chapter ! Cencral
1 1 Scope and Apphication
1.2 Definition of Terms
Chapter 2 Basic Prineiples of Seianie Design
Chapter 3 1oads and Design Conditions in Seismic Design
3 1 Loada and Combinations for Seismic Design
3.2 Effects of BEarthquakes
3 3 inertin Force
3.3.1 Genera!l
33 2 Computation Method of Natural l’ormd
3.3.3 Computation Method of Inertia Foree
3 4 Dynamic Earth Pressure
3.5 llydrodyname Pressure
3.6 Ground Conditions for Seismic Design
3 7 Soil Layers of Which Bearing Capacity Shall be Dncreascd in Seismic
Design
371 General
1.7 2 Sandy Layers Yulnerable to Liqueflaction
3 7 3 Very Loose Clayey and Silty Soil Layers
3 7.4 Soil Layers of Which Bearing Capacity Shall be Decrecosed nnid
Treatment of the Layers
1.8 Ground Surlace Assumed in Seismie Design
Chapter 4 Seismic Cocflicient
4 1 General
4 2 Standard Horizontal Seismic Coelficient
13 Modiflication Fartors for Standard Horizontal Seismie Coefficient
Chapter & Check of Beaning Capaeity 'of Reinforeed Conerete Piers for
Lateral Foree
5 1 General
5 2 Check of Safety
53 Horizontal Seismic Cuoefficient for Check of Bearing Cnpacity
of leinforced Concrete Piers for Lateral Force

531 FEquivalent llorizontal Setsmié¢  Coelficient for Check of
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Bearing Capactty of Reinfarced Concrete Piers Tor Lateral Foree
532 Horizontal Seismic Coefficient for Check of Hearing
Capacity of Reinforced Concrete Piers for Lateral Force
D4 Bearmg Capamity of Reinfureed Concrete Piers for Lateral Force
341 Bearmg  Capacity of Reinlorced Concrete Piers  for
Lateral Force, Allowable Ductibity Factor, and Equivalent
Natural Period
542 Bearing Capacity, Yielding Force, Ultimate Displacement
and Yielding Displacement
543 Bearing Capacity of Reinforced Concrate Piers for Shear
Chapter 6§ Dynamie Response Anatysis
6 1 General
6.2 ynwric Response Analysis Method and Analytical Madels
6.2 1 Method of Dynamic Respouse Analysis
622 Analytical Models
6 1 Input Ground Motions for Dynamic Response Analysis
G3 | Acceleration Response Spectra for Modal Response Spectral
Analysis
6 32 Accelerations for Time History Analysis .
G 4 Check of Seismic Salfely
Chapter 7 Structural Details in Sejsmic Design
71 Generad -
7.2 Device for Preventing Falling-gff of Superstructure fromSubstruclures
7.2 1 General
722 Devices for Preventing Falling-off of Superstructure
1.2.3 Distance between Edge of Crest of Subotructure and Edge of Deck
7.2 4 Devices lor Fall of Deck
7 3 Design Details Tor Seismic Design » "-arin, sSupporta
Chapter 8 Devices for Reducing Lateral Force

(Appendin)
I References on Liquelaction
Il Fxamples of Classification of Ground Condition
m Helcrences on Design CGround Motion
i . Example of Computation of Natural Period and Inertia Force
\ . Reference on Bearing Capacity of Reinforced Concrete Piers for
Lateral Force
M Practices of Design Details for Seismic Design

1.4 SEISMIC DESIGN PHILOSOPIY OF HIGHWAY BRIDGFS

Fig 1.3 shows the llow of seismic design of highway bridges. Basic coneepts
for seismic design are as:

a) Secismic design shall be made to provide highway bridges with sufficient
stabili ty against earthquake disturbance, using the seigmic design method

specified in the "Part V Seisnic Design® of the
Bridges™. Structural characteristics, tepographical,
conditions at the site, past experience of geismie damage and importance of
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the bridge have to be taken into account in seismic design Wighway bridges
ghall not suffer structural damage to avoid suspension of traffic against small LT ¥
to moderate earthquakes which have a high possibility of nccuring at the site,
and shall be designed not to canse catastrophic damage such as falling ofl of
superstructure from the substructure even for large earthquakes such as the
Kanto Earthquake 1n 1923

b} Design shall he made based on the allowahle stress design method  The load
combination for seismic design is of the principal load (1) + seisme effects
(EQ). The principal load () includes dead weight (), prestressing force (I'S),
. effects of crecp (CR), clfects of shrinkage (S, earth pressure (F),
hydropressure (HPy and uplift lorce (ll), The seimmic effects inclule inertia
force, increase of earth pressure during earthquakes and hydrodynamic
pressure. Effects of unstability of subseils such as lailure of weak cohesive
soils and liquefaction of saturated sandy suls has Lo be consadered (0 seismic
desigu Allowable stress can he increased 50 % lor laad combination of I+ EQ :
c) Lateral force shall be computed by the static tateral farce method, 10 which .
the lateral force is determined by multiplying 1. werght W ol the structure
with the lateral force coelficient kX Lateral foren in vertical dirsction may be
generally neglected in design caleuln on e st for design at bearing

5

supports, where the vertical lforce coefficient of 0.1 is considered, LY ’ .
ST e W PR * ¥ PR "
d) Seismic lateral [orce shall be nppf‘led to structures, soils and water above ! * .
the ‘ground surface assumed in seismic design”™,  Seyamic lateral force for ' Fig 1-4  Sclsalc Zonlng Mup and Hodificatlon Cocfficient cz
structural members, soils and water below the ground surface assumed 1n geismic Table 1-4 Ground Conditlon Factor co
design shall be considered as zero The ground surlace assumod in seismic
design is taken at the upper level of stable soils, and is gencrally assumed as Ground Graup | * 1 n m
the base of looting for pile foundations When the surface seils are velnoralile
to liquelaction or unstability of weak cohesive soils, the ground surlace ‘e 08 o 12
assumed in seismic design has to be assumed below such unstable soils
Table 1-5 Iaportance Faclor ¢,
e) Lateral force coeflicient ky, shall be determined in accoedance with repgion,
ground condilion, wmporlance and natural period The lateral Toree coellicient Group € Defininon
kn shall not be less than 0.1 - )
Bridges on eapressway (limited access highways),
N A Check of the bearing capacity is recommendud for rewnlorced concrete piers I class 'o ';:::nl'_m;:‘::iﬂ b::;:u“:,: z:::::]“ ::::::Lr::
to avoiding brittle Tailure. Check of bearing capacity of remloreed concrote road and municipal  road.
piers chall be made based on the dateral (oice coeflicient k,. which is
exclusively specilied in the specilications Tor this purpose and class o Other than the sbove :

g) Dynamic response analysis is recotmended Tor new types of hriodpes and those Talile 1.6 Structural Response Faclor or

which have complex structural response characteristics N -
Giound  Gioup Susctral  Respumtc Cortlcwent o
h) devices lor preventing the superstructure from falling must he instaliod G . Tc0l 01STS I Il «T
. ™y & = 269T2I0| ¢ = 125 [, = LWIT®
1.5 SEISMIC LATERAL FORCE FOR STATIC LATERAL FORCE METHOD T <02
< 0257511 1Y eT
.. .. Group i
1.5.1 Seismic Lateral Force Coefficient . ’ G = RS2 o p 125 e, = r00T
| T<OM 0M §TS1S| 15T
Growe 1. o rwmrzim c, = 125 ¢, v 164T®
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in the stotic lateral force method (scismic coefficient method), the design
seismic lateral force coefficient shall be determined by Eq (1-1), but no less
than 01

kn=ce-CaCr tr-kua {-n
where

ke : design seismic lateral [orce coelficient,

kne - standard design seismic lateral force coefficient ( 02),

¢, : modification [actor for zone {reler to Fig. 1-4},

co : modification lactor for ground condition {(refer to Table 1-4),

c¢; : modification factor for importance (refer to Table 1-5), and

cr : modification factor [or structural response (refer to Table 1.6).
For computing inertia lorce associated with weight of eoils and
dynamic carth pressure, ¢, shallhe 10

Exq (1-1) was determined based on the statistical analyses of 394 componcents
of strong motion records obtained on ground surface in Japan [1.9] . Effects
of composition of two horizontnl components were studied [t should be noted in
Fq.(t-1) that although k, wns derived from the acceleratlion respouse spectra,
considerable modifications were incorporated inte k, based on Lhe past
experience of eeismic damage and bridge response characteristics. Special
attention was paid to determine the selsmic lateral force level at the natural
period over | second

Fig. 1-5 shown the scismic lateral force coelficient k. assuming c; = ¢; =
10

/ GC =T ISIFAY
/GC! 2 IMEDIMI
-GC = JISOFT)

LATERAL FORCE COEFFICIENT

0o L L L N
o 1 2 L) 1 5

PERIOD [SECSI

Fig. 1.5 Seiemic Lateral Farce Coefﬁcicnl. k,, for Static Lateral Force Mothod
(ez=c,=1.0)

1 5.2 Classification of Ground Condition

Ground conditions are classified into three groups according to Table 1-7,
in which characteriatic value Ty shall be evaluated as

4h,
v.l

Ta= 2 (1-2)

.
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Table 1.7  Classification of Ground Condlition

GROUND CONDITHON BEFINITION APPROKIMATE ESTIMATION
7 cRouRl Te 02 SEC FERDIALY OR OLDER
GROUP 1 D25 Ty <OBSEC | ALLUVIIM AND DILUVIGM
EROUP I 0551y SOFT ALLUVIUM
where

Ta : characteristic value (sec)
H, : thickness of i-th suhsoil layer {m)
V.. : shear wave velocity of i-th sublayer (m/see)
i : sublayer’s number counted from ground surface

1.5.3 Earth Pressure During Earthquakes
Farth pressure during earthqunkes, which shall he applied to structures
below the ground surface, is speciflied based on the Mononobe-Okabe formulae

as a distributed load as

(1) Active earth pressure

[’..=r-t-l(..-2c-vl(..#q’-l\'...
ho mw_h_ia()us Yain($ta-Ga) | (-5
,p. gin Jsin( dta-6,
-wea.-cos @ ms(ataub‘.)[l' ‘m(e‘a“s')mw_a)]

(2) Passive earth pressure

Pirr v Kirt2c4/Kerta  Kar

s ($-0e-8) T

03590‘“5'9'“(0‘9-‘3l)[l',\[sm(‘-E.)SIn(é'a-a.)

CKee=s

ws(#-0+84)s(8-a)

IT ¢+a-066¢ 0, ginlé+a-0)shall be rero
where
Pra and Pre: active and passive earth pressuie at depth x (m) from the
ground surlace (Lf/m?}
Kea and Kge: coefficient of active and passive earth pressure
v unit weight of soils (tI/m?)
«C. cohesion of soils (1{/m?} :
‘q': surcharge on the ground surface (t{/m?)
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a: angle between the back wall nand vertical plane

% : angle of [rictinn between the hack wall and hack soils
_o}, = tan™? k,

k.- seismic lateral force coeflflicient

1 5.4 Hydrodynamic Pressure

(1) flydrodynamic pressure on walls
Hydrodynamic pressure P (t) acting on one side of a wall-type structures

and the height h, (m) of the pressure P (rom the bottom of the water shall Le
determined lrom

p - 1—; K obh? Q-5

hg= 0.5 h (1-6)

where, k., = lateral force corflicient, wg = unit weight of water (tI/m™}, h =
depth of water (m) and b = width of wall (m).

(2) Hydrodynamic pressure on columns

Hydrodynamic pressure P (L) ncting on column-type structures surrounded

by water and the height h, (m) of the pressure P from the bottom of the water
shall be determined as

3 wehoh P (1 By T s20

P= 3 kwohoh 2 (0.7- pq) 20< 2 540 am
a% knwod Jh —l'; 40 < '!f:'

h, = 0.5h

(-8

where, k. = Iateral force coefficient, wy = unil weight of water (tf/m™), h

depth of water (m), a = depth of column (m), b = width of column {m) and A,
sectional area of column (m?}

1.6 TREATMENT OF VERY LLDOSE COHESIVE SOILS AND L. _JEFACTION
1.6.1 Sandy Soil Layers Yulnerable to Liqu ‘~tio..
38 Saﬁdx Soil Layers to be Checked lor Liquefaction

Saturated alluvial sandy layers which have the water table within 10 m {rom
the ground surface and have Dgg-values on the grain size accumulation curve
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Saturated alluvial sandy layers which have the water table within 10 m from
the ground surface and have Dyo-values on the grain size accumulation curve
petween 0 02 and 20, wm are vulnerable to liquefaction up to a depth of 20 m
helow the ground surfare, and liguefaction poteatial of these layers shall be
estimated according to item (2).

(2) Estimation of Liquelaction

For those soil layers which are judged to be vulnerable to liguefaction,
liquefnction patential shall be checked based on the Liquefaction resisinnce
factor Fy defined as

F.=R/L -9

where
F. : liquelaction resistance factor

R : resistance of soil elements against dynamic lond defined as
R=R, +R, + R,

N
R, = 0.0882 L
0.19 (0.02 mm 5 Dag £0.05 nun)
Ra: = § 0.225Log,o(0.35/D,0} (0.05 < Dyo 5 06 mm)
-0.05 (0.6 mm < 145 S 2.0 om)

R ={ 00 (D% sF.540%)
? 0.004F;.0 16 (0% <F:3100%
_N: N-vilue of standard penctration test .
Dso : averaged grain size on grata size accumulation curve
Fe : fine sand (grain size less than 74 um) content

. : dynamic Joad induced in soil elements during an earthquake defined
as :

L=rg-ke =2

9 v
ra= 10-0015x
x : depth from the ground surface (m)
k., : seismic coeflficient for evaluating liquefaction, and shall be
determined as
ke = cz+€a-€r- Kan
¢z, €q and ¢; © madification factors for zone, ground condition, and
importance (refer to Fig, 1-4, Table 1-4 and Tableé 1.5)
koo : standard design horizontal seismic coeflicient lor check of
liquelaction ( = 0.15)
a+' total overburden pressure (kgffem?), and
¢v= {yuhat vy {x-h. Y /10
oo gflactive overburden pressure (kpl/emn™), and
ov't Ay ahot w2 tx - hoy /0

Soil layers having liquefaction resistance factors, Fy, smaller than |0

shall be judged to liquefy during earthquakes, and treatment of these soils
shall be made in accordance with 1 6.3,
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1.6.2 Yery Soft Cohesive Soils and Silly Soils

Cohesive soil layers and silty soil layers which are within 3 meters of the
ground surface, and have a  compression strength estimated by unconlined
compression tests or Nield Lests, less than 0 2 kgffem®, shall be defined as very
soft soils in sessmic design Treatment of these soils in seismic desigm shald be
made in accordance with 1 6.3

1 G 3 Soils Whose Soil Constants are Reduced in Seismic Design

(1} For those soil layers which were jurlged to liquely in the above estimation
and which are within 20 m from the ground surface, the spring stiffness and
other soil constants shall be cither neglected ¢ educed in seismic design as
shuwn in Fig. 1-6, by multiplying the original spring stiffuess and other soil
constanis by the redurtion factor By which is r*ermined in accordance with
Fo-value and tabulated in Table 1.9

SUPERSTRUCTURE

INERTIA
FORCE

ISR RN

Fl< OSA : E

LOOSE SAND
06 <F<I0

STIFF GRAVEL- -~ =
>0 -0

Fig. 1-6 Trcatsent of Soll Layers Yulocrable to Ligucfaction

Table 1-9 Decreasing Rate De of Soll Constants Depending on Fu Value

T oeenemom |
[ FOVMUE | cnoung SURFACE D
fms=1g|0m )
f =08 - R
10m <32 Zﬂm 111
Om<x < 10m 173
06 <F 508 —
10m < 1 = 20m Hik]
Om =15 Itm 1
08<F sl ana S
' wméuszo-n 1
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(2) Spring stiffness and other soil constants shall be zero for those soil
layers which were defined as “very soft cohesive soils”.

(1 For those soil layers whose spring stiffness and other anil constants are
assumed 7ero in seisme design, the "ground surface assumed in seismic demign”
ghall be assumed to be at the hottom of these layers, It should be noted that
hecause the inertin force is to be applied Lo the structures, soils and water
shove the ground surfice assumed in smiemic design, larger Interal forces in
addition to the zero stiffness of soil spring and other soil constants have to

‘be considered when the ground surface assumed in seismic design ia taken

lower.

(4) The surcharge effect of the wcight of soil layers where soil springs and
other soil constants are nssumed to be ecither reduced or zero muat be
considered on the lower soil layers

1.7 EVALUATION OF INERTIA FORCE

Inertia lorces in the static lateral force method ahal! be applied to
bridges in two ways depending on the seismic design structural unit. The
seismic design structural unit shall be selected in accordance with Table 1-8.

Natura) period and the inertia lorce shall be determined from:

{1)Seismic design structural unit consisting of a substructure and the part of
superstructure supported vertically by the substructure

Natural peried and inertia lorce shall he determined from

Fa: = kniR,
(1-10)
T=201 /5§
(1-11)
where

Fai : inertia force associated with dead weight of superstructure for
design of i-th substructure
kn, : scismic coellicient considered for i-th structural segment
R. : reaction force developed at i-th rubatructure due to dead weight
of the part of superstructure supported by the i-th
sfubstructure.
T : natural period, in second, of the seiamic desipn structural unit
. lateral displacement, in meter, of the substructure subjected to a
lateral force m|mv1|Pnt to B0 % of the dead welght of a
Rubstructure above the ground surface assumed in seismic dcnlgn
and the dead weight of a part of the superatructure supported
by the substructure.

o

Because soil-structure interaction is important for evaluating the geismic
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lateral force, it is generally ideatized by a sct of snil springs. The stilfnecsses
of soil springs are dietormined based on k-values, which represents the spring
atiffmess per unit area, ns follow

k =55 Fo a-12)

Fo = 2(1¢ vp ) Gy (1-13

GCo = "i:).g VI’ (l‘l‘” b
08 x Voo Ve < 300 m/gec

Ve = [ Va Ven 2300 m/sec (1-15

where
k : stiffness of soil spring per unit area (kgf/em™)
Go and Fo : shear modutus and elastic modulus of soils depending
on shear strain induced during earthquakes
v o: poisson’s ratio
Vs : shenr wave velocity assumed in aeimmic design (m/sec)
Vuo : 6hear wave velocity measured at the site (m/sec)

{D)Seismic design Etructural unit consiating of several subatructures and the
part of superstructure supported vertically by the substructures.

Inertia force shall be evaluated in accordance with Fig. 1-7, te.,

ilidealize the bridge by n» linear elastie frame model. Soil-atructure

interaction elfects are idealized by the same way with (1).
iidapply a lateral force equivalent with the dead weight of superstructure and
gubstructures above the ground surface nssumed in seismic design, and computa

the natural pertod as

T=201v/§ (1-16)
_ _Iwis)u(e)?ds i

§ = [wislula)ds a-1m

where ‘

w(s) : dead weight of the seismic design structural unit (roperstructure
and substructure ahove the ground surface assumed in Beiemic
design) at point "s” (tf/m)

w(s) : lateral displacemant developed in the seismic design structural

unit at point “s" (m} when subjected to wa) in the direction con
sidared in design.

iindetermine the seimmic coefficient ka depending on the natural period T.
iv)compute inertia force as

Fo=knxF (1-18)
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sub

where

Fa : shlenr. force (L} or bending moment (tim) due to inertia force

k. : sersmic cocllicient -

F rorcr: developed in the keismic desipn structural unit when
jected to a lateral {orce cquivalent ta the dead weight of the &
cismic desiginstructural umit above the ground surface nssumed in
seismic design (LF/tm) '

& ® ® ®
k.3 AvE

F

ufs)
‘_’-" ’ ] Tl
P/ S/ Sy WSS S
¥ ' .

H;’ Fw(s} K H' wis) fl J uf H

' .' l’ J‘

’ [}

y : A / !

a} Design in Transverse [hrection

u-;sj * Dead weight of super- and sub structure at point s (tfm)
ufs,

b) Design ln Longitudinal Direction

Displacement at poitn & developed when subjected to lateral force
equivalent with dead weight of superstructure and substructure above
ground surface assumed in seismic design

: Force developed when subjected to lateral force equivalent with dead
weight of superstructure and substructure sbove ground surface
assumed in seismic design ((for ¢f .m)

!

a- fiw(sju(s)ds
Jwls)u(s)ds

|

T-201V3

l

Seismic Coefficient : k&,

I

1nertia Force ; Fy=k,n F

Fig. 1-7 Calculation of Inertia Force
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For substructures supporting girder bridges, the shear force developed at
the center of gravity of the superstructure shall be regarded ar the lateral
force for seismic design of substructures However, when the inertia force
computed by Eq.(1-18) is smaller than the inertia Torce computed by Eq.(1-10),
the latter shall be adopted for design This necds some explanation. The inertia
force computed by Eq (1-18) is approximately proportional to the stiffness of
each substructure. This implies that the majority of the inertia force tends to
be carried by the substructures with higher stiffness. Depending on the
gtiffness distribution of substructures, the inertin force carried by piers with
jower 6liffness takes even negative values. However, if Ffailure of the
structure, such ns at a hearing support, occurs, the contribution of load
carried by each substructure will be changed from the dintribution computed by
Eq.(1-18). Based on such considerations, a lower {imit for the inertia force
evaluated by Eq.(1-18) is included.

For substructures which support the superstructure with movable bearings,
[riction force developed by relative movement between the superstructure and
substructure is applied in longitudinal direction in stead of inertia force. The
friction force is determined by muitiplying the coefflicient of friction with the
dead weight at the bearing supports. The coeflficient of friction dependa on
the type of bearing supports, and the value of 0.06 ~ 0.15 is generally
adopted.

1.8 CHECK OF BEARING CAPACITY OF REINFORCED CONCRETE PIFRS FOR LATERAL
FORCE

18.1 Judgement of Bearing Capacity of Reinforced Concrete Fiera for Lateral
Force

To prevent reinforced concrete piers from failing in a brittle manner, it is
recommended that the bearing capacity of the reinforced concr :le piers be
checked in accordance with the flow-chart presented in Fig. 1-8.

Bearing capacity of reinforced concrete piers for Iateral force shall be
checked using

P, > kna® {1-19
where

P. : bearing capacity of the reinlorced concrete piers for lateral
force(t

k,. : equivalent harizantal seismic coeflficient for check of hearing

capacity of the remflorced congrete pieres for lateral load

W . eqguivalent  desd weight (10, and <hiall be determioed as
W=W,+cnlW, (1-20)
o = 05 P.sP.
P P
L0 P, P, . (-2
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W.: dead weight of a part of superstruclure su

concrete piers (L)

®,: dead weight of the reinforced conerete piers (L)

l:,,: bear_ing capnc‘ity of reinforced concrete piers for MNexur
P.: bearing capacity of reinforeed concrete piers for shear
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Fig 1-8  Check of Bearing Capacitly of Reinforced Concrete Pier For |

Force

ateral
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182 Equivaleat Seismic Laleral Faree Coellictent for Check of Hearing
Capacily of Reinforeed Concrete Piers for Lateral Force

Equivalent grismic lateral force coefficient Tor check of bearing eapacity
of reinforced concrete pirrs for lateral furee shall be determined according to
the equal enerpy assamplion as

kne = 73 00— ' -z
Kno = €z Ci Cu-Knoo & 03 (123

where
kuae : equivalent seismic laternl force cocllicient for check of bearing
capacily of reinforced concrete piers for Interal force
kno @ seismic lateral Force coefficient for check of bearing capacity of
reinfarced concrete piers for lateral Torce
o allowable ductility lector
¢y : madification factor lor zone (refer to Fig. 1-4)
¢, : modification factor for importance (refer to Table 1-5)
cn @ modification factor for structural response (refer to Table 1-10)
knoa: standard seismic latecal force coeflicient for check of bearing capa-
city of remnforced concrete piers for lateral lorce

Table 1-10  Structual Response Faclor €

Ground  Group Suuctural  Responee  Cocllicient ¢,
1 T § 14 14 < Ty
Group { ¢, =07 o = 0BI6T,™
Teg < 018 018 § TSt 6 16 < Ty
Group Nt ¢, =151 TZP207| ¢, = 085 |, = LIST,Y
T, <019 [0195Tog 200 20 < Ty
Group 111 ¢, = 1317 0 207 ¢ =10 ¢ = LT

'

The standard seismic lateral force coelficient Kno.o was determined based on
the statistical analysis of 394 components of strong motion records [1 9] to
represent a realictic ground motion developed during significant earthquakes
with magmitade s bagge as B Similar moditieation to the reismic Interal foree
confficient k. jriven by tq (1-1) was jncorpoarated in determining the design
lorce level over | second. It should be noted that the uatural periad where the
coelficient k.. tecreases with increasing natural period is assumed barper
than that for the seismic lateral force coellicient ky given by Eq.(1-1) due to
congiderations for long period ground motions [1-12] .

’
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Fig 1-9 ghows the seismic lateral force coel.cienl koo for the check of
bearing capacity of reinforced concrete piers fo- lateral force when c; = ¢, =

N
|
< . GC = 1 I5TIFF)
2 1o GC = 2 IMEDIUM}
y €= 3I50F T
]
LS
o
§ 03
ad
=3
a
]
5 on \
0 1 ? 3 q K

PERIOD (SECS)

Fig -9 Secimmic lateral Force Coefficient kps lor Check of Bearing Capacity

of Reinforced Concrete Piers for I.nteral Force (Cz =¢, =10)

1 8.3 Bearing Capacity of Reinforced Concrete Piers for Lateral Force and
Allowable Ductility Factor

Bearing capacity of reinforced concrete piers for lateral force P, and the

allowable ductility factor o shall be determined based on the Tailure mode as :
Al

(1)Flexural failure

Po=p,+ -Tu 'up" {1.240)
wels ‘“o‘d‘i' (1.25)
where
P., 8. : bearing capacity (tD and ultimate displacement (m) for Mlexural
failure
Py, 4 . : yielding force (tD and yielding displacement {(m) Tor [lexural
fnilure

o : gafety factor { = 1.5)

In eeismic design, Pu, Py, 8 , and 5, are computed for each rewnlorced
concrete pier assuming the stress vs. strain relation presented in Fig 1-10.
The “yield® and “ultimate”™ is defined as the deformation of pier when the strain
of main reinforcement yields at the bottom and when the strain of conerete at
the extreme compression filler reaches 0 0035, respectively.

It was confirmed from the comparison with the dynamic loading tests of
model specimens that the ultimate displacement &, approxumnlely corresponds
to the point on hysteresis loops where rupture of main reinforcements was
initiated to be developed at the bottom. The seismit safety lactor o of 1 5 was
determined so that the allowable ductility factor given hy Eq.(1-25)
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correspends Lo the paint on hysteresis Joops where decrease of the load was
initiated due to fatling-off of cover conerete {1-14,1-15] .

l éf, «( ) e,

parabolic curve
o 0556
'

. 1.
il g
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Standard deslgn strenqth ¢f concrete
Yiald strength of relnforcemant
Stressi of concrete
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H
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‘ Straln of concretae

‘ Straln of teinforcemant
Coetficient of wlastic sodulus
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E

Fig. 1-10 Stresa va. Strain Relation of Reinforcement and Concrete Assumed to
Compute §,, &, P, and P, of Reinforced Concrete Piers

Thiz may lead to a conservative estimation sassociated closely with the
loading procedure adopted for the model teats. Although varicus loading
procedures are proposed [1-19~71.241, the number of alternative loading
cycle per each loading step (loading displacement) in the displacement
controlled loading tests, as shown in Photo I.B, was assumed as 10 in the
Public Works Research Institute. Rupture of main reinlorcement depends on the
number of loading cycles, and it was lound from the shaking tuble test, as
shown in Photo 1.9, that the failure at a specific ductility faciur developed
during the earthquake excitation tests is much mmaller than that developed
during the loading test under displacement control with loading cycle of 10 [
I-151 . It was however pointed out that piers subjected to larger ground
acceleration tend to cause larger residual deformation. Such effects may he
significant for those piers which are subjected to'eccentric bending moment due
to dead weight ol the superstructure. Although such residual deformation of
reinforced concrete piers subjected to significant earthquake ground motions
is sLill being studied, it seems important to keep enough salety in determining
the allowable ductility factor.

(2)Shear failure

r.

I

P. (1.26)
l (1-27

Hon

where
P. : bearing capacity (tl} for shear ailure, and shall be deterimned s

P. = S. +5. ¢ {125
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Sc = «.hl a-20 1.9 DYNANIC RESPONSE ANALYSIS
Ga 2 e ad (1-30) . . . .
v 115 a For bridges with complicated dynamic response and for new types of

bridges, dynamic response analysis is reconmended  to cheek sejsmic salety of
the design made by means of the static lateral force melhod.

S. o shear Torce supported by conerete (LD

S.  shear foree supported by tie reinforcement (L)
:averaged shear stress of concrete (£F/m7)

A o sectionad area of tie rewnforcement (m?)

0e, yitls stress of tie reinforcement (tf/m?)

a :nterval of tie reinforcement (m)

d ' effeclive wulth of prer (d)

In principle, dynamic response analysis shall be made hy means of modal
- responee spectral analysis with use of an analytical model which gimulates
dynamic characteriatica of the bridge. Acceleration responee apectrum [or the
modal response spectrum analysis shall he determined as

Szez e, 65 (1.31)
where
5 : responge spectrum for modal response spectrom analysis {gal{=cm/sec?))
¢z  modification lactor for zone (rofer to Fig. 1-4) L
c: : modification factor for importance (refer to Table 1.5}
co! modification factor for damping, and shall be determined based on model
damping ratio b, as

1.5
Cp = —ZUE;‘T + 0.5 “-32)

So: standard response spectrum for modat response annlysis method (gal)
(refer to Table 1-11)

. 0
Table 1-11 Standard Response Spectral ¥atuc S For Modal Dynamle Response

Analysls
Ground Condition 5, (=)
T <01 DIST 511 Il <T,
Growp 1 S, = 4UTY 218 5, =20 s, « DOT
T < 02 02ST 513 1< ¥,
Croup 1l S, = 47T 2 2 5, = 250 5, = 325,
T <M 0M ST, S18 15 <T,
Group 11} ’
S, = 43072 240 5, = ¥ 5, = 45T,

Fig. I-11 shows the design response spectra assuming ¢z =¢, = 1 0 and ¢, =
10(h, =5%). Fig. 112 &hows the modification Metor c,.

When a time history analysis is required, «traug motion records which have
the similar characteristics with § by Eq (1 31} shall be used with the
consideration on site condition and structural response of the bridge. Three

N i ground acceleration records, as shown in Fig. 1-13, which were modified in
Photo 1.9 Shaking Table Tests of Relnforced Conerete Pler Supporting Two frequency domain so that their response characteriatics match with Sp in
Span Slaply Supported Girders { Welght = 40 ¢} . Eq (1-31) are provided in the Specifieatians -
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9 1. Total Bridge System and Connections
211 Seismic capacily of total hrdge strocture

(1) Seramic damages to bradpe struetnre

In order Lo examene sejanic capacity of n sy stem, 5L is necessary Lo consider
a bridge ns a total structural system composed of superstructure, ground and
substructure. Although deformation or displacement due to a large earthquake
is inevitahle to a certaan extent, il s essential lo maintain the bridge
function.

PasL seismic experiences indicate that loss of the basic bridge function
generally resulted from,

1) Falling down of girders

2) Movement of footings eaused by flow of soft ground and alope

3 Horizonta) movement of alimtments :

As mentioned in Section 1, a large earthquake may cause ground [ailure.
Especially when ground layer near grownd surface coltlapaes, it would domage
foundations located in the layer, and finatly tead te the damage of the whole
bridge structures.

There is a prominent corrvelation between bridge damages by earthquakes
and ground conditions where the damage has developed in longitudinal
direction, especially when the bridge spans over valleys, or is built on soft
ground near embanlments Dimages to the substructures were sometimes caused
by falling of girders. :

Phote 2.1 Earthguake Damape to a fteidge over a Balley



154 Internalional Workshop on Seismnic Design and Retrofitting of R.C Bredges

Phote 2-2 Falling off of Girders due to 1948 Fukui Earthquake

Phato 2-2 shows the damage to Nakazune Bridge due to Fukui Farthquake in
1948, Inadequate strength of Toundation and connection hetween footings and
piers are considered mmin renson of rl‘uch destructive dumage. Seismic deaign at
those days was inadequate. '

In Niigata Earthquake in 1964, abutmeats and pier foundations of Yachiyo
Bridge were displaced toward the river center caused by soil movement due to
liquefaction. As shown in Fig 2-1 the pier P2 cluser to the left bank inelined
On pier P4, the girders were pushed by the displaced piers , shipying beyond
the normal limits of the movable support, thereby pushing the adju: ent girder.
As a result, edge of the pier close to the Nixed support sheared off and the
girders were about to fall ns shown in Fig. 2-2.

composlte glrder

B —_

—
- A wortal - % J\
h woll ‘* -
H mL 1Y [RRAl :
.y - AN . '._‘ movable hearlnq‘ tined bearing
~ |. ll - |I . Y e - —_2
1 LA N
[] ' ] r?
\ H s ] L] 172
SRR R E

lefte bank riaht bank

Fig. 2-1 Damage to I, and P; of Yachiyo Bridge

' Fig. 2-2 Damage to P, of Yachiyo Bridy
due to 1964 Nitgata Earthquake

due Lo 1964 Nligata Earthquak
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Fig 2-3 Damage of Pier due to Liquelaction of Sandy Soil Layer
due Lo 1964 Niigata Farthquake

Fig.2-3 shows the most severe damage to caisson foundation in Japan, which
wan pushed toward the river center due to effect of Failure of river banks.

Settlement of foundation is one of typical damages to foundation
constructed on soft cohesive soils due to an earthquake. Many damages have
been experienced in the past earthquakes. A survey was made for selected
railway bridge pier foundations which experienced the Great Kanto Earthquake
in 1923, and the correlation between the settlement and the safety lactors for
their normal dead load was studied. The scrvey revealed that those bridge pier
foundutiona with safety factor ranging from 1.5 to 2.4 settled several ten of
centimeters, whereas those foundations with safety factor larger than 3 did not
make appreciable settlements. ‘

——o—— displacement  at top of pier

—#—— displacement at water level displacement
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Fig 2-4 Residual Displacements of Prers of Sinane-gawa Bridge
due to 1964 Niigata Earthguake
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(2) Seismic countermeasures of tolal bridge system

-1t is notl easy to design foolings, located in layers vulnerable Lo collapse
and latera) movenent, so as not to develop iateral displacement It g
appropriate to adopt longer spans instead of constructing lootings on those
layers Reinforcement or improvement of the sotl lavers vulnerable to lateral
movement are Lo be considered ns alternate. Arch bridges are stronger for the
soil movement due Lo liquelartion or nstability of very weak cohesive soil,
For evample, Bandai Bridge, ‘which consists of 6 span continuous rigid arches
with caisson foundations and is located at 3m down stream from Yachiyo
Bridge, sulfered only slight damage during the Niigatn Farthquake in 1964
Although some settlements of the foundation oecurred, no remarkable lateral
movement of the bridge was developed

When there is embankment hetween adjoining piers, it may be effective to
tie the two lfoundations tagether to prevent outward displacement

Embankment on &oft soil deposit teuds to rause failure during a destructive
earthijuake. [n the case of a flyover on oft sail depnsit, it is recomended to
keep the length of the embankment as short as posrible.

FPhoto 2.3 shows the damage to an abutment caused by failure of embankment
constructed on very soft cohesive soils with S-value of 2 ta 5. Because seiamic
design was not made at those days, only wooden piles were used to support the
abutment.

For those bridges with short to medium span length constructed in an
embankment of solt ground., a box stype framed bridge is prelerable from the
view point of seismic design

Phota 2.3 Farthquake Damege to Abutment sn Soft Ground due to
the Great Kanlo Earthquake in 1923
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2.1.2 Deviees for preventing superstructures from falling, and bearings

{1} Devices for Preventing Superstructure from Falling

Since connections between superstructure and substructure or between two
adjacent superstructures are quite susceptible to earthquake damnge, special
gtructural considerations are required to prevent the superstructure [rom
falling-off due to damage of those sections. For such a purpose, the following
measures are adopted as shown in Fig. 2-5

i i

2

Ll e

COMNECTION OF DECK
WITH_SUBSTRUCTURES

4
STOPPER AT MOVABLE
*-BEARINGS. -

‘ S E
'\ SEAT LENGTH ,/

Fig 2-5 Devices for Preventing Superstructure from Falling

© 1) At movable bearings, devices to prevent dislodgement of upper-bearings from
the lower-bearings (stopper) are provided.
ii} At both ends of the superstructure, either of the following meossures are
used to prevent the superstructure from dislodging from the support of the
subatructures:
a) The distance from the edge of superstructure to the edge of substructure
(Seat Length)  should be longer than the value as
T0+05% ) for' 1 S 100m
Se =
8n+04x | for I > 10m

in which S, and | represent the seat lenpth in em and the span length in m,
respectively. .

b} Installation af deviees (or preventing the siperstructure from falling off
substructures :

The design horizontal seismic coeflicient for Lhe devices should be equal to
sore than double the value specified in Section 1 5.



158 International Workshop on Seismic Design and Rctroﬁltmg of R C Bridges

(2) Bearings
Bearings shall he designed to support lateral inertial farce of the

superstructure Design of supperts should consider, in addition to lateral
forces, uplift force equivalent to vertical reaction Torce due to Jead load
multiplied hy the desigm vertical seismic cocllicient of 01 However, lateral
inertial force and uplift force need nal be applied simultaneously. The uplift
force is required for  preventing separation of superstructures from

substructurer

Y ”___'[' U S SR Rt '
trantversal PC-cable ~ s l PC-cable
i " - ———t— _
LN B U I T ) g
| -
o - -—x——.— =
.. an
- o

bltuminous (Lller

a) projection A front of end diaphragm

steel bar

. MNut

.‘/ shear plate

ruhber plate -diaphrage

|
—_— e — .

b} connection of adjacent end diaphragm
with ateel bar or stecl wire

¢} connection of girder
with substructure

H
Fig. 2.6 Yarious Types of Devices for Preventing Supestructure from Falling
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213 Measures for reducing concentration of lowgitudinal lateral force

Varions devices have been developed in Japan #ince the 1960°s to reduce
concentration of longitndinal dateral  force acting at piers with Fieed
gupports  Most of them are to distribute fengitmleal force to other prers and
have Tunctioned suceessfully during strong earthquakes.

T T e R T T A e T
H H[ " [r d n .‘EIH }“ M M Movahle
. o | i F Fixed
Viscous Danper Stopper S} . Viscous damper stapper

-  Spring

|
—£!

[T

Fig. 2-7 Measures to Destribute Lateral Force

Such devices can he categorized into viscous damper stopper and the
flexible support as shown in Fig 2-7.

Viscous damper stopper 15 to hehave as n fixed mupport during an
earthquake, while it allows lateral displacement without restriction for
movement with low velocity, such as those coused by temperature change.
Various types of viscous damper stoppers have been developed as shown in

Figs.2-8 and 2-9.

fﬂ

"! J_ i
\ EYE
amow FISEON RND
BeAd, chmoen
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1 100

Fig. 2-8 Cylinder Type Viscous Damper Stopper
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Various attempts have also heen made Tor the flexible supports
compon way is Lo support deck hy ruliber hearings

—_—

Most
One of the interesting

devices is the SU Damper, which consists of movable bearing and prestressed
strand as shown in 210 By elongatian of naturat period of the deck as well g
energy thasipation at the movable bearing, stroc .re response ol the bridge is

expected to be reduced

was installed.

Fig 2 11 shows an examnle of bridge where SU.Damper
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MOVARLE SUPPCORT
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Fig 2-%a) Rod Type Damper Stopper

FLATE &

5141400
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Fig 2-%b) Plate Type Damper Stopper
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Fig 2-11 Kita-lkebukuro Viaduct where SU Damper is installed
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2.2. Piers

2.2.1 Bridge seat
To protect bridge seate from damage hy soiamic latera! forces. it is

retuired to take the distance from hearing edge to the edge of substructure
mare than the fotlowing values

S=20+05«| | £ 100m
S=3+04 x| I > 100m
where

S : distance from hearing edge to the edge of substructure(cm),
refer to Fig 2-5
I bridge span (m)

For important bridges located in aoils of Group IHI(Soft soil arte), S should
be mare than Yoem

The railroad bridge code makes it a principle that this portion must be
reinforced with steel bars, and indicates the following details.

The shearing stress at {he bridge seat shall be derived from Fq (2-1) and
shall not exceed Thgl/cm?

A 2-1
1
Ad =/2%(2x +2a+ ) Ol
where
¢ : shear atress (kgf/em?)
A area cut off by shear caused by horizontal force (em?)
tk. : bateral force at bearing (kg
a - depth of stopper beneath bearingtem
: width of hearing in transverse direction (cm)
vt distance from center of bearing to edge of pier cre-* (cm)

wn this depth

bar should be

steel
provided

Fig 2-12 Reinforcement at Bridge Seat
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At bridge seats, regardless of shear stresa at the seat reinforcement shall
pe arranged according to Eqs. (2-2) and (2-3).

L

Aar = (2-2)
Taa

where

A.. : nmount of reinforcement (cm?) For Iateral force

o oa! allowahle tensile stress (kgl/em?)

H, : lateral force (kg

Aaz = fl. 2.3
where

ALz : amount of reinforcement (cm?) at front of bearing ribs
¢ aa: ‘ullowable shear stress (kgf/em?)

It should bhe noted that the allawable shear stress epecified in the
Standard is 1150kgl/cm?.

2.2.2 Column member (pier)

{1) Bending moment

ln design of single column type piers, it is generally assumed that the
bending moments caused hy an earthquake varies livearly in accordance with
height (refer to Fig. 2-13).

top of pier

/ (¢ assumed variation

2 dynamic responss analysis

M Bending moment at
intermediate - section of pier
M, Bending moment at
hottom of pier

L seismic
cofficient  method

N
N
\_\\

bottom of pier l..— .. - ' \' MM,

Fig 2-13 Variation of Bending Moment Assymed in Seismic Degign
for Single Column Piers
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The allownble &tress of structural members for seismic design by means of
geismic cocfficient method ta derived multiplying o .o and o .. shown in Table

2-1by 15
Table 2-1 Allowuble Stresses for Concrete and Reinforcement

a) Allowable strestes of concrete  [kel/cn?)

Specilied Sireageh LY L 10 i 100
Allosable compressive v0re4y 7 . 1M 10 30 a0
L] 16 1.9 (] 1.5

Alowable sbear siress —_—- —
' T3 ' " 19

b) Allowsble stresses of reinfarcement (hglf/en?)

SR SDI0A. SDIOR S0

Allowabie testile stress L 1400 1800 1000

(2) Shear . "
It the seismic coelflicient method, . shall be calculated as
S
tm T T (2-4)
where
b : width of the cross section {(em)
d : effective depth of the cross section "=m)

In the cnse when shear force is to be resisted by only concrete

Tem € ta

On the other hand, where shear force is resisted by concrete and stirrups

fom < €az

Wheo ©m > ¢4 . diagonal reinforcements shal! be provided as

Cma’ -
_ 1t b d
§q = — 5 (2-6)
where

A. : area of diagonal reinforcement (cm?)
0 ou:allowable shear stress of reinl'orcegnent
(1.5 times o .. spelcified in Table 2-1 (b))
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Further, ¢ ., cin be increasod by o Limes according to Fqa.(2-7),(2-8) and (2-9)

fay = 0t a (2-T
o =|--,ﬁ,'ﬁ— $20 (2-8)
N-l,
Mo ———?"c'_'y——' (2-9)
where

M.N : bending moment (kgf em) and axial compressive force (kgh
lo, : moment of inertia{cm*)

Ac : sectional area(em?) -

y :distance between center of section to the tensile edge(cm)

(3) Hoop
lloops shall have a diameter equal to or more than 13mm, and their spacing

ghall be less than 1/2 of the shorter side of the cross section of the member
and less than the 12 times of the diameter of longitudinal reinforcement and
less than 30 cm.

At the jointa of column and fooling, or where an amount of longitudinal
reinforcement changes remarkably, hoops indicated in Table 2-2 shall be
arranged within the ranges of short side of column length or diameter.

Table 2-2 NHoops Required at Joints

Po(%) 8 <Pt 50,5 0.5 <Pt 5.0 1.0 < e
Pe (%) 0,13 T8, 20 6. 75
Av
Pe = —— x 180D
b a
Pt : Losgitadinal reinforcenent ratisn

P. may be considered as 1/2 of longitudinal reinforcement ratio at column
base. .

(4} Intermediate Anchoring
In the Miyagi-ken-oki Farthquake in 1978 and the Urakawa-oki Earthquake in

1982, damage was developed at the intermediate anchorage of the main
reinforcements of the hridge piers.
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—— crack wadth more than 0 35 mm
""" crack width less than 0 15 mm

(1) Cracks of pier (2} Yield and subjected moment

Fig. 2-14 Seismic Damage of Natori Bridge due to inadequate Anchoring length of
Main Reinforcement at Mid-hight(1978 Miyagi -ken-oki Earthquake)

Fig 2-14 shows an example of the damage developed at reinforced concrete
piers with termination of mun reinforcement  at mid-height By comparing "Type
a” aml "Type ¢~ damage. it is apparent that the damage was significant where the
main reinforcement was teminated at mid-height. Anchoring length specified
in the specifications was tnadequate at those days It is also interesting Lo
compare “Type h™ and "Type ¢” damage. Redundaney of hending moment M relative
to the yield bending moment My v e, My/M. was smaller in the “Fype . This
developed more considerable damage in "Type ¢ than “Type b”

Based on these experiences the stipulations for the anchoring length was
revised in 1980. When il is inevitahle Lo anchor the main reinforcement in the
tensile zone, the following measure must be taken.

The reinforcement to he anchored shall be extended from the section where
the reinforcement is calrulated to be not necessary by a length equal to the
effective depth. plus a length of not less than 20 times the diameter of
reinforcement and bhe stopped. llowever, in this case, Lhe shear stress between
the height where main reinforcement is caleulated to be not necessary and the
height of the atop shall be 2/3 or less of the value «,,.
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e

923 Rigid-Frame

(1} Members of Rigid-Frame

In the victnity of the upper and lower ends of the rigid frame columna and
both ends of beams at the junction with the columns, hoops and stirrups shall
be provided at shorter spacings than in the intermediate sectiona of columns
{F1g 2-15) Lo prevent brittle falure ns

more than 000!b-a and more than 1.2 times reinflorcement
required for lateral force

Il “section: more than 0 0020h a

I section: more than 0 002b a

I¥ section more than 0 0015h a
in which b and a represent beam widlh (em) and stirrup or tie spacing (cm).

|1 section:

® @
1 section | section ——
iz s =

= o
= zZ1Q
| =11 E5
N & At
Y- I3
\K g
PR ‘U
— ]
L =
—| <l
e 2‘3
=]~
| — w

.

Fig 2.15 Reinforcement Arrangement at Intermediate Joint
of Rigid Frame and Bridge Pier



Photo 2 1 Earthguake mege to the Column of Raidw s Eloy aged Bridge
by 1S Miyagre-ken-obi BEarthquake
hl

Fhoto 20 shows an exwople of damage due to ioabaquate wmount of tie
reinforcement Specisl attention was not pacl for the mpar tanee of the tis
reinforcement in thaose days. This damage was caused by the 1978 Miyagi-ken- ok
eacthquake st volumas of a vipnd frame ralwey veadoet 10 shaald be noted
here that the daunage tends to be developed at the <t pear the strewn
grossing the b, Although ot was ascumed v desipen tha the Toundation was
rigidhy sopported by subsoils which consist of gl Taers, Flegibility
associated with loose grovel lavees resulted o lacger e b moment at the
upper portion ol the Trme  This is considered a put of reason of the
destroctive dumpe as shown o photo 2 8 Fig 2 16 41w shows the similar
damage of colums due Lo anadeguate e remforcement

YL

.
]

Fig 216 Damage Lo Yokoy ama Railway Vit
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) Jointr of Rigid Frame

A haunch shall be in principls provided at the joint of a rigid frame.
Reinforeement shatl be arcanged along the haunch as illustrated in Fig.2-17.
The radius of carveture, r, of external reinforcement shall be more than 10
times of the diameter of reinforcement,

At enmd joints, it is advisable to place outside at least one half of the
amount of the main reinforcement for the members connecting with the joints as
ghown in Fig 2-17

When a bending moment acts on the end joint as shown in Fig.2-17(h), tensile
stress develops in the diagonal cross section. Il this tenaile streas exceeda a
certain values, additional reinforcement shall be placed as shown in Fig.2-17.

On the other hand, in case of Fig.2-17(h), tensile stress will act diagonally
at the joint. Where the bending moment is significant, it is preferable to place
additional reinforcement diagonally as shown in Fig 2-17.

‘M
—— As/? or more tensile stress
Hooks — As Jenste o | )
— Hoops
\ —_———t{— — =
\.r'/ K 1,‘“ i
b E 3,
¥ 4 N ‘),’
A b \\ L1 A "
e 1 t
4 » M
NN /
,r N )l/ Additional reinforcements for the (b)
: 1 " bending moment shown in Fig b
T
T
4
H
\ 71| Additional reinforcements for the
i bending moment shown in Fig.a
\

Ulv (a)

Fig. 2-17 Arrangement of Reinforcements at End Joint of Rigid Frame Memhers

224 Fonting
Footings shall. have enouph thickness so that it can hehave as a rigid body.
Thickness shall be computed by
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a1 510 (2-100
3k
=4 f YRy -1
B b (m=')
whern
h average thickness of footingtm}

E. : elastic modulus of concrete(tl/m™)
1 : equivalent projecting length of footing(m)
k. : coefficient of subsoil reaction(tl/m™)

Main reinforcement at the lower end of the column shall he extended into
the faoting over the anchorage length beyond one hall of the height of the
elfective height of the footing or the column, whichever is less

The amount of reinforcement to he placed on the topside of the footing
shall be more than one third of the amount of the reinforcement placed on the
downside. :

If tensile force i generated at the piles, main reinforcement shall be
arranged at the upside of the footing. In this case, the column width t, shall
in principle be taken as the effective width, but under unavoidable
circumstances, the effcclive width may be increased to the sum of the column
width t. and the elfective footing height 4. The eflective width to be used in
stress calculations for main reinforcements at the downside of footing ehall be
te ¢ 2d  The entire footing width shall be taken as the eflective width in
relation to shear force, b

2.3 Foundations
2.3.1 Foundations

(1) Ceneral

Foundations shall be designed using static lateral force method {seismic
coelflicient method) to meet the following requiremonts.

D Foundations shall be sale against bearing capacity of soils, overturning and
sliding.

2) Displacement of foundations shall not exceed allowable displacement
Table 2-3 indicates basic criteria for safely.

For elastic lToundations with Al > 1, the allowable horizontal displacement
is such so that the horizoatal displacemnnt shall not exceed the elastic limit
of soils. The limit values are assumed as ¥ of loundation width, but for
foundations whose width exceed fan the allowable displacement is limiled to 5em
For pile foundations, avoiding harmful residunl  displacement, the mnimum
allowable displacement shall he 1 5cm  For rigid foundations with al< 1. no
aflowable displacement limit is prescribed because the horizontal stability is
checked against Lhe passive earlh pressure.

—_—
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Table 2-3 Check Items for Stability of Foundation

i Chech 11em Braring caparioy Horicontyl
— o A Over- §Iid- displace-
e T R A B i
—HE”“ fowadatisn ‘-‘ —_T_ {8)] 9] Q =
Caisson ARsl ——O —"_6__ - O -
feendatioa 1< g e<t 0 O - Q O
'—7. Skort pile 1< B @ <1 Q o - - O
Fite teog pile p ez o | = - - O
( } means 1hat the ftem mast be cheched whee the penetrsted pacy

parily bears the load

@ : Effecyive penetration depih of fonndavion {cw)
A : Characrerigitic valee of fowndation (cm™1)

For those foundations with D,/B < 1/2 they ghould be considered as direct
foundations and for those with D./B > 1/2 they should be considered as cnisson
foundations, in which D¢ is the effcctive embeddment depth and B ia the shorter
side width of the [looting. But il the passive earth pressure can not be
expected, the foundation shall be assumed ns a direct foundation even if D¢/B >

1/2.

(2) Coefficient of Subgrade Reaction

A subgrade reactions vs. displacement curve is nonlinear, For design
purposes, however, a certain coefficient of subgrade reaction 13 used on the
sssumption that displacement within the limits of the allowable displacement ia
linear as

v=ho(&) ‘ o (210

o= abo/30 2-12)
Al

vn * atandard coelficient of vertical subgrade reaction (kgffem")
« - boading area in vertical direetion tem?)

k

k

B

r

k. : coelficient of vertical subgrade reaction (kgf/cm™

k

A

Eo - equivalent linialized elastic modufus of soils (kgfiem?)
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For obtaining Farfrom N.values in standard penetration tests, assumptions
shnll be made that E, = 28N and that the value of o is | lor nl'nt;r -|-O'! Il' !.
for seismic load. . 2

The coelficient of horizontal subgrade reaction, k. shall be determined in
the same way ns for k.. The equivalent fouding width B, of a rigid r;n|1:1sl-nti(.
shall be taken aefAy (A, is the area of mides of foundation) :'\ml this \Inlu::
shnll. hem 8 in the case of elastic foundations, is which D represents (lli:un;'ler
of Pule. Where an elastic foundation is used, a anbgrade associated v'vith
horizontal resistance is assumed to be developed within the depth of 173 below
the design ground level. )

2.3.2 Direct Foundation

(1) Allowable Vertical Bearing Capacity
Theltflhm:\le bearing capacity can be computed taking account of the
eccentricity of bottom reaction and the gradient of the reaction ’
The‘allowahlcl hnnrlng'cnp:\city of the gro. ' shall be dreeived by dividing
the ultimate bearing cnpacity by the safety factor of 2.
The eccentricity of the resultant Jnad on + ~ dy i
T ‘ ~ drrect foundation should be
within 1/3 of the bottom width from the _.nter of Toundation against seismic

load

(2) Shear Force

The allowable subgrade shear resistance shall be derived dividi .

\ ! H d iding the she:
resistance H, by the saflety factor of 1.2. N, shall be evaluated asl B Hhe shear

H. = CoA’ + Vian
Thers e (2-11
Cs : adhesion between foundation hottom and groundikgf/em?)
6‘. : angle f)f friction hetween loundation bottom and groundidegree)
A’ : elfective loading areaiem?)
V : effective vertical load acting on foundation bettom kgl

_Generally. it is nssumed that tand . = 06 or ¢ 4= 4 (angle of shear
resistance of ground), whichever is smaller, and Cp=0. h

Horizontal londs are in principl i

‘ iple assumed to be resisted only by the

subgrnfle shear reaction of the bottom. However, il a stable bearing sylra{urn is
::ound I:‘t:e Emlblmtnel:it, the latter may be allowed to carry hortzontal bearing
orce which sha e derived by dividing the passive earth ; .
(oree which ¢ i p arth pressure by a safety

233 Caisson loundation

{1} Calculation of ground reaction
As D¢/B increases, most of lateral force tends to b
. . s Z e suported not at the
basement but at I.}lle side wall of caisson foundation. To derive apportion rat;:
of embedded portion and the base of the caisson , the enleulation is made
asm;:;.m.g t;hi caigson as a rigid body. and using the vertical ground reaction
coeflficie v i : i ic
n at the base of the caisson, honj:ontal shear reaction coefficient

International Workshop on Seismic Design and Retrofitting of R.C. Bridges 173
R e e e R s

at the base and the harizontal ground reaction coeflicient ky at the front of
footing Considering the effect of the sheac ground reaction at the embedded
portion, k. 18 multiplied by 1.2

ke values for shallow portion are decided, conridering that the ground
reaction €an not he more than the passive sarth pressure, as shown in Fig 2-18.

| — e Iee
AT e T H
- * :,;l;,‘ design ground suclsce
B Sty B e
!

[RERRRNiE

LA

horitontal horlrontal  cosfClcleats of
dilsplacement hoclzonkal
qeound reactlen

vertical ground reaction

ground
reaction

Fig 2-18 Distribution of Ground Reaction and Diaplacement

(2) Base of caisson
Because the Iateral foree and the overturning moment developed at the hese

ia small, the ultimate bearing capacily is computed assuming that the effect of
the inclination and eccentricity of the reaction force be disregarded.
Allowable bearing capacity lor seismic force is derived by dividing the value

of ultimate hearing capacity hy salety factor 2. )
Allowable shear resistance of ground under the footing is derived following

the same procedure of 2 3.2.

(31 Side of caiason
The allowable harizontal bearing capacity of the ide of caisson in obtained

by dividing the strength of passive earth pressure developed at the ground at
the side of the foundation by a salety factor 12 In order to derive passive
earth pressure during an earthquake, friction angle hetween caiason side and

growud shall be - 4 /6 (- 4 /3 for static load), in which 4 is shear resistant

angle of the ground
In this rases the ground reaction furce for the caisaon gide is apAaumed Lo

be derived by multiplying the ground reaction Torcs hy 0.8,
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{4) Caisson

The benthng moment along the axis of the caisson due to carthquake force
shatl be computed by the ground reaction force in Figure 2-18. then required
amount of reinforcement shall be decided

Stresses in the peependicular direction of the cmisson axis shall be
calculated assuming the caisson as a rigid body supported by a side wall or
partition (al outer edge for circelar cross section) receiving ground reaclion
force from one direction. In this caleulation, static earth pressure and water
pressure have Lo be considered (refer to Fig 2-19 by

The support for the Lop slab shall be examined agsinat uplift, bearing and
sliding. The reinforcement ratio required to resist the uplift shall be more
than 0 2%, and bar with o diameler longer than 16mm must be used. I necessary,
shear keys shall be provided agninst sliding (refer to Fig 2-19 a)

- .
I
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4 of eacthquane

~4} tansile rainlorcement mm]mmmm{mm
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fecess of rop alah Th—

AT~::‘ .

. additional teinforcement Pmax : maximum Qround reaction
| (3] : st&blic earth ptessyre
— . i Pw - static hydeavlic pressuce

Fig. 2-19 Reinlorcement of Caisson Foundation and Design Earthquake loadings

234 Pile Foundatinn
(1) Pile Reaction and Displacement

Calculations of the pile reaction and the displacement are made by the
elastic analysis method assuming a rigid footing and displacements (vertical,
horizontal and rotational) of footing
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Refer to 23 1 lor the method of determining the cocfficient of horizontal
subgrade reaction of piles  FEffect o!' group |.n|nn i..q important issue to be
considered in design. However, taking into cnnmrh:rntu?n t:he complexity of the
actual ground conditions and insufficient test dnt:?. it ia generally 'nsmxmcd
that 1 the center-to-center spacing is about 25 timea diameter of pile, the
value of ky for single piles can he used. ‘ _

The coefhcient of pile head reaction in the vertical direction k. (vertical
spr'ingl ‘clonst.,}!nt of a pile) is defined hased on mimeroua loading testa as

Ky = nj?& ' (2-14)

a : coefficients depending on type of pile (Table 2-4)
A, : sectionnl area of a pile (em?)

E, : Yang s modulus of a pile (kgf/cm?}

I - pile length (cm}

Table 2-4 Coeflicient "a" in Eq.(2-14)

coefficient “a”
ot (/D) 0. T8
0,013 (R/D}) + 0,61

Coastractjon wethods

Steel pipe pile

Presiressed Concrete pile
Prestressed Hight streagth Pile

Cast-la-place Concrete pile 0.03t {2/D) - 0,15
S

Enbedded Sieel pipe pile 0,009 (gD} + 0,39

Enbedded prestressed Concrere plle 0.01) (2.7D) « 0_1%

Pre-boriog pile 0,009 {2.7D) +» 0,11

(2) Allowable bearing capacity of piles )
Allowable bearing capacity of pile shall be given as

Ro=—2- (R, -Wo s W, - W (2-15)
n
where

R, : allowable hearing capacity in axial direction at the pile head(kgD
n : safety factor (refer to Table 2.5)

» - modification cnefficient for salety factor according to method
adopted for estimating ultimate bearing cnpacity {refer to Table
2-6)

R. - ultimate hearing capacity of piletkeh
W. : elfective weight of earth to be replaced by the piletkgh
®  : effective weight of pile and earth in piletkgh
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Table 2.5 Saflety Factor

e

\\Nflle type

Feictyon pile

T Siatic Lead

Seivmic load

Table 2.6 Modification Coefficient + According to Method
Adopted for Estimating Ultimate Bearing Capacity

Evtimation wethod far

altinste besring capacity Wadification coflicient
Bearlag capacity formsla 1.00
Yertical leading tert 1.10

The allowable pull out capacity P, of a pile at the top of pier is given hy

n
R L (2-16)

in which P, represcents ultimate pull out capacity,

(3) Strees of the pile

An example for computing stress of piles is presented in Section 3.3,
Fig 2-20 shows two examples of the connection of pile with footing.

telnforcenenty installed

top of footing In the plle section

cast In place concrets

N

sdditlonal reintarcement ¥ -1—

reinfarceasnt of foating 2
—&

relnfarcement of footlng bottom of footing

tie bar -1

PULY s 0 150 mm

bottow of footlng I

= I

a) Method A b! Method B

Fig. 2.20 Counection with Footing and Pile
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CIMENTACIONES CIRCULARES

TIPO DE MOVIMIENTO K
TRASLACION VERTICAL 4GR/(1-v)
TRASLACION HORIZONTAL 8GR/(2- V)
GIRO DEITORSION 16GR*/ 3

GIRO DE FLEXION

8GR’/ 3(1 - v)

G = mébdulo de rigidez al corte dei semi-espacio

v = modulo de Poisson del semi-espacio

R = radio de la zapata




CIMENTACIONES RECTANGULARES

Kr = QBK
donde ;

o = factor de forma

B = factor de desplante

K = coeficiente de rigidez para una cimentacién
circular
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RADIOS EQUIVALENTES

iTRASLACI()N | Roo 4BLIn

%ROTA 'ON .
o N

(FLEXION ALREDEDOR DE X) Ra =[“BL (a4

'ROTACION 28y +- "

(FLEXION ALREDEDOR DE Y) R, [ o€ ]

TORSION N =[(28)__(2L)3}1M

3In .
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Zapata >
rectangular
L
o
Zapata
circular
2quivalente
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FACTORS AFFECTING
LATERAL STIFFNESS

RELATIVE LATERAL STIFFNESS

COMPONENT
Component Type Vary Flenbte very Sul
|
]
total bridge lengtn * continugus box Qirder ——
owl briage widih ¢ continuous T=girder —————
wilh glapnragms
structural type * continuous T=girder ——
without diaphragms
continuity * simple spans T- Snm——
Qirders wilh
diapnragms
plan geometry * simple spans T- r—-
girger wrthout
dlapnhragms
suparatvrycturs
pnysical gimensians * sliging plates
- ——

VT =

bearing type
material properties

* shding plales

wilh gide si0ps

wilhoul sige stops —
elasiomeric bBearings

* shear keys
—
bearings

f\ halgnt " single column e ———

V S8cuon propertigs * multi column N ————
structyral lype * wali pler A——
end conditions

osUucture -
elteciive "dapin * toolings on rock
Or dense 30ils —
saction propertias * banaer plles ———
ﬂ 33y Fw T structural type * verticai piles L ——
soll conditons * spread logungs ———

foundations

on 30it solly




SUPERSTAUCTURE

a)  poiml ioad al migapan K = 40 ELAd e @
) unliorm loag K = 384 Ei/si30e00m
BEABINGS
t)  etastomeric K ® GpAJ/T,
L aligars vary high initially. then rerc
) pol bearings vary mgh
BEAS
BENTS

W single column: 13

flizad~hxed K = 12 E(cm3
lixgd=pinned 3 3 Eigsn?

@ mutti-columns; 2.3

Nzed-tized X = )20 Etesnd
tizad-pinneg X = 3n Eignd

WALLS

K = 3 EL/hin +

TIPS PIES

#3% tor muilcotumn Bems
assume h = gtigchve length
0 point of by

n
s
HQIATION
Noles
[ slaslic modulius
G, shear moguius Ol elasziomer 1. H torsionst stliiness of supersiruciurs is wvery mgh.
LIPS moment ol inertia of the use hred-fized resull. i slifingss 13 very low, wie
supsratryciure, single column Mzeg-pinned fesult If slitiness is in bDetween, mcivde
v iotel lengin of bruage sctudl vaiue in csiculston lor latesal sufiness
cnlumn or «all heigh! 2. 1l colurfhs “Aeither tited hor pin andes bul ramed” mio
n apmber of columns N euch banl oanl CEP, U8 & mMmOoment JisdDUION procedurs 10
A, boncod sieds Ol eiasiomer calculate pler atilingss.
T, Iotal thickness ol aslasiomer
a + 12 Et,/nA',L? 3 If pier is pited benl of singls Column gniled shaf.
a 3 EM™/GAT L"’ above expre3sion can be vied proviced hb incivoes
w
A's.A'w ellociive snear aress 1o Oeptn to ity of plie{sl.

svparsiruCiure Ang wadl sections.
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DISENO ESTRUCTURAL

Determinacion de secciones de elementos y sus uniones
. para que la resistencia de la estructura sea mayor
que el efecto de las cargas ‘= margen de seguridad.

Ademas, las estructuras bien disefiadas deben:

e ser seguras para sus ocupantes (sensacion de robustez o fragilidad, de tranquilidad o de
intranquilidad )

e soportar las cargas de disefio sin sobre esforzar algunos de sus componentes

» evitar deformaciones excesivas

e ser “economicas” de construir y de operar durante su vida util

PRINCAIPIO:S:DEL DISENO ESTRUCTURAL DE PUENTES

r

¢ necesidad de un puente:salvar un obstaculo (atravezar un rio, cruzar una carretera, etc.) -

¢ evaluacidon econémica; la via impone sus condiciones (ancho, alturas, peraltes, trazo en
planta, etc.) ,

e propuestas iniciales; tomar en cuenta las condiciones funcionales:

» impuestas por el moévil que utilizardn el puente (peatones, autos.y camiones,
trenes etc.)

« rigidez (control de vibraciones) :

* materializacion del puente (piedra, madera, acero, concreto reforzado, etc.),
(vigas, arcos, armaduras, atirantado, colgante, cimentacién, problemas de
socavacion, etc ) -

» disefio;planos detallados y especificaciones para construccion

En resumen:

SEGURIDAD, FUNCIONALIDAD Y ECONOMIA

1

h



TIPOS DE PUENTES DE ACERO |

PUENTES CORTOS

inicialmente menos de 30 m de longitud y formados por vigas con seccion |
* actualmente llegan a ser hasta de 100 m de largo y estan hechos a base de trabes
armadas. Lo anterior se debe a:

i) mejores aceros de construccion (con esfuerzos de fluencia hasta 3 veces
superiores a los de los primeros aceros estructurales).

i) soldaura (taller o campo)

1i1) pernos de alta resistencia (taller o ¢ampo) conexiones resistentes a cargas
ciclicas

iv) disefio compuesto (losa de concreto-vigas de acero)

Componentes:
e vigas armadas o roladas
e vigasen cajon



PUENTES PARA CLAROS MEDIANOS

SOA"Q . Wl:i/:i§i231 ﬁ

de hasta 50 m de longitud y formados por secciones I armadas, secciones en cajon,
armaduras, arcos y atirantados

estructuras con relativo peso propio bajo

las vigas armadas pueden construirse para verse atractivas

Gea- . RO .
et T LR R mtA e RN

.

el transponte de vigas armadas de mas de 35 m de longitud puede liegar a representar un
problema '

tambien se fabrican de vigas en cajén para resistir la torsion, en este caso se usan para
claros de hasta 150 m '

pueden representar problemas debido a defectos de soldadura y en consecuencia fallas
por fatiga

|l i Tt dl TTrTer e T
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)

sobre

abaso _@m_ -

denro
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Componentes:
vigas armadas, vigas en cajon, elementos a tension, elementos a compresion



. PUENTES LARGOS

e para claros de 50a.150 m
e pueden ser de vigas armadas, vigas en cajon, arcos, armaduras (evitan el problema de
flexion en los elementos estructurales), atirantados y sus combinaciones

e ! -‘.' . Patas .
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PUENTES PARA GRANDES CLAROS

s para longitudes superiores a 150 M. _
s puentes atirantades o colgantes (baje peio propia)

e principal elemento de transmision de las cargas a las torres de soporte es el cable

flexible trabajando a tensién

Puentes atirantados

C)

firan'es en abanjco

: (b)

Firantes en arpa

'ffran?lef en .sf’mi-abfmioo

Algunas caracteristicas

cables rectos
todos los cables son mas cortos que a longitud total w. . puente

no se han observado problemas aerodinaniicos en estas estructuras
economicos en claros de 100 a 350 m



Puentes colgantey

Algunas caracteristicas:
* cables curvos y rectos

o los anclajes de los cables pueden ser costosos si la capacidad de carga del suelo para la
cimentacion no es buena

e se requieren armaduras o vigas para dar rigidez vertical al soporte de cargas
se requieren armaduras o vigas para dar rigidez lateral a la estructura y evitar problemas
dinamicos .

e para claros superiores a 600 m son la dnica alternativa, sin embargo se han construido
para puentes peatonales

colgants

wevacidn

, cable
principal
cabie -
verticsi
I'_.d‘t‘/— m::.

o “ (verfical)
rigtdizanis
(lateral)

BRCCHD trampveresl

Componentes:
cables flexibles, torres (concreto)

AHLALAAL
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RESUMEN

I | _

TABLE 23 Span Lengths for Yarious Types of Superstructure

Range of Maximum Span
Siructural Spuns i Service
Type Material (m) (m)
Slab Concrete 0-12
Girder Concrete 12-250 240, Hamana-Ko Lane
Steel 30-260 261, Sava 1
Cable-stayed girder Conerete 5250 235, Maracaibo
Treel 0 .0 856, Normandy
Truss Siecl 9U-550 550. Quebec (rail)
480. Greater New Orleans,
Nos. | and 2 (road)
Arch Concrete 90300 305, Gladesville .
Steel truss 240-500 510, hew River Gorge’
Stec! nib 120=360 365, Ponn Mann
Suspension Steel 3001400 1410. Humber




FILOSOFIAS DE DISENO DE ESTRUCTURAS DE ACERO

' Cargas v resistenciasinciertas =  reglamentos de disefio
= evitar la falla estructural

CONSIDERACIONES GENERALES DEL DISENO ESTRUCTURAL

L}

Condicién fundamental:

resistencia 2 efecto de las cargas

Si la desigualdad anterior no se cumple = falla (estado limite)

Estado limite:  condicién mas alld de la cual la estructura o sus componentes dejan de
funcionar adecuadamente para lo que fueron disefiados

Estados limite:
agrietamientos
deflexiones
fatiga
hundimientos
pandeo
etc.

Objetivo importante del disefio estructural: prevenir la formacion de un estado limite

Antieconémico disefiar un puente para que ninguno de sus elementos estructurales falle
pero:

¢ Cual es el riesgo aceptable ?
¢ Como establecerlo ?
¢ Es suficiente la experiencia individual y colectiva ?

J

procedimientos de diseidio



DISENO POR ESFUERZOS PERMISIBLES
e primeros procedimientos de diseflo aplicados a estructuras de acero ~

R (resistencia)

factor de seguridad =
C (efecto de cargas)

En los primeros puentes de armaduras

efecto de carga axial
area necesaria

esfuerzo permisible

Factor de seguridad = f (longitud del elemento, carga, comportamiento, etc.) .

¢ suposiciones iniciales:
* no existen esfuerzos antes de aplicar las cargas
* no existen esfuerzos residuales

» los conceptos de resistencia estan basados en el comportamiento elastico no en
la resistencia de los materiales

s no existe variabilidad en las cargas ni en las resistencias

Observacion:

Las armaduras son estructuras estaticamente determinadas.

En sus elementos estructurales no aparecen elementos mec*nic~s combinados
(flexion + coitante, flexion biaxial + carga axial, etc.).

DISENO PLASTICO

Condicion limite = carga que ocasiona el colapso de la estructura
Carga de colapso plastico = carga de servicio x factor de carga
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DISENO POR FACTORES DE CARGA Y RESISTENCIA (LRFD) -

En este caso:

resistencia ( R ) 2 efecto delas éargas (C)

.se transforma en:

@ Rnz efectoZy; C;

donde &, v; son los factores de resistencia y de carga respectivamente

estadisticamente @< 1.0
y > 1.0

El factor @ toma en cuenta las incertidumbres ei;

propiedades de los materniales
ecuaciones para calcular la resistencia
calidad de la mano de obra

control de calidad de ia obra
consecuencias de la falla

El factor y toma en cuenta las incertidumbres en;
e magnitud de las cargas

e variabilidad espacia! de las cargas
s posibles combinaciones

FACTOR DE SEGURIDAD
Para una estructura segura se requiere que
C<R

si C = R = se alcanza un estado limite, en este caso:

F=R/C=1.0

suponiendo ahora una sobre carga AC, y una disminucién de la resistencia AR se tendra:

C+AC = R-AR



&)

o también:

C(1+AC/C) = R (1-AR/R)
Y %)
¥yC = @R

el factor de carga requerido sera:

R/C = (I+ACICY( 1-ARR) =FSR  (foctor dle sequrided requerids)

Ejemplo:

. Sea una resistencia con una deficiencia del 15% (AR/R = 0.15), y una sobrecarga del 40%

en el sistema estructural (AC/C = 0.4). Ambos estadisticamente independientes con una
probabilidad de ocurrencia de 1/1000.

La probabilidad de que ocurran simultaneamente es:
(1/1000) (1/1000) = 1x10°¢
el factor de seguridad requerido es:
FSR =(1+04)/(1-0.15) =140/0.85=165 = R/C

Sea ahora: AR/R =0.25 | ocumrencia de 1/1000
AC/IC =040 '

se tiene:
FSR =(1+04)/(1-025) = 1.4/075=1.87

Al no considerar las variaciones AR y AC, el factor de segundad calculado por esfuerzos
permisibles tendra el mismo valor en ambos casos.
Asi las variaciones en |a resistencia estan dadas por:

R=2Rn



donde:
R = resistencia factorizada
@ = factor de resistencia {toma en cuenta variaciones aleatorias)
Rn = reistencia nominal (resistencia calculada utilizando valores conservadores de
las propiedades de los materiales, dimensiones de la seccion, etc.)

p. €. la resistencia nominal de una viga compacta es:
Rn=Mp=ZFy
donde Mp es el mto. plastico; Z es el médulo de seccion plastico (dependiendo de las
dimensiones que el fabricante dice que tiene la seccion y Fy esfzo. de fluencia y maximo
Los valores en las cargas estan dadas por: .
Carga de disefio = C = f (CM, CV, sismo, etc.) g Yi C;

=l .-
entonces:

Zk viCi = @Rn
1=]
INDICE DE CONFIABILIDAD
St C2R = falla
ahora
F=R-.C = fallasiF <0
considerando Ry C pormalmente distribuidas
F=R-C ; G =g+
entonces la probabilidad de falla es =

[v}
Pf=Pr[Fsr0] =/P(f)df

-
Ccero



sustituyendo:

F=F- Bor=0 porlotantop = F/or = indice de confiabilidad

B =(R-Cy ok +o)
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Resistance Factors for the Sirenpth Limit States

Descripuon of Mode Resistance Factor
Flexure b, = 1.00
Shear ¢, = 1.00
Axial compression, steel ooly ¢ = 0.90
Axial compreasson, composite &, = 090
Tension, [racture 1 nel seclion ¢, = 0.80
Tension, yielding in gross section $ =055
Bearing on pins, in reamed, drilied or bolied holu. and $, ~ .00
milled surfaces i
Bolu bearing on melerial ¢, ™ 0.80
- Shear conneciors ’ ¢, = 0.85
A325M and A490MN bolis in tension ¢, = 0.80
A30T bolts in tension &, = 0.67
AJ25M and A490M bolts in shesr ¢, = 0.80
Block shear &, = 0.80
Weld metal in complete penetration welkds:
* Shear on effectrve ares &, = 085
* Tension or compression normal 10 effeclive arca & = basc metal &
* Tension or compression paraliel to axis of the weld ¢ = base mewl
Weld metal in parual penetraton welds:
+ Shear panallel 10 axis of weld 4,; = 0.80
¢+ Terwion or compresaion parallel to axis of weld ¢ = base menl &
* Tension compression normai 10 the eflective arca ¢ = base metal ¢
* Tension nomnal 1o the effective area é., = QRO
Weld meral in fillet welds:
+ Tenrion or comprersion parallel 10 sxiz of the weld ¢ = base metal &
* Shear in throst of weld metal $,, = 0.80

*In {A8.5.4.2). {From AASHTO LRFD Bndge Denign Specificatons, Copynght © 1994 by the
American Asanciatnn of Sute Highway and Transporanon Officisls, Washinglon, DC. Usd by
peitnission. ]
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DISENO DE ELEMENTOS A TENSION

Sea un elemento de acero:

- area bruta = bt
b d - +area neta=(b-d)t
. area efectiva

Ejemplo:
Determinar el drea neta efectiva y la resistencia a tension jactorizada del angulo moslrado
en la figura. Usar acero es:rncmral M270 grado 25 0 con Fu = 400 MPa (4078 kg / em®)

Fy= 250 MPa (2550 kg /cm ) (Pa = newton/ mm’ = (Kg/cmn )/9 807)

Gussat
Q
faadadornmt +vetiiry I

S %—’lr w

P,

fYjeasassessmses ey [
%’J L15241022 127

Resitencia a la tension esta defimda por la menor de:

e resistencia a fluencia de la seccion transversal bruta.
e resistencia a rupinra de la seccion transversal reducida -

De acuerdo con AASHTO LRDF Bridge Design Specifications, 1994

Resstencua a la fluencia factorizada

&y Pry = &y I'y Ag
doude. =
2 =095
Fy = esfzo. de fluencia (MPa)
Pny = resistencia nonunal a la fluencia en la seccion bruia
Ag = area transversal bruta ( mm” )

Resistencia a la ruptura:

i Pt = 2 F Ae



donde:
2 = 0.80

Pru = resistencia nominal a la ruptura de la seccion neta

Fu= esj’uerzo a la tension (MPa)
Ae = drea de la seccion transversal neta (mm ?)

Toma en cuenta la falla por factura fragil.

Para conexiones soldadas
Ae = UAg

donde:

U=10sil>2W

U=087si 1.5W <L <2W

U=075si W=L s I5W

L = long. de la soldadura

W = separacion de la soldadura
en este caso L=200 mm; W=152 mm, entonces:

LW =200/152 ~L=13W= U=075
Entonces, con Ag = 3060 mm’

Ae = U Ag = 0.75(3060) = 2295 mm’
La resistencia de fluencia es:

&y Pny = &y Fy Ag = 0.95(250)3060 = 727x10° N RIGE

la resistencia a la ruptura es:

& P = 2h Fu Ae = 0.8(400)2295 = 743210° N

(1 Newton= 1Kg / 9.807)



Ejemplo :
* Determinar el drea neta y la resistencia a tension del dangulo conectado con pernos
mostrado en la figura. Los aguferos son de 22 mm de digmetro. Usar acero grado A250

40mm, 70 70 .70 40mm

$"jP —&-¢-Fo7 — *

S0mm P,

L

. ° o__-_tomm
' 1 ¢ f gh
L18221 .
0 |.m 75 z102x12.7

mm'mm’ mm

el ancho total de la seccion es: ‘
w,=152+ 102-12.7=241.3 mm’

el diametro efectivo de los agujeros es:
d=¢+3.2=22+3.2=25.2 mm

peralte neto para una linea de falla

Wo=w,-Sd+ I5°/dg

linea de falla a-b-c-d:

W,=241.3-2(25.2)+ 357 /(4)(60j=196.0 mm RIGE
{inca de falla a-b-c: ‘
w,=241.3-1(25.2}=216.10 mm
entonces

A=tw, =2.7(196)=2489 mnr’



Debido a que sélo un lado del dngulo estd conectado, el drea neta se debe reducir por el
- factor U. Para ello se usa la siguiente ecuacion:

Usm1-(x/L)
Six=25.2 mm; L=3x70=210 mm, entonces
Ae=U A,=0.88(2489)=2910 mm’

la resistencia factorizada a la fluencia es:

& Py=d,F, Ag=0.95(250)(3060)=725x10° KN -

la resistencia factorizada a la ruptura es:

b Pu=¢. I A.=0.80(400)(2190)=701xIC° KN RIGE



CONSIDERACIONES PARA EL DISENO DE CABLES

dead loads
i 110

TizRjcosecH; ‘rRl

AAAAAAAAAAAA

bending moment

dead loods

bending moment Lending moment
(a) {b)




Tabls 2-7 Propledades mecinkoae de jos toranes pare pumenies recanblerion do
. cims

Norma esteblecidcs por le "Wirs Rops Technica Boerd”

Resirtancie minima de ruptwre )
m tonslada métricas

Lioes =4 [="""I o

. . dros miediire o
ot ‘:: Ciae g 7 ime vlomiees  oaioe slemters e - Kpim
L trnand T RS Clame ~C*
womplora L et T reveis ivivnbe
o les mlamires  va los alnmives
111 136 13.2 129 097 077
9716 17.2 16.7 16.4 123 0.98
575 218 1.1 0.7 1.51 122
11416 63 255 249 1.83 147
4 A 9.9 293 218 1.76
13716 363 352 343 2.55 07
78 4.7 405 95 296 240
15716 50.0 473 465 140 .75
i 55.3 5317 585 387 3.13
1 1716 2.6 60.7 59.4 . 437 3.33
'YL 708 63.7 672 4.90 396
1 Wik 78.0 75.7 0 546 4,40
114 871 85.4 135 6.05 4.83
b1k 952 941 925 6.65 5.59
i 1 105.2 1034 100.7 7.2% 591
1 116 114.3 t16 19 £.00 6.46
112 128.2 1223 119.8 8.7 7.04
1 9716 1360 133.4 1306 9.48 7.63
1 e 142.0 1442 140.6 10.28 5.26
1 /16 159.7 1560 1533 110 8.90
1 3 1706 1669 1633 11.87 957
113716 1813 1796 176.0 1221 10.27
[ {2 196.0 192.3 1878 13161 11.00
115416 2087 205.0 200,5 14.52 11.74
) N3 2186 1159 15.48 12.50
1 1/18 2158 23312 2293 1645 13.30
st 2513 2477 244 0 17.48 14.52
1 Ve 2658 %l 1376 18.52 14.9%
7 14 281.2 1767 173 19.61 1383
[V, 3121 1221 1010 1161 17.63
RERTa1Y 196.7 292.1 187.6 1071 16.73
LAl 326 6 1221 LY 230 18,57
LI P L] 335.7 3311 24.20 19.54
y oane .. 3556 350.2 344.7 13.41 10.53
YY) 378.3 1729 366 4 1665 2153
It LR 1856 3580.0 2794 12,56
F T2 4101 4037 3197.3 2929 2163
v 7/ 4482 4409 4343 1200 25.83
3 456 | 4R0 8 47135 34 84 2882

113 529% 521.6 5134 37.81 30.52



DISENO DE ELEMENTOS A COMPRESION
IP

lp

Carga critica: Pcr = n® EI/L?. Esfuerzo critico: s=Per/A = R E/ (KL /1)?
donde L / r = relacidon de esbeltez. -

Esfuerzo de pandeo:

Ccr _ =’ E
(KL/r)-:

pandeo ineléstico (columnas cortas)

Ll dsd EPPTT L PEIFIT PTIIT

{a) (6) (<) (@ - (o)

OT.T_Er_
(KL/r1)*

o
caP/a ) & e

N
10095 =T tn_~ pigatic.
P PR inalgstic JP \
Gprap F-mmm-an Local

4 ! .
Eiastie :‘% ‘ L Buckilng
i

a/t,




Resistencia a la compresion. Carga de fluencia Py
Py=AsFy

As = area total
Fy = esfuerzo de fluencia

Para columnas largas:

Per - m*EAs . O As
(KL /1)

Per 1 = donde A . (KL) ,/Fy
Py A nr E

A = coeficiente o factor de esbeltez

Resistencia nomingl a 1a compresion

Columnas largas: A =225
Pn=088 Fy As/A

el factor 0.88 toma en cuenta la curvatura inicial de la columna
Columnas intermedias: A <2.25

Pn = 0.66* Fy As

Resistencia a la compresion:
Pr=GcPn

O R P.=0.66" P,

¥ T T
[] as e 14 . 20

! Intgrmediots J Leng
Columns T Celumne




Limiting Width-Thickness Ratior®

Plates Supported Along One Edge

k

&

Flanges and projecting legs of plawes

Stems of rolied tees
Other projeciing elements

0.56

0.75
0.45

Hal(-Nange width of I-sections
Full-lange width of channels
Distance between free edge and
first line of bolts or welds in
plaes

Full-width of an outstanding leg
for pain of angles 1n coatinuous
contact

Full-depth of tee

Full-width of outstanding leg for
singic angle strut or double an-
gle strut with separator |

Full projecting width lor others

Plates Supported Along Two Edges

&

Box Ranges and cover plaics

Webs and other plate elements

Perforswd cover plates

149

1.86

-+

Clour divance between webs
minus inside concr radius on
each side for box fianges
Distance between lines of welds
or bolis for flange cover plates
Clear dinance hetween flanges
minus fillel radii for webs of
rolled beams

Clear distance between edge
supports for all then

Clear distance beiween cudge
supports

“AASHTO Tabe 6.9.4.2-1. [From AASHTO LAFD Bndpe Dengn Specihcanoms, Copynghi ©
1994 by the Amencan Associsuon of State Highway and Tranaporaton Qfficials, Washingion,

DC Used by perminainn |

.



- Relacion ancho-espesor méaxima para la seccion transversal:

bs k /E
t Fy

Relacion de esbeltez maxima:

elementos principales KL /1 < 120
elementos de contraventeo KL /1 =< 140

Ejemplo: . -

Calcular la resistencia a compresion &c Pn de una columna con {ongimd de 610 mm y
extremos articulados y las siguientes caracteristicas: As=14100 mm~; d=360 mm; tw=11.4
mm; bf = 256 mm; 1f = 19.9mm; hc/tw = 23.3; rx = 133 mm, ry = 62.9 mm (seccicu I)

: (KL) _ (6100 97< 120
rimax 629

ancho  _bf 256 _64< k [L ,0.56 /200000 _ 15.8
espesor  24f  2(19.9) Fy 250

he 253 < k JE_ _1.49. /200000 ,42.]
tw Fy 250

Jactor de esbeltez:

A/A_I_ 2 Fy =/97 C 250  119< 225
] E ﬁ 200000

columna naer,..edia:

Pu- 0.66° Fy As = (0.66)"" (250) (14100) = 2.15 x10° KN

-~

resistencia a compresion:

X Pc=09(2.15x10°%)710° = 1935 KN




II_

b/t 5 0. ss YIS u

i i
b/150.56) /15140,
/% 7

Miegran[E nregran fE
{0y Ih

FLEXO-COMPRESION

Ecuaciones de interaccion

P . Mx . My = 10
Pn  Mnx  Mny

VX

Para Pu/ @ Pn= 02

Pu _ 8Mu _10
- @Pn  9@bNm




Para Pu/&Pn <0.2

Pu_ + Mu _1.0 (A)
CPn @bNm
| cc.(a)
Iy ‘ “'_ml

Ejemplo:
Diseiiar la columna de la figura. Usar una seccion W8x24 con las siguientes propicdades
geométricas: A = 7.08 in*; rx/ry=2.12; rx= 3.42in; Ix=82.8 in’; KLx = KLy = 8 pics

P,u20)

I M 1P
— ) = Mya TP
Brace

18 —_— — g

)

Para esta seccion &Pn = 180 Kips > 29.1 Kips
My = 610K, 5.  peialb =8 pies

Pe o & El 2 (29000)(82.8) . 257) Kips
KL [8(12)f

Cm=06-04(M)=06-04(-05) =08
M;

B, Cm =10
1-Pu/Pe



)

B/ ._08 . 08/<L0
1-(29.1/2571)

se requiere B; = 1.0, entonces:

Mu, =B, Mx=1x377=2377

Pu/EPn= 2971/180= 0.16<0.2

enionces:

Pu + Mu _05¢0.16) +37.7 =0.7<1.0
EPn. £bMn &6/.0

B



DISENO DE SECCIONES 1 EN FLEXION

b—
.._IL1
-'—r-«.

]
whis
’ Wabg l
i - )
Straln Stress Cross Secilon
I
€, =€, ez F,

(<)

XS'_' ___EE:"-.

<,

Sy -F

€, te=¥f,

Para una seccion sometida a flexion

£ _My
1

f = esfuerzo a flexion

M = momento flexionante

I = momento de inercia

y = distancia del eje neutro al punto de interés

.M
'S

fo = esfuerzo en la fibra extrema = -

Al aumentar la carga:
Mn=Mp=~ZFy

Z = modulo plastico de la seccion
Fy = esfuerzo de fluencia

Segun LRFD, el momento resistente es:



@Mn = 0.9 Mn

M

M, b Cempact
My L """ Noncompact \
E)
€
E Slangar
1

Curvoturs (¥)



Ejemplo:

Determinar la capacidad a flexion y cortante de una viga de seccion I. Suponer acero A36,
longitud de 120 pies, longitud sin ariiostrar 20 pies, Cb = 1.0y suponer un espesor de 3/8

iny Y inen el almay las siguientes propiedades geométricas:

a)w=0375in btw=025in"
A=635ir A=57.50"
Ix = 17039 in’ Ix = 15887 in’
Ly = 2563 in’ Ly=2563in’
Sx = 685 i’ Sx = 639 in*
Zx = 1328 i’ rt= 74’
ry=6.35in ry=635in

Fara la seccion a)

. Alma:  he = 48 =128 > 640

= 106.7
w0375 V36
& 970 = 161.7
Y36

por lo tanto la seccion del alma es no-compacta

Pandeo local de los patines:

bf = _26 = 14.86 > 65 =108
af  2(0.785) . /36

<_ 106 = 24.0
36-16.5

La seccion de los patines es no compacia, enfonces:

Mp = ZxFy = [328x 36 = 3984 kip-pic
i2 12

Mr=(Fy-165)S= (36-16.5) 685/ 12 = 113 kip-pic




Ma M= 5(11.20023

Ml s m— e .;.--
E
1
|

A bt
M= (F= 165)5
Ay = 63YF,
2= 10VF, - 165

Para los patines: . :
A= b ; Ap=65; Ar=106 '
2tf /Fy /B

- para el alma:
A= 640 WVFy ; ir= 970/ VFy

entonces: :
Mn=3984—- (3984 -113) 1486—10.8 = 3101 kip-pic
24.0 - 10.8

Pandeo local del alma

Moo F,Z

A -
My My - (Mg = M) 7=

et .

i Not applicable

. ! o Slender plate gwder
et G, PACT— Pt NOR 0 Tt -

by N
’ Ao Mt

M.x£,5,
l,e(-il)'JF,

A, = SIVVF,



Mr =36x 685 = 2055 kip-pie
12 '

Mn = 3984 — (3984 - 2055} 128 - 106.7 = 3237 kip-pie
161.7-106.7
Pandeo lateral por torsion:

Lb/ry=20x[2 = 37.8< 300 =50
6.35 Y36

La viga esta arriostrada adecuadamente. Entonces:
Mn = Mp = 3984 kip-pie
El menor valor Mn rige, en este caso

Mn = 310/ kip-pie

Cortante:
Sth/w < 187vk/Fy = &Vn=&0.6 Fy Aw :
Sth/mw > 187vVk/Fy = EVn=206FyAw 187 ¥k /Fy

h /mw
Sih/tw > 234 ¥k/Fy = EVn = ZAw 26400k
(h /lw)z

he = 128 > 234/F = 87.2
w Fy

Vi =18 [ 26400 (5} ] = [45 kip
128

Para la seecion b):

IStw = 487025 = 192> 970 = 1617
. V30

entonces ¢l alma es compacta
Pandeo lateral por torsion

Lb/rt=20x12 = 333 < 30

7.2 30

S

=50

. enlonces:

Fer =Fy=36Ksi



Rpg = 1-0.0005 ar ( hc - 970) = 1.0
tw Fer

Rpc = factor de reduccion por pandeo del alma
ar = relacion del drea del alma y el area a compresion del patin
Fer = esfuerzo.de pandeo critico:

SiA=<Ap=Fcr =Fy
SiA< A sir=Fcr =CbFy[Il- Z-Ap]<Fy
2(Ar-Ap)
si A> Ar = Fer = Cpg
112

Para el estado. limite de pandeo lateral-torsional;

i=Lb ; Ap=300/Ty ; ir=756/{Fy ;Cps=286,000Cp
) .

~

Para el pandeo local de los patines:

L=bf/2f : Ap=65ATy ; Ar=150 4Ty ;Cpo-11200 : Cb =10

Mo SR Fy

[ Y /H.l&!mf, i-1 .l
IR - [l -
. . ;:,. s Catyli ][A'__Lz']]su,cr, / u.-n.cc.r,[i ,[L_i]_ssn.-,r,
-, ! . i v
: M, = Shac (1120017 : ~ o x SR o (20800002
P !
T . \&
i R | | H
. f '
' _ b i
’ o }
' i T Aoy ~
A uamnt, nm.l-omuf*-sﬂlsac
TR e

§AJA| oy
Rec.- Sec Fiyg 10 A, s WAVYE,
A',-TYMT,
Asi:
Rps = 1-0.0005{ 48023} ](192-161.7) = 0.992
26 (0.875) '



M = Sx Rpg Fy = 639 (0.992) (36) = 1902 kip-pie
12

Pandeo de los patines

bf/21f = 14.86 > 65 = 10.8

36
< 150 =25
V36
entonces:
Fer = (1) (36) [ 1- 14.86- 10.8 ] = 30.85
2(25-10.8)
Ropg = 1-0.0005 [ +480.25) ](192- 970 = 0.995
26 (0.875) ¥30.85
Mn = 639 (0.995) (36) = 1907 kip-pie

12
entonces:

Mn = 1902 kip-pie

Cortante:
he/tw = 192 > 234 Yk/[y =87

Vn =48 (0.25) [ 26400 (3)] = 43 kips
: 192




CONEXIONES

Ejemplo
Determinar el tamaiie y niimero de remaches Y pernos requeridos en la siguiente conexion.
Usar remaches A502 grado 2 y pernos A490 de alta resistencia y acero A36.

Parmos A0 ,fa -
%00 tnooidn P« w8 kips
)
T W T Aaxdxy
:u-/e:_-__ 18) Remaches ASQ2 graco 2,
igues *"--i A ddmero de T8 in
Bl (o Méraua WTIS x 58 (£= 0,563 (q)
Caniro de yravedad
- el grupo 08 pemcs
/ \‘me
Femaches de 7/8 iu 0f a/ic{m'eﬂv : _ :
nom. de remaches = b = 143 48 =5 remaches
28F A 2(075)(33)(0.401)
Pes:a?@ncm a/ a?a&s?ﬁm;emé

¢5 0.75; d=78im | t=0.55iu (espesor m?nswé )
=58 l.ise HEE 2.‘?-d1‘_ F, = 68.8 _k.-ps
nom. de remaches = v _ 22¢5 Vv°
P En
Conexiou ou pernos mensvla-columna. .
”F"”f"ud(o que b Owea a kh.’woh pasa por e/ cornfo Je 9Muea’.«0’ é [os pernos, bs
componentes de fensica sou :
Fensiou 7= Peos 30°= 110 £ 0.866 = 95.3 fips
corfainte | = FPspu 30"z N0x0.5=5% kips
remaches cou d= 7/8 i, 4b_= 0.60/i* 3 Fy =20 ksi ; g=10 ; Ty= 49 hips (pre-fensid)

2ra § pernos en corfaute .

;2‘5;4‘6 (I— _.7__) :‘76.4/‘iip5
8Tp

#oy = 764 kips > 55 hips ¥V~



CONEXIONES

Ejemplo

Diseflar la conexion usando soldadura de filete de 7/16 in y electrodos E70.Resistencia de
diseilo de la soldadura qa=9.73 kips/in

f
A
—N ,{f\)!’:I‘aﬁfps
| ,( & =267in

- . Toe ‘:-:‘?hh

5 7~
, " ‘ \zuua-;
5m

4 ~j— 8
[ony,'/dc/ ok A Sa/cﬁa/umi

{= P/g, = 143/2/9.73 = 7,35 /}}
4
A,

C, 4/e =133x135/4=2.44(u X 2.5 in

(1]

e 8/c =267x735/4¢=49iu 5.0}



CONEXIONES

Ejemplo . )
Calcular el numero y tamaiio de pernos A325 de la mensula de la figura
{ 17830 _| 200 wips -
| }
'\l 1%in -
I
3 LN
—tt A85,9)
I k
EAERE
: T |
e ll Tca ; ' l
* I: 4 | 2 pincas
[ 14 l
b
' \r -——— Wi 192
3in Bin Im ' '

Seponiendo 7 pernos espatiades a cada 3 pUlgaths eu Cada Luea vedhicel

/D =0 ' /0 - 200 /2 = /00 Blps
=0, y = .
M= Joox 17.83 = 1783 Kips-in } neadap/a(&

nz=7x4 < 28 pernos

E/ pevno A es el mds esforeado. /by estafca, las componentes sobre ef perno sou:
By = 10.56 /1:',05 //pprha
By = 10.05 Kips /perro

a /

P Ay = 0.75(28)(0.442) = /5.9 hips / perno > Fy ‘/
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Strength Limil Stale—h pusile JSections In Puillve and Negative Frzwre R, = 10

Campsct Noncompact Siender
N | Gexural re M, o= M, Fo= R F_ F,.s KF_
'E huut loogstudinal f
Web o 2;:32 - 3.76‘!’-5- - Withuut kogs sislfenery |1 -2
- - f el
2D t D 1 E
= =2 =
ity . "'vr
With kagitudinal stiffeners (See Eq. 881 for A
20 I
T-‘ = 1163 lf
Compression flange h, r_ _‘ f I3 b
skendeme Ef = 0—“-’\,‘}_-_ <138 ,zé = 2.52 /’.G—
- \ff F, ==
1 \ f Y i
. {See [A6.10.3.6))
Compression flange M r, E il d E
bracing L= [o.m - 0.0159(‘—41)](?‘—5) Lsi = I.?&'J;— L. S
Ll - - - -
L<L,5
' e Use Eq. 813
L=,
[lsc By R 1D
Nominal Shear Resistance of Sliffencd Webs
Compact Noncompact
Norunal It M, s 0.5¢,M, Iff. 5 0.754,F,
shear
Featance v ooy [c. 0870 - C)]
-t V1 + (&)
I M, > 0.5¢M, I £, > 0.754,F,
0.87(1 - )
V"RV, |C+ —=—=1]2CV
[ VT« (d..ro')’] '
Reduction (M, - M) (F, - 1)
- {4 —rt 5 |, = (}, 4§ —— " —— g
{actor R=06+0 (M. — U.T5q,M,) o & 06+04(F—075¢F) 10
Hatio of Shear Buckling Stress to Shear Yield Strength
No Buckling Inejasuc Duckling Elasue Buckhng
Web Si o
cb Slenderness b < 1.10 Iﬂ_ 2‘: 138 fﬂf D > 138 Ek
I ~ - V F_ :_ -
ot Ce10 110 R 152

1, TDn NF. T hinp FL




Nominal Shear Resistagce of Unsiiffened Webs

No Buckhng Inclastic Buckling Elasuc Buckling
Web sicademess D g 4 [E Dsam /L 2samfE
L, F. L F. I F.
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+'2 Degrading Bilinear Model

Yielding stifiness-
RU'C 2 K: =B-K0. Ru!c 3: K} =ﬂ4¥|
Where, 8.0 ° arc the suffness factor after yielding.

Unloading stitiness:

a,Y ' d, \'
y v .
Rule d. K, =K0['d—‘—) . Rule 3. KS = KO(T]

m

m

Hyszcrcsi-s parameter L: ¥, from ( to 0.4.
Hysteresis parameter 2: dummy.

Fig.B-2 Dcgrading Bilinear Model

-



B.6 Takeda-Rule Bilinear Model

Rule 23 Yiciding primary curve
K-=B Ky Ky =BKy. B, B':stiffness factor after yielding.

Rule 4.5 Unloading ¢. ==,

d Y d Y
, ) v Y
Unloading of outside loop:Xy = Kol ——1 | Ks=Ko{—| .-
dm dpm

Unloading of internal loop: K" g =§- K4, K'_5=_I§-K5.

Hysteresis parameter 1: y, from 0 to 0.4,
Hysteresis parameter 2: £, from 0.8 to 1.0.

Fig.B-6 Takeda-Rule Bilinear Model



B.7 Takeda-Rule Trilinear Model
Ruie 2.3: After cracking. Ky =& -Kg. Ky =a-Ky. a.a cracking stiffness factor.
Rule 0.7: Yiclding. Kg=0"-Kg. K7 =D-Kg. B. B': yielding suffness facior.

Rule 8.9.12.13. Unloading curve.
Unloading from pnmary curve before yielding:

Ks | ol <1l Ks o< ol
Ky = f -fc : K9= f 'fc .
P Izl prmr AL

Unloading from primary cur ¢ after yielding:

Z Y - 'r.
Kg Ky =12 fc(fi); KoKy =22 fc(ﬁ)_

2, =d \d dy-d \dp

Unloading of interior loop: Kg=§-Kg: K9=§-Ky.

Hysteresis parameter 1: ¥, from 0 10 0.4,
Hysteresis parameter 2: &, from 0.8 to 1.0.

Fig.B-7 Takeda-Rule Trilinear Model
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s L . Total
Ve .
Second Spring
. .2~ - - = - w -:‘
fc - . . BK,
s . . First Spring
' ' I=f e — = == =y
d_yZ vyl )’0 = i BKG
Pla_ - - - "*f_,f; y »2 D
Ky . .S
B A AT 0T fe=frrKedy .
1y SH=hrtfyzBKaldy2-dyy

Kg=[1/dy; Kp=f2/dy2
(@

(b)

Fig. B-13 Double Degrading Bilinear Mode!



-B.13 Axial Stiftness Model 1

Rule 1: Cumpression elastc stage.
Rule 2: Tension cracking. K3 - a-Kg (a: about 0.5).
Rule 3 Tension vielding, Ky Ko (B: abourt 0.001).

"Rule 4,9: Tension unloading. Ky = §¢-:-£'-"— Ko =Ky4.
< m

where, f..d,: tensile peak point, f..d,: oriented-point C for elastic

loading under compression displacement, f, =¥ 'Ifyi- d, = fc‘/KO'

K2 fd,,,l.s ldyl
Rule 5: Loading towards compression. K = fe - fmXd.-dy) ld ] ld I
. . >
2 (fc-fy)(dc'_dm) " Y
Rule 6: Elastic compression. Loaéh'ng pass through point C.
Rule 7: Loading towards tension. Kq = K.
Rule 8: Tension reloading towards peak point (f,,,.dp)-
Hysteresis parameter 1: yabout 2.0, to define point C.
Hysteresis parameter 2: dummy.
F AL F
Iy . f.r C
! 6
/
i
5 1
d, rd 4 ST
/ -
/ 0
4 7,
/2
z - fJ

Fig. B-16 Axial Stiffness Model 1
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Ny 6. Base MS element
R, N R,
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(2) Analysis Model
Steel : Oy =350Mpa, Concrete : Og=350Mpa.
o Qe S .
j o ® :o e o :
600 oc® -9 0 ‘e .:
® - . .
_J 5% e e e
i1zl 1715 P
E00mm ® 8-core concrete spring @ 8-steel spring
Top: 12-D35 © 8-shell concrete spring
Base: 12-D38 (c) Multi-Spring Element

{b) Column Section

-Fig. F-1 Example 1: Analysis Model of One-Column
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Axial . i
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] o |o®
A
1 Le=L g
(a) Idealization of Column (b) Inelastic Eiement

A,B : Multi-spring inelastic elements;
E - Elastic element with nonlienar axial spring

dy] JZJ d]f
N l 0ry _F N @& l 02 %
R x
dy; — d;}\
-
gﬂ\T 4‘9-:1. dxt B,} x4 d‘“

(c) Base Multi-spring Element (b) Top Mulli-spring Element

Fig. C-1 Multi-Spring Model for Column Member
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Fig. C-2 Division of Rectangular Symmetrical RC Section
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CARGAS

Carga viva

- superestructura

Carga sismica
- subestructura

- conexiones
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Fig 2. CARGAS Y DISTANCIAS ENTRE EJES -
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CARGAS ESTATICA, DINAMICA Y SISMICA
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CARGAS DINAMICAS TIPICAS

(a}) armdénica, (b)periddica; (c) cuasi-periddica
{(d), (e) impulsos; {(f) carga dindmica general;
(g) sismica
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FORMA ESTRUCTURAL

* SIMPLE
* SIMETRICA

*INTEGRAL

\



ANALISIS ESTATICO

F= (f|) (fc)) (fs) (fz) (Wtﬂb)

ANALISIS DINAMICO

- analisis modal espectral
- analisis en el dominio del tiempo
- analisis no lineal



PUENTES ESPECIALES
- Geometria no convencional

- Tipo no convencional



TIPO NO CONVENCIONAL

- Suspendidos
- Atirantados

- Arco



GEOMETRIA NO CONVENCIONAL

- Curvatura excesiva‘
- Esviajamiento excesivo
- Pilas muy altas
- Pilas de diferente altura
- Claros continuos muy largos
- Claros discontinuos muy largos

- Subestructuras en aguas profun-
das



- Claros mayores

- Requisitos esteticos

* % * * % *x

- Nuevos materiales

r. .
- Analisis por computadora

Vo o



MODELO MATEMATICO
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SHEAR SPRING
by — -

TIE kv

M gy
VERTICAL SPRING kv

IDEALIZACION DE ARTICULACIONES









RIGIDEZ

SUPERESTRUCTURA

APOYOS

SUBESTRUCTURA

CIMENTACION



COMBINACION ORTOGONAL
DE FUERZAS SISMICAS

3



PENDULO

. a—— —

CARGA DESPLAZAMIENTO,

!

RANGO ELASTICO



Articulacidn
plastica

PENDULO CON ARTICULACION PLASTICA

/

CARGA-DESPLAZAMIENTO, RANGO ELASTO-PLASTICO

4



DUCTILIDAD

- Desplazamiento

- Curvatura



FUERZA

[

DEFORMACION PLASTICA

.

DESPLAZAMIENTO

'CICLO HISTERETICO IDEALIZADO

Lo
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DEFORMACIONES ELASTICA E INELASTICA DE UNA COLUMNA DE UN PUENTE
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a, Ay

Desplazamiento del centro de masa (A)

IDEALIZACION DE LA CAPACIDAD DUCTIL DE LA ESTRUCTURA
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CIMENTACIONES CIRCULARES

TIPO DE MOVIMIENTO K
TRASLACION VERTICAL 4GR/(1-v)
TRASLACION HORIZONTAL 8GR/(2-v)
GIRO DE TORSION 16GR*/ 3
GIRO DE FLEXION 8GR’/ 3(1 - v)

G = modulo de rigidez al corte del semi-espacio

v = modulo de Poisson del semi-espacio

R = radio de la zapata
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CRITERIOS DE ANALISIS SISMICO - ESTRUCTURAS TIPO 7

3,7.1 Eleccién del Tipo de Anélisis

Para el anélisis sismico de estructuras tipo 7, se puede recurrir
a tres métodos: a) método simplificado de anflisis, b) método de
anilisis esté&tico y c) método de andlisis dindmico. " El método
simplificado de andlisis gque se describe en la seccién 3.7.2 solo
es aplicable a puentes requlares. Aguellos puentes gue posean un
cierto grado de Jirregularidad se analizar8&n con el método
est&tico, Yy aguellos puentes aGn mads irregulares y los puentes
especiales, con el método dindmico.

3,7.2 Método Simplificado de Andlisis

Este método serd aplicable al andlisis de aquellos puentes que
cumplan con los siguientes requisitos:

a) Que tengan dos © mas claros © tramos

b)' Que sean rectos ; que la longitud de sus tramos sea muy
parecida.

c) Que se pueda sdpqn;r que los ma.c..; del puente trabajan
de manera independiente , tanto en sentido longitudinal como
transversal. .

d} Que sus claros sea2n mencres de 40 m y el ancho de la calzada
sea  menor de 30 m.

El método consta esencialmente de los siguientes pasos:

1. Se elige el marco a disefiar.

U\



2.
3.

Se obtiene la masa tributaria correspondiente.

Se calcula la rigidez lineal del marco en el sentido de
anflisis.
Se obtiene el periodc fundamental de vibracién.

Se calcula el valor de c correspondiente al periodo fundamental
de vibracién y se define el factor de ductilidad Q del marco.
La fuerza lateral eguivalente E se obtiene con

C
= —W _ 7.1
E 0 -

donde W es el peso de la masa tributaria.

3.7.3 Método de Anilisis Est&tico

Este método serd aplicable al andlisis de aquellos puentes que

cumplan con los siguientes requisitos:

a)
b)

<)
d)

e)

f)

Que tengan dos o mis claros o tramos

Que sean rectes o alojados horizontalmente en curvas de poco
grado
Que 1la longitud de sus tramos sea muy parecida.

Que la fuerza sismica se distribuya en todos los marces
resistentes.
Que la relacién de la rigidez lineal de toda la superestructura

y la rigidez transversal de la superestructura sea menor gue 2.
Que sus claros sean menores de 120 m Yy el ancho de la calzada
no supere los 30 m.

La aplicacién de este método se lleva a cabo de la siguiente

manera:

Se aplica una carga uniforme horizontal de magnitud unitaria,
en direccién perpendicular a la superestructura.

Se’ obtienen los desplazamientos y elementos mecénicos
resultantes de la aplicacién de la carga uniforme.

Con base en los desplazamientos calculados en el paso anterior
se escala el valor de la carga uniforme para que produzca un

iy
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desplazamiento horizontal méximo de 1 cm en la estructura.

4. Se «calcula 1la rigidez lineal total de 1la estructura
multiplicando 1la longitud por el nueve valor de la carga
uniforme.

5.‘Se calcula la carga muerta total de la estructura.

6. Se determina el periodo natural de vibracidn.

7. Se calcula el valor de c correspondiente al periocdo fundamental
de vibracién y se define el factor de ductilidad Q de la
estructura.

8. La fuerza lateral equivalente (E) se obtiene con

donde W es el peso de la carga muerta total.
‘9, La fuerza E se transforma en una carga uniforme egquivalente.

Efectos bidireccicnales

Los efectos de-ambas componentes horizontales del movimiento del
terreno se combinardn tomando, en cada direccidén que se analice
el puente, el 100% de los efecteos de la componente que obra en esa
direccién y el 30% de los efectos de la que obra
perpendicularmente a ella, con los signos gue para cada concepto
resulten mas desfavorables.

3.7.4 Métodos de Analisis Diné&mico
Cuando no se satisfagan los requisitos para aplicar c;a1juiera de
los métodos de andlisis estdtico se empleard&n como métodos de

andlisis dindmico los sigujentes:

a) Andlisis modal
b) Andlisis por integracién paso a paso

a) Anadlisis modal

La participacién de cada modo natural de vibracién en las fuerzas

>



que actGan sobre 1la estructura se ‘definir8 con base -en 1las
aceleraciones espectrales de disefio reducidas de acuerdo como se

indica en el capitulo 3.

Las respuestas modales S‘ {(donde Sl puede ser fuerza cortante,
fuerza axial, desplazamiento lateral, momento flexionante, etc.),
se combinar&n para calcular las respuestas totales S de acuerdo

con la expresién

s = (T sf) 12 7.3

b) Andlisis paso a paso

-

Si se emplea este método, podr& acudirse a acelerogramas de
temblores reales c© de movimientos simulados, o combinaciones de
estos  siempre y cuando sus intensidades y duraciones sean

compatibles con lo especificado en el capitulo 3.

Efectos bidireccicnales

Cualquiera gue sea el método de andlisis dindmico gque se emplee,
los efectos de movimientos horizontales del terreno en direcciones
ortogonales, se combinaran como se especifica en relacién con el

método de anflisis estético.

3.7.5 Estados Limite de Servicio

Ademds del céalculo de las longitudes de¢ o_.0yo y holguras para
tener en cuenta los efectos por cambios de temperatura, fluencia
y contraccién del concreto, se deben calcular las longitudes de
apoyo para tomar en cuenta los efectos del sismo.

Longitud de apoyo

La longitud minima de apoyo D (en mm), de las trabes o tableros

sobre la subestructura se calculari como sigue

Hu



D = 254 + 2.08L + B8.35H 7.4

donde L es : a) 1la 1longitud, en metros, entre dos apoyos
adyacentes; b) la longitud entre el apoyo y la junta de expansién
mids cercana; o, C) la suma de las longitudes a los lados de una
articulacién dentro de un claro; H es : a) la altura de la pila,
en metros, cuando estd formada por una o varias columnas; b) la
altura promedio de las columnas o pilas mds cercanas, si se trata
de una junta de expansiébn; o, ¢) 1la altura promedio de las
columnas entre el estribo y la junta de expansién mds cercana gue
soporta la superestructura, si se trata de un estribo; H=0 para

puentes de un so0lo tramo.
Movimientos relativos

Ademds de los efectos anteriores, los puentes deben ser disefiades
para soportar los efectos de movimientos relativos ocasionados por
los mismos movimientos sismicos o por fallas del terreno.

3.7.6 Interaccion Suelo-Estructura

Como una aproximacién a los efectos de la interaccién
suelo-estructura serd valido incrementar el periodo -fundamental, de
vibracién y los desplazamientos calculados en el puente baj6 la
hipbtesis de que éste se apoya rigidamente en su base, de acuerdo
con las expresiones reportadas en el capitulo 6.

4s
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Tabla 3.1 Espectiros de disefic para estructuwras del grupe B

Zona

Tipo de

sismica | suelo ao ¢ T.(s) Tb(S) r

1 0.02 0.08 0.2 0.6 1/2

A 11 0.04 0.16 0.3 1.5 . 2/3
171 0.05 0.20 0.6 2.9 1

1 0.04 0.14 0.2 0.6 1/2

B 11 0.08 0.30 0.3 1.5 273
II1 0.10 0.36 0.6 .9 1

1 0.36 0.36 0.0 0.6 172

C 11 0.64 0.64 0.0 1.4 2/3
I11 0. 64 0.64 0.0 1.9 1

1 0.50 0.50 0.0 0.6 12

D - 11 D.86 0.86 0.0 1.2 2/3
II11 0.86 0.86 0.0 1.7 1
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a =

T
ao+(c-ao]—T:; siT<T. ' {3.1)

R = C; siT sT=x7T (3.2)
a b

.
T,
a=c[—]: st T>7T » (3.3)

coeficiente de aceleracion del terreno
periodo natural de interés
exponente

coeficiente sismico
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A> METODO SIMPLIFICADO DE ANALISIS

HPOTzsls: LOS MARCOS DEL PUENTE TRABAJAN D[;: MANCRA
INDEPENDIENTE

LA FUERZA SE CALCULA CON BASE EN UN CRIIFIRIU DE
AREAS TRIBUTARIAS

1) SE CALCULA LA RIGIDEZ TRANSVERSAL DEL MARCO EN EL SENTIDO DE
ANALISIS
9]

ti) SE OBTIENE LA CARGA MUERTA TRIBUTARIA
w)

ti1)  SE OBlIENE £L PERIODO NATURAL DE VIBRACION

FJ
T =20y W =aeon / M

M



K ——

K, = rigidez en la direccidn longitudinal
M, = masa total de la superestructura
MODELO EQUIVALENTE PARA ANALISIS LONGITUDINAL
—" -------- ]‘ d
......... b b
‘A
K
e T
Ry = rigidez equivalente en la direccidn transversal
MT = masa eguivalente en la direccidn transversal

MODELO EQUIVALENTE PARA ANALISIS TRANSVERSAL
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ANALISIS ESTATICO. MCTODO DE LA CARGA UNIFORME

SE TOMA EN CUENTA LA CONTINUIDAD DE LA ESTRUCTURA
LA FUERZA SISMICA SE DISTRIBUYE ENTRE TODOS LOS ELEMENTOS DEL
PUENTE

SE APLICA UNA CARGA UNIFORMEMENTE DISTRIBUIDA (0) EN EL  SINTIDO
DE ANALISI

SE DETERMMNAN LOS DESPLAZAMIENTOS ¥  ELEMENTOS  FIECANICOS
ORIGINADOS POR LA CARGA

S DETERMINA UN FACTOR DE AJUSTE DE TAL MANERA QUE EL MAXIMO
DESPLAZAMIENTO PROVOCADO POR O SEA 1 (KD

SE MLTILICA LA cARGA o (YA AFECTADA POR EL FACTOR  DC
AJUSTE) POR LA LONGITUD DE LA ESTRUCTURA (KD

SE DETCRMINA EL PESO TOTAL DE LA SUPERESTRUCTURA (WD

SE OBTIENE EL PERIODO N° 'URAL DE VIBRACION
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RIGIDEZ= W (2L}

METODC DE LA CARGA UNIFORIE

Shaw
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tu)
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ne x/3

ANALISIS ESTATICO. METODO DE LA COORDENADA GLCHNIIRALIZADA

SE SUPONE EL MODO FUNDAMENTAL DE VIBRACION (LONGITUDINAL ¥
TRANSVERSAL)

SE [XPRESA EL MODO FUNDAMENTAL EN  FUNCION. DC UN
DESPLAZAMIENTO GENERALIZADO.

SE DEFINE LA PARTE DE LA SUPERESTRUCTURA QUE SC CONTIDERARA
EN EL ANALISIS

SE CALCULA EL PESO DE LA PARTE ELEGIDA DE LA SUFEREGTRUCTURA
w2

SE DETERMINA LA RIGIDEZ DE LOS MIEMBROS VERTICALES OUE
SOPORTAN LA PARTE ELEGIDA DE LA SUPERESTRUCTURA (KD

SE OBTIENE EL PERIODO NATURAL DE VIBRACION

A\

w



COLUMNMAS POJICION NO DEFORMADA DEL TABLERO
DEFORNADAS( (PLANTA}
£

)

POSICION DEFORMADA DEL TABLERO ARTICULACION INTERMEDIA

FORMA MODAL SUPUESTA

RIGIDEZ
GENERALIZADA *~

MASA
GENERALIZADA [/

zit)

SISTEMA GENERALIZADO DE UN

GRADO UE LIBERTAD-

0/ 3u



C) ANALISIS DINAMICO

~ ANALISIS MODAL (SPECTRAL

= ANALISIS PASO A PASO

HED‘/N



PILCAB B8
CASE = 5, ANCHO DE Bm. 5 TRABES, 2 COLUMNAS

!

|

2

10

PiLCAB 8

CASE=6, ANCHC DE 12.5m., 2 COLUMNAS,

4

[l
} TRAVESAND, 9 TRABEIS

E) 8

12

15

3 A tigMe

5 5 5 5 s | s | s 5 .
: I o ime
2 3 4 B 9 nm0 N 12 13
14 16
X
15 17 (-
[T R nn

(6D



)

s = Y~ AR - :_;‘3" A% 2 : y
;’f‘,.jm“m]' L Waﬂﬂ} "E?L!m:‘..”.,_““u‘umm'!

FACULTAD DE INGENIERIA U. N.A._M.
DIVISION DE EDUCACION CONTINUA

] U-EAS < SRS
HiL 0 TR S T e

[ .
R TS

CURSOS ABIERTOS

XXVI CURSO INTERNACIONAL DE
INGENIERIA SISMICA

MODULO IiI: DISENO SISMICO DE PUENTES

TEMA

AMPLIFICACION DEL MOVIMIENTO EN DEPOSITOS
SEDIMENTARIOS USANDO MODELOS SIMPIFICADOS

M. EN I. MARTHA SUAREZ LOPEZ
DR. FRANCISCO J. SANCHEZ LOPEZ
PALACIO DE MINERIA

AGOSTO 2000

Palacio de Mineria Calle de Tacuba 5 primer pisg Deleg. Cuauhtémoc 06000 Mexico, D.F. Teis: 521-40-20 y 521-73- 35 Apdo. Postal M- 2285



AMPLIFICACION LOCAL DEL MOVIMIENTO EN DEPOSITOS SEDIMENTARIOS
USANDO MODELOS SIMPLIFICADOS

Por Martha Suarez' y Francisco J Sdnchez Sesma'?

U Instituro de Ingenierfa, UNAM, Cd Universitaria, apdo 70-492; Coyoacdn 04510, México DF
2 Centro de Investigacion Sismica, AC; Carr a Ajusco 202; Col H de Padierna, Tlalpan 14200,
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RESUMEN

Utilizando un modelo simplificado de propagacién de ondas SH en depdsitos triangulares
asimétricos de suelo blando, se realiza un andlisis de la influencia en la respuesta sismica de la
geometria y el dngulo de incidencia de la excitacién. Se discuten la importancia de considerar
los efectos de las irregularidades laterales en el cdlculo asf como las diferencias que se observan
en la respuesta al compararla con los resultados obtenidos del andlisis de modelos simétricos y
aproximaciones unidimensionales. Los resultados se presentan en diagramas de contorno f-x
donde se hace evidente la existencia de un patrén de amplitudes en la respuesta definido por la
geometria del valle, mismo que se simplifica notablemente al impedir la interaccién entre las
cufias que forman el depdsito. Los resultados se interpretan estudiando las trayectonas de los
rayos emitidos dentro del valle.

ABTRACT

Using a simplified model, the response to incident SH waves in asymmetric triangular alluvial
valleys is studied when parameters like geometry and incident wave angle are modified. The
importance of considering lateral effects is enhanced when results are compared with those
obtained from symmetrical models and from one-dimensional approximation. Resuls are
presented in f-x diagrams where it can be seen that the amplitudes have a spatial pattern
governed by the geometry of the valley; this pattern is greatly simplified when interaction
between dipping layers is neglected. An interpretation of this phenomenon is made in terms of
ray theory.

INTRODUCCION

Las amplitudes del movimiento observadas durante los sismos en algunos sitios donde existen
variaciones en la topografia revelan la importancia que las irregularidades laterales tienen en la
respuesta sismica. La dificultad en el cdlculo y los grandes recursos de computo requeridos para
analizar estos efectos hacen impopulares a los métodos bidimensionales, optdndose en muchos
casos por despreciarlos y realizar sélo andlisis unidimensionales que no reproducen
adecuadamente la respuesta, llegando a conclusiones erréneas en cuanto a la amplitud y la
posicion de las frecuencias pico. Una alternativa prometedora es estudiar el problema
aproximando topografias muy variadas del terreno a figuras geométricas sencillas mediante



hipdtesis severas que aporten buenos resultados, no requieran del uso de supercomputadoras y
ayuden a comprender la fisica del fenémeno.

Tomando en cuenta esta idea, Sdnchez-Sesma y Veldzquez (1987) analizaron la respuesta sismica
de un estrato-cufia con base rigida ante movimiento antiplano prescrito de ésta. Ello da lugar a
la propagacién de ondas SH en el estrato. Se utiliz6 la teoria de rayos en una forma analitica,
y se encontré que para dngulos del estrato-cuiia iguales a /2N (N = impar) no se presenta el
fenémeno de la difraccién. En un estudio posterior Sdnchez-Sesma ez al (1988) extendieron esta
solucidn para calcular la respuesta de valles tnangulares simétricos con base eldstica, en donde
la difraccién que se presenta es despreciable. Continuando con esta misma linea hemos trabajado
en un método para el cdlculo de la respuesta sismica en valles aluviales triangulares no -
simétricos con base eldstica ante incidencia de ondas SH. Para ello utilizamos la solucién
geométrica propuesta por Sinchez-Sesma y Veldzquez (1987). La difraccién causada por la
asimetria del valle se calcula utilizando las funciones de Green escalares asociadas al problema.
Las expresiones que se obtienen también son sencillas como consecuencia de los dngulos~
estudiados. El lector interesado en los detalles del método puede consultar el articulo de Paolucci’
et al (1992).

En este trabajo se usa un método de cdlculo rdpido para obtener la respuesta sismica de depdsitos
sedimentarios de forma triangular ante incidencia de ondas SH (Paolucci er al, (1992)) con el
propésito de identificar los fenémenos de amplificacién que se presentan. Este método hace uso
Optimo de las propiedades de las soluciones para el estrato-cuiia. Se hace un andlisis de los
efectos de la asimetria de los modelos.

ANALISIS DE LA ASIMETRIA DE VALLES TRIANGULARES

El modelo estudiado en este trabajo .se presenta en la fig 1. La complejidad de la respuesta
sismica de valles triangulares es evidente cuando se grafican los contornos de amplitud de la
respuesta en diagramas de frecuencia-espacio (f~x) y se observan los patrones que forman. Las
amplitudes se calcularon para vanas frecuencias en sitios ubicados a lo largo de la superficie del
depdsito que en todos los casos se considerd de 2000 m. Para el material que rellena el valle y
el semiespacio las caracteristicas de velocidad de las ondas de corte (8) y densidad (p) utilizadas
en los célculos fueron de 8 = 200y 2000 m/s y p = 1.2 y 2.0 g/cm’, respectivamente (fig 1).
El amortiguamiento se consideré del 0.1% (Q=500). En la fig 2 se presentan los diagramas de
contornos f-x resultado del andlisis de un valle triangular stmétrico somero con dngulos de cufa
iguales a 180 (N = 5), sometido a una excitacién que incide con un dngulo de Q°. En las
abscisas se grafican los sitios para los que se calculd la respuesta, y en las ordenadas las
frecuencias. Para facilitar la interpretacién de los contormos, tnicamente se dibujaron aquellos
gue representan amplitudes correspondientes a 10 (linea delgada) y 65 veces (linea gruesa) la
amplitud de las ondas incidentes. En la misma figura se graficaron los resultados en diagramas
de frecuencia-amplitud y distancia-amplitud para los sitios y frecuencias indicados, que resultan
de realizar cortes en el diagrama de contornos f~x. El espesor del estrato para los puntos en los
que se calculd la respuesta de las graficas de frecuencia-amplitud, fué de 195, 325y 139 m. La
complejidad de la respuesta se hace evidente cuando se compara con la respuesta unidimensional
(linea a trazos en la figura). La presencia de picos adicionales en varias frecuencias es debida



a la interferencia constructiva o destructiva de las ondas ocasionada por 1a otra cufia que cierra
el valle y por la inclinacién de la base donde se apoya el estrato. En las grificas de distancia-
amplitud se aprecia la simetrfa de la respuesta sismica para los sitios localizados en lados
opuestos y a la misma distancia del centro del valle.

El patrén de simetria que se observa en los contornos se debe en este caso a la simetria del valle
y a la incidencia vertical de ondas. Cuando el 4ngulo de incidencia difiere del vertical, este
patrén en los contornos se modifica. En la fig 3 se grafican los diagramas f~x para valles
simétricos con las caracteristicas mencionadas arriba pero para angulos de incidencia de 0o, 300
y 60°. Se observa que la respuesta mdxima se presenta en todos los casos para el sitio de mayor
espesor del estrato (la parte mis profunda del valle) que corresponde a la frecuencia de 0.2 Hz.
Para el resto del valle a esta frecuencia las amplitudes son despreciables. Comparando con la
respuesta unidimensional de un estrato con espesor igual al de la parte de mayor profundidad
del valle, la frecuencia fundamental se presentard a los 0.15 Hz, con una amplitud varias veces
menor que la calculada para el valle {ver fig 1). En general, para cualquier sitio del depdsito
existe no sélo un aumento en las amplitudes comparadas con las que se obtienen para el caso
unidimensional, sino también un corrimiento de las frecuencias para las que se presenta la
mdxima respuesta. Para frecuencias menores a la fundamental, la amplitud es pequefia. El
contorno de amplitudes de frecuencias mdximas "dibujan” la geometria del valle. En la fig 4 se
graficaron tnicamente los contornos correspondientes 2 una amplitud de 2 veces la incidente y
estos se presentan preferentemente en las zonas del valle con espesores mds someros fuera del
drea de maxima amplitud y dependenden de la frecuencia analizada. La respuesta esperada para
un estrato-cufia con este dngulo (18°) se presenta en el diagramas f-x de la fig 5. La sencillez
de los contornos, al ser comparados con los obtenidos para el valle, muestran la importancia que
las interferencias (constructivas o destructivas) de las ondas a determinadas frecuencias,
generadas por la presencia de] otro estrato-cufia que cierra el valle, tienen en el andlisis de la
respuesta sismica. Estas interferencias definen patrones de resonancia en todo el depdsito y
producen los grandes picos del diagrama f-x. Generalmente la aparicion simultinea de los
mdximos se da en ciertas frecuencias que pueden lamarse de resonancia. El patrén de contornos
para incidencia vertical es simétrico (fig 3), observdndose las mayores amplitudes en frecuencias
de 0.2, 0.35, 0.55 y 0.82 Hz. Un efecto sorprendente es que en la tercera frecuencia resonante
se presenten cinco méximos mientras que entre los 0.35 y 0.50 Hz se tienen amplificaciones
moderadas. Cuando el dngulo incidente es de 30° se pierde la simetria del patrén de respuesta
siendo ésto mds evidente para los contomnos que definen la amplitud de 10 veces la incidente,
observdndose sélo la presencia de tres picos en la frecuencia de .55 Hz y apareciendo una
resonancia lateral a los 0.48 Hz. El efecto que causa el tener un dngulo de incidencia mayor es
el de cornmiento de algunos picos a frecuencias menores como se aprecia en la grifica para un
dngulo de incidencia de 60°. Aqui, las tercera frecuencia resonante se ha corrido de 0.55 Hz que
presentaba para incidencias verticales, a .48 Hz y aparece una zona entre los 0.6 y 0.7 Hz de
frecuencias son menores a 10. No en todos los casos se aprecia este fenémeno de corrimiento,
pero st es evidente que la ubicacién de las frecuencias pico cambia, ya sea por modificacién de
su posicién o porque aparecen otras frecuencias pico. Para valles asimétricos, el dngulo de
incidencia también influye de manera importante en la distribucién de las frecuencias pico. En
la fig 6 se muestran los resultados que se obtienen para un valle asimétrico con dngulos en los
vértices de 100 y 8.18c sometido a distintos dngulos de incidencia.



En la fig 7 se presentan los diagramas f-x calculados para valles con las caracteristicas descritas
arriba, pero con 4ngulo de vértice de 12.86° (N = 7) para un extremo, haciendo variar el otro
dngulo en 12.860, 100 y 8,180 (N = 7, 9 y 11, respectinvamente). Los contornos graficados
corresponden a magnitudes de 65 veces (linea gruesa) y 10 veces (linea delgada) la magnitud
incidente, Destacan en estos ejemplos las grandes amplificaciones en los extremos de la zona
excitada (que por cierto, crece con la frecuencia) entre los 0.25 y 1.0 Hz. Si bien la localizacién
de los picos espectrales estd controlada por €l modelo unidimensional, las grandes amplitudes
que se alcanzan son consecuencia de resonancias laterales. Por otra parte, la variacion de las
amplificaciones en posiciones intermedias parece deberse a la asimetria del modelo.

INTERPRETACION CON TEORIA DE RAYOS

Los diagramas de contornos en las funciones de transferencia en el dominio frecuencia-espacio

(f-x) revelan una estructura fina, en la cual la propagacién lateral juega un papel importante para'.
-frecuencias mayores de la que controla la respuesta unidimensional de la zona m4s profunda del

valle. En estos resultados, la amplificacién mixima para frecuencias ocurre en los bordes y

dentro de una porcién que crece con la frecuencia. Fuera de ellos la amplificacién es moderada;

dentro puede ser muy grande con un comportamiento resonante claramente definido. Este

fenémeno puede ser explicado si consideramos que desde una zona de resonancia "local® la

propagacion de ondas es estimulada hacia los sitios mds profundos. Los maximos muestran un

patrén de resonancia lateral {ver p ej Ramos-Martinez y Sdnchez-Sesma, 1992; Sdnchez-Sesma,

Ramos-Martinez y Campillo, 1993).

Una forma de explicar como ocurre el fenémeno de amplificacién en el valle en frecuencias altas
se obtiene al analizar las trayectorias de los rayos dentro del depdsito. En la fig 8 se presentan
las trayectorias seguidas por los rayos que entran en un depdsito con dngulos de cuiia de 100 y
8.18¢ en las distintas posiciones sefaladas con la flecha. Se observa que existen zonas cercanas
a los vértices para los cuales los rayos no se propagan lateraimente, presentdndose un efecto de
barrera que impide el paso de éstos atin cuando hayan iniciado su trayecto dentro de estas zonas
(fig 8a, b y f). Esta barrera se forma en los sitios que tienen aproximadamente la misma
profundidad. Se trata de un efecto controlado por el espesor del depdsito. Las trayectorias que
siguen algunos rayos son casi las mismas generando un efecto de enfocamiento de energia (fig
8c). Otra manera de interpretar estos resultados se basa en considerar la longitud de la onda que
se propaga dentro del depdsito, cuando ésta es muy grande no puede propagarse por sitios donde
el espesor es muy pequefio. Este comportamiento se debe a la difraccién.

ONCLUSI

Para depdsitos triangulares asimétricos ante incidencia de ondas SH se encontraron grandes
amplificaciones; los diagramas de contornos de las funciones de transferencia en el dominio de
le frecuencia-espacio (f-x) revelan una estructura fina, en la cual las ondas superficiales
generadas localmente juegan un papel significativo para frecuencias mayores que aguéllas que
controlan la respuesta unidimensional en la zona mds profunda del valle.



Las amplificaciones méximas ocurren en los bordes y dentro de una porcién que crece con la
frecuencia. Este limite espacial corresponde a la resonancia “local® de un modelo
unidimensional. Asi, cuando la propagacion de ondas es estimulada hacia las zonas mds
profundas, Las amplificaciones son también controladas por las ondas superficiales. Esto hace
evidente el mecanismo de acoplamiento que existe entre la respuesta unidimensional y las ondas
superficiales. Nuestros resultados muestran que ain las irregularidades suaves estimulan la
emisién de ondas superficiales, preferencialmente hacia las partes mds profundas. Las ondas
superficiales pueden generarse virtualmente en cualquier sitio dentro del depdsito.

Estos resultados sugieren que a partir de las ondas SH se¢ pueden encontrar aproximaciones
précticas que describan la respuesta sismica de depdsitos aluviales someros con variaciones
suaves en su topografia para las ondas superficiales de Love (Rodriguez Ziiiga, 1992).

Cuando se analiza la asimetria del modelo se observa que ésta induce vanaciones significativas
con respecto a 10 que se esperarfa para problemas simétricos con variacién suave. Ello es una
poderosa motivacién para profundizar en el desarrollo de modelos simplificados de este tipo. Los
resultados hasta ahora obtenidos son prometedores.

RECONOCIMIENTOS

Agradecemos la cuidadosa revisién de J. Avilés y E. Ovando; sus criticas y sugerencias
ayudaron a mejorar notablemente el manuscrito. Este trabajo ha sido apoyado parcialmente por
la Secretaria General de Obras del Departamento del Distrito Federal y el Consejo Nacional de
Ciencia y Tecnologia (Proy 0523-T9109).

REFERENCIAS

Paoluccy, R, M Suarez y F J Sdnchez-Sesma (1992), "Fast computation of SH seismic response
for a class of alluvial valleys", Bull Seism Soc Am, 82, 2075-2086.

Ramos-Martinez J y F ] Sanchez-Sesma (1992), "Resonance characteristics in the seimic
response of shallow alluvial valleys®, Proc Int Symp Seismic Disaster Prevention, Centro
Nacional de Prevencién de Desastres, México, 253-260.

Rodriguez Zifiiga J L (1992), "Simulacién de la propagacién de ondas sismicas en
configuraciones geolégicas complejas” , Tesis de maestria en Sismologia y fisica del Interior de
la Tierra. CCH-Inst de Geofisica, UNAM, México.

Sdnchez-Sesma FJ y § A Veldzquez (1987), "On the seismic response of a dipping layer”, Wave
Motion, 9, 387-391.



Sénchez-Sesma F J, J Ramos-Martinez y M Campillo (1992a), "Seismic response of alluvial
valleys for incident P, § y Rayleigh waves: a boundary integral formulation®, Proc 10th World
Conf Earth Engrg, 2, Madrid, Espaiia.

" Sdnchez-Sesma F J, J Ramos-Martinez y M Campillo (1992b), "An indirect boundary element
method applied to simulate the seismic response of alluvial valleys for incident P, S y Rayleigh
waves", Earthq Engrg Structl Dyn, 22, 279-295.



PIES DE FIGURA

Fig 1. Modelo de un depdsito sedimentario de forma triangular asimétrica ante de ondas SH con
un dnguio de incidencia .

Fig 2. Contornos de amplitudes de 10 (linea delgada) y 65 veces (linea gruesa) la ampiitud de
la onda incidente, para un valle triangular simétrico (N = 5). En la parte superior de la figura
se presentan los espectros de respuesta y en la inferior las grificas de espacio-amplitud.

Fig 3. Contornos de amplitudes para un valle simétrico (N = §) ante incidencia de ondas SH con
dngulos y = 0o, 300 y 60°. La linea gruesa representa a amplitudes de 65 veces la incidente
y la delgada 10 veces la amplitud incidente.

Fig 4. Contornos de amplitudes de dos veces la amplitud incidente para un valle simétrico (N
= 5) ante incidencia de ondas SH con 4ngulos y = 0°, 30¢ y 60°.

Fig 5. Diagrama de contornos para un estrato-cuiia con dngulo de 180,

Fig 6. Contornos de amplitudes para un valle con dngulos en los vértices de 10¢ (N = 9) y
8.18¢ (N = 11) ante incidencia de ondas SH con 4ngulos ¢ = 0o, 30° y 60°. La linea gruesa
representa a amplitudes de 65 veces la incidente y la delgada 10 veces la amplitud incidente.

Fig 7. Contornos de amplitudes para un valle asimétrico ante incidencia vertical de ondas SH
con angulos en los vértices de 12.860 (N = 7) para un vértice variando el dngulo del otro vértice
en 12.860 (N = 7), 100 (N = 9) y 8.182 (N = 11). La linea gruesa representa a amplitudes de
65 veces la incidente y la delgada 10 veces la amplitud incidente.

Fig 8. Trayectorias seguidas por los rayos que entran al depdsito en las posiciones sefialadas con
la flecha.
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CONCEPTOS BASICOS
Foco y epicentro

Desde la formaciéon del sistema solar, los elementos que constituyen a la Tierra
comenzaron a acumularse los mas pesados en su centro y los mas ligeros en la
superficie, de tal manera que su estructura quedé constituida por capas de
diferentes densidades. La parte mas superficial lamada corteza, se divide en corteza
oceanica formada por rocas maficas (basalto y gabro) que tiene un espesor
promedio de 10 km, y en corteza continental constituida por materiales mas ligeros
como andesitas y en mayor cantidad por rocas sidlicas {(granitos} con espesores
promedio de 40 km. La corteza se apoya sobre rocas ultramaficas rigidas y mas
densas (peridotitas) que constituyen a la litosfera (con 100 km de espesor) la cual se
divide en siete placas mayores (en total unas doce placas) conocidas como placas
tecténicas (fig. 1), que se apoyan a su vez en rocas parcialmente derretidas debido al
calor y a la presion a la que estan sometidas. Estas ultimas forman parte de la
astenosfera (espesor promedio de 150 km) (fig. 2). El calor producido por el
decaimiento radiactivo de los elementos del interior de Tierra, genera corrientes de
conveccion ocasionando que estas placas rigidas de la litosfera 'naveguen' sobre la:
astenosfera a una velocidad de varios centimetros por afto. El continuo y lento
movimiento de las placas produce concentracion de esfuerzos en atgunas zonas en
sus fronteras donde se atoran con otras placas sin permitirse el deslizamiento entre
elias. Un sismo se genera cuando se libera la energia acumulada en esas zonas, esto
es, cuando la energia que se acumula es mayor que la que pueden resistir las rocas
que constituyen a la corteza o a la litosfera, produciendo un sibito rompimiento y
consecuente deslizamiento. Al lugar en donde se produce esa ruptura se le llama
foco. A su proyeccion en la superficie se le conoce como epicentro. También se
generan sismos cuando existen erupciones volcanicas, hay deslizamientos de
taludes o, incluso, por algunas explosiones realizadas por el hombre.

Los movimientos entre placas son de tres tipos:

Divergentes.- Cuando las placas tectonicas se separan una de la otra. Es aqui donde
se construye continuamente la corteza oceanica.

Convergentes o de subduccion.- Cuando dos placas tecténicas chocan una con la
otra y debido a ello, una de ellas se hunde En este sitio se destruye la corteza
oceanica. El 90% de los sismos ocurren en esta zona.

Transcurrentes.- Es |a frontera en la cual no se crea ni se destruye la corteza. Las
placas se deslizan, una al lado de la otra, con diferentes velocidades o direcciones.

En las zonas de transcurrencia y divergencia ocurren el 5% de los sismos, El otro 5%
se genera en zonas alejadas de las fronteras entre placas.
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(modificada a partir de Alt,1982).



Fropagacion de ondas (ondas £, S y superficiales)

Cuando se libera energia, una buena parte de esta lo hace en forma de ondas. Estas
son perturbaciones que se propagan de un punto a otro en un medio. La propagacion
se lleva a cabo a una determinada velocidad y el tipo de onda que se produce
depende de la naturaleza de los enlaces que existen entre 1os puntos por los que se
propaga. Estas son de varios tipos. Se les clasifica en ondas de cuerpo o
superficiales dependiendo de si se propagan en el interior del material o en las
fronteras de este, respectivamente. En su estudio se toman en cuenta las hipétesis
de la teoria de la elasticidad que retacionan a las fuerzas externas que actian en un
medio , con sus fuerzas internas que se manifiestan mediante cambios de tamano y
forma que sufre éste. Las deformaciones lineales que experimenta un elemento
infinitesimal cuando es sometido a esfuerzos estan dadas por

£; = %E"u + uj.i] (1)

donde u es el vector de desplazamiento en la direccion i. La coma indica derivacion
con respecto a la direccion j. La ley de Hook o ley de proporcionalidad entre
esfuerzos y deformaciones establece que

g, = Ae Oy + 2HE (2)
- siendo §; la delta de Kronecker (=1 si i=j; =0 si i#j), y A,u son las constantes de

Lamé. Aplicando la segunda ley de Newton y despreciando las fuerzas de cuerpo, la
ecuacion de movimiento se puede expresar

PU =0y, (3)
Utilizando las relaciones de elasticidad (1) y (2), la ec. {3) se puede escribir como
pl=(A +M)V(Veu)+ VU (8)
Las ondas de cuerpo se dividen en:

Ondas longitudinales que se propagan en la misma direccion del movimiento
generando compresiones y dilataciones en el material. A estas ondas se les conoce
también como ondas P o primarias pues son las primeras en ser detectadas por un
observador o instrumento. Su velocidad de propagacién {a) se calcula como:

_ [A+2u
a== (5)

donde X y ;1 son las constantes de Lamé y p es la densidad del material.




Ondas de corte que tienen un movimiento perpendicular a la direccion del
movimiento generando esfuerzos de corte en el material por el que se propagan. Por
esta misma razén, este tipo de ondas no se transmite por fluidos. Son las segundas
en ser detectadas, por ello se les conoce como ondas S o secundarias. Se propagan

con una velocidad [3 dada por
=¥ \

En la fig. 3 se presenta un diagrama de como se propagan este tipo de ondas. Las
oscilaciones longitudinales producidas por las ondas P son simétricas con respecto
a la direccion de propagacion, en cambio las oscilaciones de las ondas transversales -
(ondas S) dependen del plano que cruza la direccion de propagacion en el cual se
efectua el movimiento transversal. Al rumbo que tienen las ondas de corte en ese
plano se le denomina polarizacion . Para el estudio de las ondas S el movimiento
puede descomponerse en una componente horizontal (ondas polarizadas
horizontalmente o SH} y en una vertical {ondas polarizadas verticaimente o SV). En la
fig. 4 se ilustra este concepto.

Las ondas superficiales se dividen en ondas de Rayleigh cuyo movimiento es circular
parecido al de las olas de aguas profundas en el océano, y ondas de Love que tienen
un movimiento parecido al de las ondas S pero que disminuye de amplitud cuando se
aleja de la frontera del material por el cual se propagan. Ambos tipos de ondas tienen
una velocidad de propagacion menor que las ondas de cuerpo y son las que en un
sismograma presentan las mayores amplitudes.

Si se supone que las ondas son periodicas, con dependencia temporal dada por "
donde i=(-1)"* y w=frecuencia angular, el movimiento de dilatacion asociado a las
ondas Pque viajan a una velocidad o queda descrito por

(A +20)7(Veu)+pufVeu=0 )
Y el asociado a las ondas S que tienen una velocidad de propagacion § esta dado por
PV (VX U)+ pufVxu=0 (8)

La ec. 4 proporciona una regla general que debe cumplir toda funcién que describa
un movimiento ondulatorio. Esta funcioén puede ser un pulso o una senal registrada .
en un sismograma.
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( Onda plana
Plano horizontal

Fig. 4 Frente de ondas plano. Polarizacion de las ondas S en ondas SHy SV.

Para facilitar la interpretaciéon y manejo matematico en el estudio de la propagacion
de una senal arbitraria, se considera que esta se pueda representar como la suma de
un conjunto de funciones armonicas (principio de superposicion) que cumplen con
la ecuacién de onda (ec. 4) y observar la accién de cada sumando por separado.
Basandose en el desarrollo en series de Fourier (Newland, 1980), una funcion se
puede remplazar por una suma de funciones aménicas. Esta forma de representar
sefiales facilita mucho la interpretaciéon de los fendmenos en la propagacion de
ondas pues en estas funciones es facil identificar el periodo T(=1/B), la fase y la
longitud de onda ) y obtener su relacion con la frecuencia (f=1/T) y la velocidad de
propagacion o velocidad de fase (B=Af); si las funciones armoénicas utilizadas son
exponenciales, el manejo matemético se facilita mucho. En la fig. 5 se presenta la
trayectoria que tiene una particula con movimiento arménico y la nomenclatura de
algunas de las caracteristicas del movimiento comentadas arriba. Por esta razon, en
el estudio de la propagacién de ondas sismicas se trabaja con espectros de
frecuencia. Los espectros se obtienen al pasar la sefial del dominio del tiempo al de
la frecuencia por medio de la transformada de Fourier, obteniendo con eilo el
espectro de Fourier. Las transformadas de Fourier que se utilizan son (Newland,
1980)

Flw = J' f(t)e “dt

Ll

1 (9)
f(t) = E—[ Flue dw



donde F(w) y f(t} son funciones con el espectro de Fourier y la sefal,
respectivamente. '

wl

Fig. 5 Onda monocromatica. A representa la longitud de onda y A su amplitud.  es Ia“
frecuencia anular del movimiento arménico que tiene una particula p’ cuando se
mueve describiendo un circulo (modificada a partir de Main, 1978).

Reflexion, refraccion y difraccion

Se conoce como onda plana a aquella cuyo frente forma un angulo de 90° con un
vector que define la direccion de propagacion. Cuando una onda plana que viaja a
una velocidad c,, incide con una amplitud A; y un angulo o, en una frontera que divide
al medio por el que propaga (medio 2) con otro medio (medio 1), parte de su energia
(A,) se refleja con en mismo angulo con el que incidié (o), y 1a otra parte (A,) se
transmite al otro medio, modificando su direccion y velocidad (se propaga con un
angulo o, con respecto a la frontera y a una velocidad c,)(fig. 6). El angulo o, (angulo
de refraccion) esta relacionado con el angulo de incidencia («.) y la velocidad de
propagacion en los medios 1 y 2 de la siguiente manera (ley de Snell)

sen(a,) _ sen(a,)
C. ¢ (10)

donde ¢, y ¢, son las velocidades de propagacion en los medios 1 y 2,



respectivamente. Otra manera de interpretar este resultado consiste en reconocer
que la velocidad de fase aparente de todas las ondas involucradas en la refiexién y en
la refraccion, se conserva a lo largo de la interfaz. Las amplitudes A, y A, con las que
se propaga dependen de las condiciones de compatibilidad (o condiciones de
frontera) de igualdad de desplazamientos y esfuerzos en cualquier punto ubicado en
la frontera de ambos medios.

Fig. 6 Reflexion y refraccion de una onda que incide con angulo o, y amplnud Asenla
frontera entre dos medios.

Un problema importante en la propagacion de ondas es la difraccion. Muchos de los
fenémenos que se observan no pueden ser explicados considerando que las ondas
se propagan (nicamente en forma rectilinea de acuerdo con las leyes de la Optica
geométrica. La difraccion es la desviacién en la direccion de los trayectos de las
ondas, pues estas tienden a bordear los obstaculos que impiden a una parte de un
frente de onda a continuar propagandose (fig. 7). La primera interpretacion
ondulatoria de la difraccion se debe a Thomas Young quién decia que “1a difusion de
la amplitud (de las ondas) estd acompariada de la variacion de la fase de oscilacion.
De esta manera, a medida que se propaga el frente ondulatorio tiene lugar una
nivelacion o una ‘disipacion’ de la distribucion heterogénea de la amplitud en el
frente ondulatorio” (Landsberg, 1976). Young partia del concepto de la propagacion
rectilinea de las ondas, concepto que tiempo atras habia introducido Huygens. Sin
embargo, fue Fresnel quién le dio un sentido fisico al completario con la idea de la
interferencia de las ondas.

La difraccion depende de la longitud de onda 5, de las dimensiones del obstaculo ‘d’
y de la posicién y distancia a la que se encuentra el observador. Los parametros de la
onda afectados son su amplitud y fase. El problema se reduce a encontrar estos
valores. Matematicamente se puede considerar a la difracciéon como la suma de los



efectos de las ondas emitidas por fuentes ficticias ubicadas en los lugares donde se
genera y aplicar {os conceptos de la teoria de rayos. Esto implica que el punto donde
se miden sus efectos se encuentra lejos de la fuente o que las ondas que se analizan
son de alta frecuencia.

o P
(a)

ARV

o P
(b)

PARARASANTNGY Pirs

(c)

RN ]
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, | p
(d) ))

A

Fig. 7 Propagacion (de izquierda a derecha) de ondas planas. P representa a un
observador (a) sin obstaculos, (b) con un bloqueo total al campo de ondas, (C)
bloqueo parcial permitiendo el paso de la onda por un orificio, (d} bloqueo parcial
debido a la presencia de un objeto de dimensiones finitas (modificada a partir de
Main, 1978)

Considérese un frente de onda al que se le interpone una pantalla opaca que tiene
dos orificios (fig. 8). Para un observados ubicado lejos de la pantalla, la amplitud y



forma de las ondas que le llegan esta dada por ia suma de las ondas consideradas en
forma independiente ‘emitidas’ desde cada orificio. La fase con la que llegan al punto
de observacion depende de las distancias entre los orificios y el angulo que forman
con respecto al observador. La diferencia de fases entre las ondas emitidas por los
distintos orificios esta dada por

a(8) = kd sen(6) (11)

donde k=o/c, o=frecuencia circular y c=velocidad de propagacion. La amplitud totaf
de la onda A(9) que llega a un observador ubicado a un angulo 6 con respecto a la
normal de la pantalia, se obtiene al sumar las amplitudes A.(0) de las ondas emitidas
por cada fuente, que se consideran iguales, tomando en cuenta la diferencia de fases
a(6). En una pantalla que tenga varios orificios separados una distancia ‘d’ uno de
otro, la amplitud A(6) admite una construcciéon geométrica (fig. 9), resultando

e\l sen[1/2Na(0)]

A=A | sen(1/2a(0})] |

(12)

donde N=nGmero de orificios. Si se define la intensidad ®(6)°=(A(0)/A(6))°, se puede
observar su variacion dependiendo de A, ‘d’ y 0. En la fig. 10 se presenta la variacion
de la intensidad de un frente de onda cuando atraviesa 2 y 5 orificios (Main, 1978).

\\
W\
FIE= i,

Fig. 8 Difraccion de ondas que inciden en la cara izquierda de la pantalla. Para un
observador ubicado a gran distancia y a un angulo 6 con respecto al centro de la
pantalla, las ondas que le llegan se encuentran desfasadas debido a las diferentes
distancias que recorren (modificada a partir de Main, 1978).



Fig. 9 Calculo de la amplitud A(9) para un punto ubicado a un angulo 6 con respecto
a la normal de la pantatla, que en este caso contiene N orificios. o es la diferencia de
fases entre dos orificios consecutivos (modificada a partir de Main, 1978).

De acuerdo con el principio de Huygens se puede obtener el campo total difractado
debido a la presencia de una ranura de dimensién ‘a2’ en una pantalla (fig. 11)
considerando la suma de ios campos de ondas emitidos por un namero finito de
fuentes ubicadas a lo largo de la ranura. El numero de fuentes necesarias para la
construccién adecuada de un frente de onda dependera de la longitud de onda,
siendo mayor el nimero de fuentes requerido cuando menor sea la longitud de onda.
La amplitud correspondiente a cada fuente se obtendra de la solucion de sistemas de
ecuaciones que resultan al considerar las condiciones de frontera del problema que
se analiza.

Sismometros y acelerometros

El detectar y registrar las ondas sismicas implica un problema interesante. {Como
medir el movimiento cuando el punto de referencia utilizado es el que se mueve? La
solucion consiste en suspender un peso de un resorte el cual a su vez esta sujeto a
una base cuyo movimiento se desea medir. El movimiento relativo entre la masa y 1a
base, registrado en un cilindro que gira, o a algun otro dispositivo colocado dentro
del instrumento, indicard el movimiento del cuerpo. Los sismdmetros son los
instrumenmtos mas antiguos que se utilizan para registrar las amplitudes de {as
vibraciones del terreno. Los acelerdbmetros miden las aceleraciones. Esencialmente



utilizan el mismo principio de ios sismOometros, pero en lugar de tener resortes
blandos, utilizan resortes muy rigidos con el fin de obtener una frecuencia muy alta.
De ta fig. 12 y considerando la segunda ley de Newton (ZF=ma) se tiene

k{x1-x2)-c{x 1- x2) = mx1 (13)

E! movimiento relativo esta dado por x1-x2=x. Si la vibracién a la que se somete el
sistema (fig. 12) es x2=A sen(ot), sustituyendo en la ec. 15:

mx+cx+kx = mAufsen wt (14)
La solucién de esta ecuacion diferencial es

X = A sen{wt- Q) (15)

*T 1 2-a¢
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Fig. 10 Graficas de intensidad @° contra fase « de las ondas difractadas debido a la
presencia de una pantalla con (a) dos orificios y (b) cinco orificios.



donde £=c/2Mw,, on-=k/M, r=o/w,, p=tan’co/(k-mo°). Si v, es muy pequeia (la masa
‘m’ es muy grande}, entonces x,=A, lo que implica que el sistema esta midiendo la
amplitud del movimiento. Si por otro lado o, es muy grande (la rigidez k es muy
grande), entonces x,=Ar'=An"/o,; donde Ao’ es una medida de la aceleracion, por
tanto, el movimiento relativo es una medida de la aceleracién.

By G
a L )\ \'gsen 0

Fig. 11 Difraccién provocada por una ranura de dimension ‘a’. El patrén de ondas que
generan las fuentes distribuidas a lo largo de la ranura se presenta a la derecha. En la
figura solo se dibujaron las fuentes de los extremos de la ranura.
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| xe

Fig. 12 Sistema de un grado de libertad. Forma esquematica para representar un
sismografo o un acelerégrafo.

Con base en la diferencia del tiempo de arribo entre las ondas Py las ondas S, se
puede determinar la distancia en 1a que ocurrid la liberacién de energia. Se necesitan



por lo menos dos aparatos (sismégrafos o acelerégrafos) cercanos al foco, para
determinar la profundidad en la que se localizé; y tres aparatos para determinar la
ubicacion det epicentro (fig. 13).

iMagnitud e intensidad

Los sismélogos determinan la violencia local del movimiento de la tierra usando ia
Escala modificada de Intensidad de Mercalli donde se miden que tan severos fueron
los danos, en grados. Los terremotos menos intensos sélo pueden ser detectados
por instrumentos y no causan dario; de ahi, los terremotos se miden en escala
creciente de daios hasta el grado mas alto que implica a aquellos sismos que
causan la destruccion total de todas las estructuras.

Como es de esperar, los mapas de curvas de igual intensidad en general muestran
progresivamente menor dano cuando se incrementa la distancia del epicentro. Sin
embargo, los dainos tienden a ser mas severos en zonas donde los sedimentos del
suelo son blandos 0 no estan consolidados. Tomando en cuenta que la intensidad de
un sismo no resuelve el problema de conocer que tan grande fue un terremoto
debido a que un sismo grande a cierta distancia puede producir los mismos danos
que uno pequeno en un area cerca del epicentro, y ademas de que la escala de
intensidad no contribuye a fa investigacion de temblores cuyos epicentros se
localizan en el océano o en lugares inhabitados donde no se puede registrar el dano
estructural, los sismologos requirieron de una escala que midiera el grado de los
temblores en términos de ia cantidad de energia liberada.

Los sismoélogos usan la Escala de Magnitud de Richter para medir la cantidad de
energia liberada en un sismo, en ella, la diferencia en magnitud de un numero entero
a otro indica una diferencia de amplitud del movimiento de diez veces y una cantidad
de energia liberada en el foco de aproximadamente treinta veces. Un sismo con una
magnitud en la escala de Richter mayor de 5.5 puede causar danos estructurales:
magnitudes mayores a 6 son generalmente destructivos si ocurren en zonas
pobladas. Los terremotos mas grandes tienen magnitudes de 8.9. Muchos
sismologos sospechan que los sismos de esta magnitud son los mas grandes que se
pueden generar, pues creen que la litosfera es demasiado débil para aguantar
esfuerzos mayores sin sufrir desplazamientos.

Estructura intterna de 1a Tierra

Los sismoégrafos ubicados en cualquier parte del globo terraqueo registran a partir de
un gran terremoto, una larga serie de vibraciones de las cuales, sélo pocas,
provienen directamente del foco. Las demas son ondas reflejadas de la superficie de
la Tierra o de las fronteras entre sus diferentes capas en su interior. El contacto con
los diferentes tipos de roca, hacen que (as ondas se propaguen con distintas
velocidades. La investigacion de los diferentes trayectos que siguen las ondas ha
dado lugar a la interpretacion de la estructura y composicion de la Tierra.
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Fig. 13 El intervalo de tiempo de llegada entre las ondas Py las S se incrementa con
la distancia, siendo nulo en la zona epicentral. Para poder determinar la ubicacion de
la zona epicentral se requieren como minimo tres sismografos (modificada a partir de
Alt, 1982).

El mas simple y persistente eco proviene de la frontera entre la corteza terrestre y la
litosfera, nombrandose como la discontinuidad de Mohorovicic o, mas sencillamente,
discontinuidad Moho. Esta se localiza aproximadamente entre los 40 y 50 km si se
mide en la corteza continental y a los 10 km de profundidad si se mide en la corteza
oceanica.



Entre los 100 y 250 km de profundidad, las ondas sismicas disminuyen su velocidad
de propagacion de manera considerable y una buena parte del componente de las
ondas de corte desaparece. Esto sugiere que esta zona de baja velocidad de
propagacion esta formada por rocas parcialimente derretidas. A esta zona se le
conoce como astenosfera.

Los sismografos que reciben las vibraciones de los terremotos grandes,
generalmente registran un eco que proviene de wuna profundidad de
aproximadamente 2900 km que aparentemente refleja la superficie del nicleo de la
Tierra. Este nucleo crea una zona de sombra en el lado opuesto de la Tierra al lugar
donde se generd el sismo debido a la refraccion y la reflexion de la s ondas. Sin
embargo, cerca del centro de esta zona de sombra, en el area directamente opuesta
al foco, se registran fuertes vibraciones causadas por un enfocamiento de energia
que el nucleo genera, actuando como un lente que se encuentra embebido en el
planeta. Estas vibraciones son causadas por las ondas longitudinales habiendo
ausencia total de las ondas de corte, lo que sugiere que, al menos la parte externa del
nucleo es liquida (fig. 14).

EFECTOS SiISMICOS EN PUENTES

Los efectos que 10s sismos producen en los puentes o en cualquier estructura van a
depender de las caracteristicas del sismo, del suelo donde se apoya la estructura
misma.

Para poder llevar a cabo un diseno adecuado de la cimentacién se requiere:

a) Evaluar el comportamiento esfuerzo-deformacién de los suelos (o rocas) bajo
la carga dinamica esperada.

b} Desarrollar métodos que permitan conocer los efectos de las fuerzas de
inercia y con ello conocer el comportamiento de las masas de suelo y de los
sistemas suelo-estructura,

c) Predecir la intensidad, duracion y contenido de frecuencias de los sismos que
se pueden presentar, con base en los eventos detectados en {a zona con
anterioridad.

d) Evaluar la potencialidad de la falla por licuacion del suelo.

e) Investigar la posibilidad de deslizamientos de taludes durante un terremoto.

Todo ello con el propdsito de asegurarse de que:

a) Las amplitudes de las vibraciones que se generen no sean excesivas.



Zona de
sombra de ondas §

Fig. 14 La zona de sombra es el area donde un sismometro no detecta el arribo de las
ondas debido a la desviacién que estas sufren por a la presencia del nicleo
{(modificada a partir de Hamblin, 1991).



b) Los esfuerzos/deformaciones inducidos en estructuras vecinas, sean
pequenos.

¢) No haya peligro de una acumuiacién permanente de deformaciones debidas a
la compactacion dinamica en los estratos arenosos.

Para determinar las propiedades dinamicas del suelo se recurre tanto a las pruebas
de campo como a las de laboratorio. En las tablas |1l y Il se presentan algunas de las
pruebas utilizadas para determinar los parametros dinamicos del sueto. Con estos
parametros se podran obtener las impedancias dinamicas que estan relacionadas
con la fuerza dinamica ‘R’ y el desplazamiento que se genera en el suelo (u) de la
siguiente manera

K=R/u (16)

donde u es una cantidad compleja; por consiguiente K=k,+ik, (i=-1"°). k, depende
de las caracteristicas de rigidez del sistema (el cual no depende de ©; nétese que las
propiedades del suelo de moddulo de cortante, relacion de Poisson y
amortiguamiento, son independientes de o) y de las caracteristicas de inercia del
suelo (que son proporcionales a «°). k. representa al amortiguamiento del sistema
que engloba una parte independiente de la frecuencia reflejando el amortiguamiento
histerético del suelo, y otra parte dependiente de la frecuencia que representa al
amortiguamiento viscoso.

Tahiz 1 _Bryshas de campo para determinar el modulo de corte (G)

Metodo Procedimiento Rango aprox. de
general (medicion) _ | deformacion (%)
1_| Pruebas geofisicas Velocidaddecorte |  10°210° |
2 | Prueba de vibracién en la superficie | Frecuenciay 10°a 10°
longitud de onda de
ondas superficiales
3 Pruebas de placa »
a) vibratoria Frecuencia naturai 10°a 10°
h) estatica Asentamientos 08as
Tahla 2, Pryebas para determinar |a relacion de Poisson {v)
| Prueba Condicién de carga
inicial Final o cerca de la
falla
1 |Triaxial
a)carga estatica d1a.2 .5
b)carga ciclica 3a.4
2_| Caja (deformacion lateral nula) 5 3
3 | Odémetro (deformacién lateralnula) | 3235
|4 | Sénicas 422 .47




Tahla 3. Comparacion entre Jos ensayes de sitio y 1os de |aboratorio
Tino de epsave En sitio En laboratorio
Caracteristicas medidas a)Modulo de Cortante (G) | a)Médulo de deformacién
b)Relacion de Poisson (v) Amortiguamiento
b)Resistencia al cortante |
Maminio de deformacion | Dominio elgstico  Dominio elastico y piastico |
Representatividad Bueno para Cross-hole Funcion de
representatividad de la
prueba
Causas de error a)Refracciones parasitas | Remoldeo del suelo
bMtdentificacion del tiempo
de arribo dejaonda S

Para llevar a cabo los estudios de propagacion de ondas en suelos o estructuras,
generalmente se recurre a modelos que son sujetos a hipbtesis fuertes pero
simplifican enormemente el problema, lo que permite entender, en general, el
comportamiento del modelo real y tomar decisiones respecto a su disefio.

Modzalos unidimernsionales

En estos modelos se aceptan las hipétesis de que los materiales por los cuales se
propagan las ondas son elasticos y homogéneos, ademas, la direccion de
propagacion de las ondas es en una sola direccion, lo que implica que las fronteras:
entre los medios que constituyen al modelo son paralelas y la incidencia es
perpendicular a estas fronteras.

Como ejemplo, considérese una bamra por la cual se propagan las  ondas
longitudinales (Fig. 15) que genera esfuerzos (c) y desplazamientos (u) que estan en
funcién del tiempo y de la posicién en la cual son medidos. El equilibrio dinamico de
un elemento infinitesimal de la barra esta dado por

6; +pu, =0 (16)
Aplicando la ley de Hooke
Jou
o, =Ee, =- E—*

donde E es el médulo de elasticidad, de ahi que

J*u 1-

X (18)
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Esta es la ecuacion de onda para modelos unidimensionales cuando se propagan
ondas longitudinales. La obtencion de 1a ecuacion de onda para otros tipos de ondas
es analoga. Cualquier funcién de onda que cumpla con .la ec. 16 y con las
condiciones de frontera que impone el modelo, representa la soluciéon del modelo
analizado. Estas funciones van a ser de ia forma

u =f{x+ct)+f (x-ct) (19)

donde ‘c’ es la velocidad con que se propagan las ondas en el medio. f(xtct)
representa a las ondas que se propagan en la direccion +x.

Cuando se considera un modelo con frontera libre (fig. 16) las condiciones de
frontera son o,=0 en x=0. Si la solucién de la ecuacion de onda es

u=Be“e © +Ae“e* (20)

donde A y B son las amplitudes de las ondas incidentes y reflejadas,
respectivamente. Sus valores se obtienen al aplicar las condiciones de frontera

Me+2a=0
C C
A=B

(21)

X

Frontera
| libre

»

Fig. 15 Barra longitudinal con un extremo libre. Las ondas se progagan a través de
ella de izquierda a derecha.

Si el modelo tiene un extremo fijo (fig. 16), las condiciones de frontera que se

presentan son u=0 en x=0, y c=25,. en x=0, de donde se obtiene que A=-B y, por
consiguiente

u=Aee'< e’ = 2Asen&xk"’“ (22)
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Fig. 16 Barra longitudinal con un extremo fijo. Las ondas se progagan a través de ella
de izquierda a derecha.

Cuando la propagacién de ondas se lleva a cabo entre dos medios (fig. 17) se deben
considerar dos ecuaciones de onda (una para cada medio). La solucion general es de
la forma
i2x A2y
u=u, +u,=A e"e" +Aee ™

he

o (23)
u = utrans = Btansehte “
Las condiciones de frontera en x=0 son u,=u, y o;=c,, de aplicarias se obtiene
Air«: + Aref = Btrans
A, - Aref = pz—czatrans (24)
PGy
de donde
) 2
B =—A
trans 1+ pzcz in¢
p1c1
1P (25)
c
Aref = _h")‘—“Ainc
1+ pzcz
p1c1

Los modelos bi y tridimensionales tienen la particularidad de que las ondas se
propagan en dos o mas direcciones, debido a la presencia de fronteras u obstaculos,
que originan reflexién y difraccion de ondas. Al final de estas notas se adjunta un
articulo en el cual se analiza un caso particular de propagacién de ondas en un
modelo bidimensional.
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Fig. 17 Barra longitudinal compuesta por dos materiales con propiedades diferentes.
Las ondas se progagan a través de ella de izquierda a derecha.

GEOLOGIA Y CONDICIONES LOCALES

Cuando se registra la sefnal de un sismo cuyo epicentro se localiza a varios
kilometros de distancia, el registro que se obtiene es diferente al de alguna estacién
localizada muy cerca del foco del sismo, debido a que las ondas viajan a través de
distintos materiales con diferentes propiedades y configuraciones varias que
provocan que estas modifiquen su trayecto, velocidad y amplitud (efectos de
trayecto). Cuando las ondas atraviesan los suelos o formaciones locales del sitio,
sufren también modificaciones adicionales (efectos de sitio o condiciones locales).
En la fig. 18 se presentan estos conceptos. Considerando efectos lineales
unicamente, es posible establecer un filtro o funcion de transferencia que contenga
la contribucion de los efectos de sitio si se conoce la sefial antes y después de ser
afectada por las condiciones locales. Esta funcion de transferencia se obtiene al
efectuar la division del espectro de Fourier de 1a seiial ubicada en el sitio, con el de
aquella que no se afect6 por las condiciones locales. Al espectro que se obtiene de
realizar esta operacion se le conoce como funcion de transferencia o cociente
espectral. De esta manera, cuando se conoce la senal que no ha sido afectada por
las condiciones locales, se puede obtener la respuesta de un sitio al multiplicar su
espectro de Fourier por la funcién de transferencia del lugar.

Una hipétesis adicional que se hace es considerar planas a las ondas que se
propagan dentro de medios homogeneos e isétropos. Esta hipétesis implica que el
lugar geométrico de los puntos que se encuentran en fase forman un frente de onda
(fig. 19). Si la fuente de una perturbacion es muy pequena y la onda se propaga en un
medio isétropo, el frente de onda tendra una superficie esférica con centroen la
fuente. Si la distancia ‘r a la fuente es muy grande, el frente de onda se puede
considerar con buena aproximacion como plano (fig. 20). A la direccién con la que se



propaga el frente de onda se le puede representar por rayos o vectores normales a
este. Anexo a estas notas se presenta un articulo en el que se plantea la importancia

de considerar las condiciones locales cuando se estudia la respuesta sismica de un
sitio (Sanchez-Sesma et a/. 1987}.
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Condtcuones

\‘\"““ . locales
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Fig. 18 La intensidad con la que se sienten los sismos, esta influida por las
caracteristicas de la fuente (cémo fue la ruptura de las rocas), las del trayecto
(diferentes formaciones, distancia y amortiguamiento) y las condiciones locales que
prevalecen en el sito (aeoloaia. tonoarafia v tino de estructuras).
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Fig. 19 Frente de onda (linea a trazos) que pasa por los puntos indicados por los
circulos en un tiempo t=t’. Las flechas indican la direccién de la propagacion.



Fig. 20 Un frente de onda a una distancia ‘b’ puede considerarse mas cercanamente
representado por un frente de onda plano que el ubicado a una distancia menor ‘a’.
En la figura se presentan los campos generados por dos fuentes.
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RESUMEN.
de la

nales

fe analize 1s influencia_del espesor de las arcillas y de la topografia
; cuenca pre-Chichineutzin en la distribucion de dafoe en la Ciudad de México durante e]
sismo del 19 de Septiembre de 1985, Se discute la precisién de los modelos un:

basal

Y badimensio-

de propagacidn de ondas de corrante en la prediccion de los registros obtenidos en eEte
118mo para algunos sitios de le ciudad. Finalmente se hace

enfasie en Jlos efectos de las

irreguleridades laterales al modelar l& respuesta sismics del Valle de Héxico.

1. Introduccion

En ls mafana del 19 de seprtiembre de 1985
uns porcien de la interfaz entre las placas
de Cocos y de Nortedmerica en ls regién de
Michoscén sufrié un deslizamiento que durd
caei un minuto, lLa ruptura de material de la
corteza tTerrestre emitid ondas slsmices gue
fueron amplificedas grandemente pocos minutos

después al ser strapadac por las formaciones
superficiales del suelo de Jla ciudad de
México. Esto generd dafhos sin precedentes:

mAs de 10,000 personas murieron y 250,000
perdieron su viviends. Varios cientos de ed)-
ficics colapsaron y muchos han  debido
demolerse o reforzarse.

Ademfs de importanies efectos de fuente y
trayecto, sin no completamente esclarecidos,
€6 evidente que uns parte considerable de }as
amplificaciones observadas se cdebid a efectos
locales. E6tos estardn presentes en temblores
futuros por lo que su cabal comprensidn  es
absolutamente necegaris en cualquier intento
de revaluar el riesge sismico en el wvalle de
México. Estos efectos ya habian sido identi-
ficados y se sabia que las formaciones
lacustres del valle podian amplificar signi-
ficativamente el movimiento del terrenc aun
para temblores lejancs. El  comportamiento
siemico de Bstos &uelos blandos ha sido estu-
diado Ppor numerosos investigadores (p. ej.
Rosenblueth, 1952; Bustamante, 1964; Zleev-
acrt, 1964; Herrera et al, 1965; Rosenblueth
y Elorduy, 1969; Seed e 1driss, 1969; Fac-

cioli, 1976) guienes, con basec en la eviden-
cia disponible, consideraron gue el modelo
unadimengiornal de propagacién de ondas de

cortente era apropiado pares estudiar y prede-
cir le respuests Elsmica de 14 sedimentos de
valle. 5in embargo, no existian observaciones
suficientes de los efectos de temblores
importantes. Loé datos ingtrumentales de lac
aceleraciones del suelo se remontan tan solo
a los afios sesenta y siempre se juzgaron
incompletos. La ciudad de México nc habls
sido sometide en los 1ltimos tiempos &
grandes s&ieémos. En efecto, el tembleor de

Michoacén de 1985 {Ms=8.1) es e)] segundo gran
terremoto mexicens de egte siglo ¥y es stlo
menor que e} de Jalisco de 1932 (Sanchez-
Seema y Singh, 1986). Entonces la ciudad eras
muy diferente de la actual, Lo mismo puede
decirse del sismo del 7 de junio de 191] gue
&e 51ntié en la ciudad cuando Madero entraba
triunfante en ella en los albores de la Revo-
lucién. Hoy se cree que este S18m0o OCurrid en
Michoscdn en l&a miema 2ona que los de 1985,
Si existieron efectos Eignificativos aso-
crados &) trayecto de Jlas ondee eiemicCes
entre Michoscén y el valle de México en 1911
es poco lo qQue 6e podré decir de ellos. Al
parecer, en 1985 la irreddacien de energia
hacia el continente entre 0.2 y 0.5 Hz fuye
mayor que la emytida & lo largo de la costas
(Singh et al, 1987). No contamos 80N con una
explicacidén para estes anomalia. Entender sus
ceusas ef imprescindible.

La distribucién de dafos en la ciudad de
México muestrsa gque la respuesta unidimen-
sional de los sedimentos lacustres més super-
ficiales constituye un factor de primer
orden, Hay una notable correlacion entre las
zonas mas dahadas Yy un rango de espesores de
arcilla. Los dahos més importantes ¢ presen-
tan en las regiones limitedes por los contor-
nos de 20 y 50 m de espesor. Sin embargo, los
registros de las eceleraciones del terrenc en
varios Eitios de ls Zons srcillosa tienen una
duracioén mucho mayor Que Ja que predicen los
modelos unidimensionales. Debe notarse que
los dahos en las estructuras dependen de la
duracioen del movimiento y de]l dereirioro
acumulado que e)lla implica, E]l sumento en la
duracion del moviniente estd  ligado a la
exi16tencia de irregularidades laterales gque
generan enfocamiento de la energis sismice
incidente y endas superficisles. Ecto ae he
mostrado en estudios de temblores pasados (p.
ej. Poceski, 1969; Rial, 1984). Por otra
parte, resultados tedricos (p. ej. Sanchez-
Seema y Esquivel, 1979; Bard y Bouchon, 19%80)
evidenclian los limites del modelado unidimen-
&iona) debidos 8 la irreguleridad lateral.



En este trabsjo nos rtefariremos al mode-
lado ©Os la Tespussta slsmics del valle de
México. Daremos unas descripclén global de 1a
estratigrafia weuperficial basada en los son-
deos dlsponibles & Ja fecha. FPresentaremcs
algunas svidenciss cuentitativas de los efec-
tos de irregularidades laterales en los movi-
mientos observados asi como resuvltedos preli-
minares de modelos bidimensionales. ke discu-
ten, algunos “aspectos wesenciales pars el
modelado tridimensional del valle de México.

Fig9 1. Geologla superficial del valle
{Mooser, 1975)

2. Estretigrafia del valle de Héxico

El valle de México €5 un gran depdsito
sedimentario. Antes del Pleistoceno el valle
drenaba hacia ¢} sur strevés de doe cahones
profundcs en las regiones Que ahoTa ocupan
Cusutle y Cuernavaca, respectivamente. Cerca
del final del Pleistoceno importantes fractu-
ras aparecieron entre las Zonas de Pucble y
el sur de Toluca. Rstas fracturas {ueron pre-
dominantemente E+W y dieron pssoc a las Jlaves
bas&itices de la Sierra del Chichinautzan que
transformaron el valle en uns cuencs cerrada.
Ee ha estimado (Mooser, 1915) que estas erup-
ciones ocurriercn durante £} Vltimo millen de

afos. Kl wvolcdn Xitle, en las inmedlaciones
del Ajusco, es la evidencia més recjents de
epts actividad. La fig ] wmusstrs la geclogls
supsrficial del valle. SeQun express Mooser
(1966) exiaten e0n importantes volGasnes de
lavas Que forman gigantessces ciémarss magméti-
cas. Mocser basa sus conclusionss en observa-
clones da la geologia superficial y en slgu-
nss mediciones de flujec teérmico. Asi, ¢]
estima an 7 km el espesor de ls corteza con
potencial sismico en varias partes del sje
velcénico, incluido el valle de México. La
existencis de grandes cdmaras magmiticas
implice extensas zonas de baja velocidad de
ondas eismices y ésto podris dar lugar a
efectos de snfocamiento de la energis siamjica
generade por fuentes lejanas. Estoc as rele-
vante pare estudiar efectos de trayecto vy
debe ser esclarecido.
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Fig 2. onificacion geotécnics (extensidn
estratigrafics mas superficial)

La estratigrafia mids reciente del valle
ha s1do la més estudiada y hay una centidad
impresionante de informacién contenida en lo
monumental obra de Marsal y Mazari (1959). Ko
obstante hay todavia muchas incertjidumbres,
en particular en las propiedades dindmicas de
las arcillas més superficiales y de los lla-
mados depdsitos profundos, as!i como en la
geometria de loe estratos. La fig 2 muestra
la extens16n de la estratigrafia més superfi-
cisl. Ls zona de)l lago €& bastante heterogé-
nes ¥y estd constituida principalmente por
ercillas sotursdas en Jas cuales el contenido



de agua a menudo axcede de 400 por ciento.
Intercalados en }ass arcillas se encuentran
lentes de arenag y limos que, en ocesiones,

llegan & tener aespesores de hasts 7 m
(Mooser, 1986). Los depSsitos profundes se
encuentran desde profundidades que vwvarian

enctre 3 y 70 ®. Ls z0ns de  transicién, gque
e taxbién muy haterogénes, eatd formada por
materisles mds competentes. La zona de lomas
presenta depdsitos aluviales y glaciales. En
todas allas se tienen svidenciss de intenss
actividad volcdnica. La fig 3 muestra per-
files estratigraficos tipicos.
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Fig 3. Perfiles ectretigraficos tipicos
&) zone del lago
b) zona de transicien
¢) zona de lomas

Con el objeto de contar con uns
cien global de

descrip-
la estratigrafis del valle,

Suarez et al (1987) recopilaron ls informa-
cién de sondecs disponibles &8sl como las
estimaciones de la topografia de 1la cuence
previe a la eparicién del Chichinautzin

(Kosser, 1986). E] modelo Que proponen con-
siste en estratos &arcillosos superficiales
con espescores entre 10 y 70 p apoyados sobre
los deptsitos profundos gue alcanzarian pro-
fundidades de 700 m. Estos Treposan sobre las

Fig 4. lsopacas de las arcillas {en
meLros)

antiguas formacicnes de la cuenca gque no
necesariamente s0n rocosas. En las figs 4 y 5
$e nmuestran las isopacas (Curvas de igusl
espesor} de los estratos arcillosos y las
profundidades estimadac de }a topografia pre-

Chichinautzin. No obstante gque se trata de
und simplificacitn, estos modelos serdn de
utilidad al estudiar Ja respuesta globa)l de

modelos din&micos del wvalle. Las curvas de
topografia pre-Chichinautzin presentan cierta
similitud con leas anomalias gravimétricas
Teportadas por Margal y Mazari {1959) que se
reproducen en la fig & . Con base en esta
informacion gravimétrica Alvarez (1987) ha
estudiado la configuracién profunda del valle
de Mexico. Sus resultedos sugieren que la
Sierra de Guadalupe se extiende hacia el sur
del Pehdn de los Bafos méds de lo qgue se-crefa
Yy gque la topografis antigua se encuentra
hasts profundidades de un km. La fig 7 mues-
tra las protundidades estimadss de la topo-
gratia pre-Chichinautzin considerando los
resultsdos de Alvarez (1987).

3. Distribucién de dafios en la cjudad de
México

Los colapsos Y dafios mayores producidos
por Jos siemos de 1985 e encuentran princi-
palmente en la llamada zons del Lago. Con
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Pig 5. Configuracion estimads de la cuen-
ca pre-Chichinautzin (curves de
nivel en metros)

Fig 6. Curvas Oe lsogemas (en 10 u. g. =
} mgal) {(Marseal y Mazari, 1959)

Fig 7. Respuesta del modelo gravimétrico
(Alvarez, 1987)

objeto de mostrar su distribucion se indican
en 1a fig 8 . No se he hecho distincidn aqul
de) tipo de dafio © colapeo aunque es evidepnte
que ello deberd tomarse en cuents en estudios
de microzeonificacién como se hace en el
emprendido por Iglesias et &)l (1987). Llos
dahos estdn restringidos entre las curvas de
espesores de estTatos arcilloscs de 20 & 50 &
de la fig 4 . Esto sugiere, en una primeras
aproximacién, que la respuesta unidimensional
de ondas de cortante permitiria explicar los
dafios. De acuerdo con esta teoria, el periodo
fundamehtal de un estrato homogénec de espe-
sor H ests dado por T=4H/B, donde B =veloci-
dad de propagacién de ondas de cortante que
puede suponerse en promedio de 50 B/w
(recientemente se han medido en campo valores
de 35 m/s (Romo et &), 1987)). Los periodos
asociados a esta respueste local en las zonas
mas dafades varian entre 1.5 y 3 6. E1 alar-
gamiento de los periodos de oscilacion de las
estructuras a causa de la interaccién con el
suelo y el derterioro de las mismas explicaria
el que algunss estructuras hayan entradc en
resonancia cor. los periodos del! suelo vy
estuviesen someLidas 8 considerables solica-
teciones dinadmicas que Jlas llevaron a la
falla. Poco despues de)l temblor ests explica-
cién se consjderoc correcta; hoy la considera-
mos incompleta. De los registros de acelere-
ciones obtenidos en varios puntos del valle
{R. Quaas et #l, 1985, J. Prince et a)], 1985,
E. Mena et al, 1985) se observe que hay otro
aspecto que debe considerarse y éste es lo
durecion de lo excitacidn. Lo duracion de la
fuente se ha estimado en unos £0 s y ésto e
consistente con los Tregistros cbtenidos en
sitios de terreno firme o roca. En los sitios
de la zona del lago se observaron duraciones
considerablemente mayores. Este hecho no fue
opreciado inicislmente con el debido interés
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Fig 8. Construcciones que sufrieron dafo
grave (%) o coclapso (0)

pues los méximos espectrales $e e€ncontraron
en coincidencis con los periodos fundamen-
tales del suelo en las estaciones de regis-
tro, hecho gque ®sc atribuydé & la respuesta
unidimensional en cortante. Sin embargo, al
realizar céalcules con el modelo unidimen-
sional encontramos que peodlamos Simular la
parte mé&s intensa con relative sencillez pero
no asi la duracien. Considerando los modelos
estratigraficos preliminares de la tebla 1
para SCT ¥ Central de Abasto Y suponiendeo que
la excitacién en el bassmentc fue la misma
que en Tacubays se cbtuvieron acelerogramas
sinteéricos empleando el método de Haskell (p.
e). Chavez-Carcia y 5Sénchez-Sesms, 1986;
Sdnchez-Sesma, 1986). En la fig 9 sc comparan
los ocelerogramas Eimulados ccn los  Observa-
dos. Hay obvias diferencias pero la més nota-
ble es la corta duracion de las simulaciones.
En los registros de SCT apsrecen movimientos

ue sugieren arrivoc tardios de ondas super-

jeiales de amplitudes moderadas. En cambio,
en CDAD dichos arrivos son de gran amplitud.
En ambos Cos0s las fases tardias won
prscticamente arménicas con periodos de 2 5 y
- 3.5 &, respectivamente. Es&tos periodos co-
rresponden aproximadamente con los periodos

tedg
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Fig 9. Comparacién de los acelerogramas
' observados en las estaciones SCT
y CDAC ron los calculados con un
modelo unidimensional (componen-
tets NS)

fundamentales de la respuests unidimensional
en cortante de las estratigrafias en escs

sitios y sugieren arrivos tardios de energia
en el basamento y/0 ondas superficiales
guisdas por los depdsitos profundos. En todo

caE0 estas ondas estarian generadas por las
irregqularidades laterales.

Romo y Jaime (198B&) ¥y Romo y Seed (158&)
han estudiado la respuesta unidimensional de
varios sitios en el wvalle empleando una
teoria de vibraciones casuales y han lograde
reproducir con suficiente aproximacion los
espectros de respuests promedic de acelera-
ciones horizontales observsdos en varios
sitiocs el 19 de septiembre de 1985. Sin
embarge, e6 bien sabido que Jos espectros de
respuesta se saturan, €sto es, ho Treflejon
con fidelidad las peculiaridedes del movi-
miehto Yy sah poco sensibles a la duracién del
migmo (ver p. ej. Séanchez-Sesma y Singh,
1986). Esto se muestra en la fig 10 en donde
aparecen los espectros de respuesta para CDAD
y ECT asociados a la duracisn del registro
observado. Las ordenades espectrales defini-
tivas se alcanzan a los 120 y 105 segundos
respectivamente y puede verse en la fig % que
el registro del) movimiento continda por més
de &0 segundos en ambos Cakos.



004 CDAD RINISTRATO
w &80
=)
-
“ 20
’
.01 [ ]
Tl
b SCT ALGISTRALN
(L9
L)
(114
- «
- 00
-
-
190
.
[N TH
Tis}

Fig 10, Espectros de respuesta evolutivos
de la componente N5 de los regis-
troe observados en las estaéciones
CDAO y BCT €] 19 de septiembre de

_ 1985. (amortiguamiento £ = 8y)

Al superponer el mapa de dafios con la
topografia pre-Chichinsurzin estimada e
encuentras que estos predominan en la zona gque
corresponde al cafdn de México (Alvarez,
1987) gque aproximadamente tiene su eje en la
direccién NNW. Esto sugiere efectos badamen-
sionales debldos al strapamiento de la ener-
gia por las irreqularidades laterales.
Alvarez (19686) encontiré en su eetuvdio de los
dafios de la ciudad después del temblor evi-
dencias de ciertos alinecamientos de ellos con
la direccién KNNW y atribuye ésto & la
existencia de ondas reflejedas por la pre-
sunte continuacidén al sur de Ja sierra de
Guadalupe. No contamos por ahorsa con una
explicacidn completa para €l mecanismo
postulado por Alvarez pero pensamos gque las
ondas en cuestidn fueron ondss superficisles.
Estas pueden producirse como consecuencia de
la interaccion de lag ondas incidentes con
lae irregularidades de la estratigrafia par-
ticularmente en los bordes. Es probable gque
este fendmeno de atrapamiento de energis se
heys manifestado de manera importante en la
franja que vs de Coyoacén a8l cerro de la
Estrella. Eso explicaris particularmente los

dafos en esa zona. Tal vez el colepeo de uno
de los edificios de 1o Universidad 1Ibe-
roamericana durante e] temblor de Petatlan

de) 14 de marzo de 1979 estuvo ligsdo a efec-
tos simileres. PEn la zona de Xochimilco-
Chalco tambjién ee observaeron dafos impor-
tantes. No oObstante, en un primer anélisis,
la geometrisa de la subcuenca sugiere gque la
zona  seria particularmente vulnerable para
temblores originados en el sur.

ABLA 3. Modelos estrstigraficos preliminares
para BCT y CDA.
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Como  los movimientos horizontales fueron
predominantes (de acuyerdo con los registros
instrumentales y testimonios personsles) nos
inclinamos por tonsiderar que las ondes &u-
perficiales fueron de Love y que estarian
guiadas por los depdsitos profundes. Ello
permitiria explicar el aumento observado en
la duracién del movimiento. También podrian
haberse generade localmente ondac de Rayleigh
aungue con menor eficiencia gque las de lLove.
Eeto lo confirman les pequefios desplazamien-
tos verticales observados. Sin embargo, hay
evidencias experimentales en el sentido de
gque algunas estructuras altas sONh MUY &en-
6ibles a los movimientos verticales diferen-
ciales en su base que generarian las ondas de
Rayleigh (Rodriguez, 1987). Es poco lo que
sabemos de las caracteristicas de estas ondas
cuando se propagan en estratos como Jos del
valle de México. Probablemente la existencia
de capas conh muy bajas velocidades inhiba los
desplazamientos verticales. Ello es actual-
mente motivo de estudio. Recientemente Lom-
nitz (1987} ha propuesto la existenclsa de
ondas de gravedad en el wvalle durante el
£15m0 de 1985 pero los pequefos desplazamien-
tos verticales observados sugieren gque B2
es5ta6  ondas existen tienen una importancia
mucho menor qQue l& que Lomnatz les atribuye.

4. Modelado de la respuesta slemica del

valle de México

En  la
implicito que el
respuesta siemica del
conslderar los efectos de la
lateral de su estratigrafia. Resultados
tedricos en estudios de difraccion de ondas
aismicas (p. ¢j. Trifuonac, 1971; Wong y Tri-
funac, 1974; Bard y Bouchon, 1980; Génchez-
Secma y Esquivel, 1979; Sanchez-Sesma, 1983;

discusién precedente ha quedado
correcto modelado de la
valle de México debe
irregularidad



19873 Séncher-Bsama, 1987 a,
b) muestran la importancia de la heteroge-
neidad lateral. La mayoria de los estudios
conaideran la incidencia de un tipo de ondas
sisnices en configuraciones bidimensionales,
pocos tratan ondas slésticss con polarizacion
vartical ¥y -u§ pocos conajlderan el problema
tridimensional. La principsl]l limitacion pre-
viene de los inepensos recursos de computo Que
la #0luclén de estos problemas requiere, par-
ticularmente para sstudiar longitudes de onda
menores que las longlitudes caracteristicas de
la irregularidad. E] valle de Meéxico presents
dificultades considerables pars su andlisis
siszico global pues sun frecuencias ten bejes
como 1 Hz implicen longitudes de onds peque-
fas, muchas veces mencres que las dimensiones
horizontales de)l valle,

Bravo et al,

Se han obtenido resultados preliminares
de la respuests sismice de modelos de vallec
aluviales tridimensionales con simetria axisal
con respecto & un eje vertical (Sénchez-
Sesma, 1983; S&nchez-Sesma et al, 19B4; Cha-
ver-Pérer y BEanchez-Sesms, 1984; E&nchez-
Sesmsa et al, 1967 y Pérez-Rocha et al, 1987).
Estos resultados aitn siendo limitados & bajas

frecuencits socn prometedores pues sugieren
que es posible evaluar cusntitstivamente la
importancia de las ondae superficiales
generadas Jlocalmente. E1l estudio estd en
proceso.

Han sido varios los modelos bidimen-

sionales qgue se han estudiado para entender
la respuesta siemica del valle de Héxico (p.
ej. Kobayashi et al, 1986; Fukushima, 1986;
Ootha et al), 1986&; Bard, 1987; Wojcik, 1987;
Campillo, 1987). Todos cocinciden en aceptar
la importancis de la irregularidad en la
estratificacién y de la posible generacion
local de ondas superficiales en los bordes
del depdsito sedimentarjo. En estos estudios
se ha supuesto incidencia de ondas de cuerpo
con las excepciones de Wojcik (1987) y Cam-
pillo (1967) quienes consideran ondas de Love
y Lg, respectivamente. ACn no tenemos una
jdea clare de qué ondas y en qué proporcionesg
llegeron a) valle en peptiembre de 1985. Un
estudioc que ahora hacemos de 106 Tegistros
obtenidos en le ciudad de México en 1985,
sugiere gue la fase mAs intensa de la excita-
cién puede agocisrse con ondas dodeckepes | g .

Recientemente se ha desarrollade un nuevo
método basado en )a teoris de rayos para
estudiar la respuesta ente incidencie de
ondas 5K de una clace de valles aluviales de
forms triangular (Sé&nchez-Sesma, et al, 1987)
Merced a una aproximacién que permite conocer
analiticamente las familias de rayocs en el
valle, el método es muy eficiente y es
posible calcular con él1  aceleragramas
sintéticos <€on recursos de computoc conven-
cionales. Bn la £ig 11 se puestran resultados

ra un modelo bidimensional del valle gue
representarie aproximadamente ls seccifn que
va de Chapultepec al Pefion. A este modelo se
le ha superpuestoc ls respuesta unidimensional
de 1o estratos superficiales de cada sitio;
estas estratigrafiss se muestran en le tabla
11. Se ha utilizado como excitscién la compo-
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Fig 11. Acelerogramas calculados para un
modelo bidimensiona)l considerando
la estratigrafis local para la
seccion Chapultepec-Pefidn. La es-
tacién 1 corresponde a la sehal
de excitacién.

nente NS del acelerograma registrado en Tacu-
bays el 19 de septiembre de 1985 que co-
rresponde a la estacaon 1 del modelo.

5. Conclusiones

La distribucién de loe dahos mAE impor-
tantes en la ciudad de México durante log
6ismos de septiembre de 1385 es tal que
éstos se localizen principalmente en la zona
del lago donde existen espesores de arcilla
entre 20 y 50'm.

_ Los modelos unidimensionales de propaga-
citn de ondes de cortante predicen con pre-
cisién razonsble la primera perte de log
regittros de aceleraciones obtenidos el 1% de
septiembre de 1985 pero en s1tios de la zona
arcillosa. Sin embargo, ls duracién de los
registroé es mucho msyor que la predicha,
Este sumento de la duracién del movimiento
ectd ligado & }a existencia de irregulari-
dades laterales gue generan enfocamientos de
le energis sismica incidente y ondae superfi-
ciales., En loe registros de aceleracién de




TABLA 2. Estretigrafla superiicial de los
puntos en donde se calcularon los
acelerogramas pars sl modelo bidi-

monsionsl.

Lspesor Peso Velocided Paclor de

sspecifico calided
(m) tT/n?) (m/n) (o)
{ sstacién 2 )
2 1.5 120 25
3 1.3 &0 25
L] 1.2 30 15
9 1.3 50 0
? 1.6 200 25
9 1.4 150 25
{ estacién 3 )
L 1.3 120 25
9 1.3 an 25
2 1.6 170 25
11 1.2 30 15
3 1.3 50 20
2 1.6 200 25
8 1.4 150 25
{ estacion 4 )
[ 1.5 120 25
3 1.4 100 25
12 1.2 30 15
3 1.5 150 25
10 1.3 40 15
2 1.4 60 20
8 1.4 130 25
{ estacién 5 )
3 1.8 bi2o 25
9 1.4 100 25
8 1.2 30 15
3 1.5 150 25
] 1.3 40 15
5 1.4 130 25
( estacicén 6 )
2 1.5 120 5
7 1.3 60 25
23 1.2 30 15
4 1.4 130 25
20 1.3 60 20

§CT aparecen movimientos qQue sugieren errivos
tardios de ondss superficiales de amplitudes
moderadas, en cambio en CDA dichos arrivos
son de gran amplitud. Estes ondas son geners-
das por irreguleridades latersles. Como los
movirmientos horizontales fueron predo-
minantes, es muy probable gque las ondas su-
perficiales generadas fuesen de Love y que
estuviesen guiadas por los depdsitos profun-
dos. Ello permitiria explicar el aumente
observado en la duracién del movimiento.

La posible existencis del cafdn de México
entre ¢l cerro de Chapultepec y el cerro  del

Pefidn de loa Bafos, explicaria }os dafios en
esa 20ne en términos de efectos bidimen-
sionales debidos al strapamiento de energia

por las irregularicades latarales. Esta perla
terbién Ja explicacién en la franjs que se
sncuentrs entre Coyoscén y o] cerroc de la
Estrella. El {fenomenc podris ser critico en
la zona de Xochimilco-Chalco sobre todo pars
temblores criginados en ] sur.

Actualmente se astudian modelos bi y tri-

dimensionales de valles aluviales gue perml-
tan evalusr cuantitativamente la importancia
de las ondas superficiasles genersdas local-

mente. &1 bien los modelos tridimensionales
por ahors estan limitados s bajas fracuencias
los podelos bidimensionales desarrollados
permiten sefialar Ja importancis de la irregu-
laridad lateral y )s generacién Jlocal de
ondas superficiales en los bordes del depod-
s$ito. De los resultados gque se obtengan
depende la correcta revaluacitn del riesgo
sismico en el valle de México.
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Ooiective

Loac combinanons reliadiity index o
Dead bwad = Dive hrid ot snow o) 0 por members
45 tor connections
Dead toad = e load + wind foad 25 by members
Dead hud = e fuad = corthguahe had 175 por members

1.9 FACTORS FOR SAFETY—Aa350 AND LRFD COMPARED

Load 81 2% ‘eume
LRFD £ Load combination {50 year: manmum

tAd-] b 1.4D Dead kuad D during
CORSIU hon: other
kuds nat present.

[A4-2} 120+ L6L + 0.55 Live luad L

1Ad-Y) 12D + 1.65 + (D.RW or th.5L) Roal load, 1 ¢, snow
had § or rain & uther
than ponding effect.

(Ad-4) 11D + 1.3W « 0.5L + 0.55 Wind 1oad W additive
‘16 dend koad

(A4-5)° 120 + 10E + 08I + 0.28 Farthquake kad E
additive by Wead load,

(A4-6)* GO0 = (LW or 1L.OE) Wind load War

earthquake ad £
uppiite 10 Jead load.

* Therign fullowing 1.2D 009D ixtobe 1aken + or = such as ko pros ik for the mare
severe cffect

Note. Where anow 5 ic used 1n Lhe abave equations. excepr in Furmula 1 A4-5), the
meaning 1« snuw § OR rool hive load L, OR rain R other than ponding



compariscon of LRFD with ASD for Tension Members

The comparison of safcty obiained for tension members designed by the [wo AISC,
mcthods 15 indicative of the general result expecied. Direct comparisons are more
difficult 1n design of other types of members beeause the naminal sicengths R, are aot
necessarily the same in the two methods,

For tension members acted upoen by peavity dead and hive loads, the resistance
factor & = 0.90, and using Eq. 1.8.3 gives for LRFD

1.2D0 + 1,61 = 0.%0K, [1.8.3]
1.33D + L78L = R, LRFD

In ASD the factor of safety FS = 1.67 for axial teavon, which gives from Eq. 1.8.8
where (v is the factor of sufety)

R/ =30=D+1 {1.8.8)
or
167D + 167L = R,  ASD
Neat, disiding Eq. 1.8.3 by Eq. 1.8.8 gives .
LRFD _ 133D + 1.78L _ 0.8 = 1.ONL/D} (1.9.6)
ASD 1.670 + 1.67L 1+ (L) o

Since this 19 a gravity load comparison, LRFD formulu 1A3-1) (Eq
be used as L/0D approaches sero, Thus, By, LE.2 gives

i4D
1.56D

. 1.B.2] must also

0.90R, [1.8.2]
R, LRFD
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Figure 1.9.1  Companson ol kead and resislamee biior deagn wih
alkswable stress BEsign for whsivn members
Dividing LRFD by ASD gives
- 93
LRFD 1.561) _ 0.93 am

ASD TR+ V6L | = ()

Equutions 1 9.6 and 1 9.7 ure shown plotted i Fig 19 1. The d;:xlgn of teny
members will be abou the same 10 both LRIFD and ASD when the lwe~ load 10 dey
load rano (£4./0) s about 3. As the L/D rano becomes fuwer (hat iv, dead b
becomes more predominunt) there will he cvunnmy n using LRFD. With L/D ray
larger than X, ASD will be shghtly more cconomical, but farely hy more thy
about 3.



DISENO DE TRABES

+ Estado limite de servicio = flexibilidad (L/h < 24)
» Estado limite de resistencia = capacidad de carga

Eslados limite
dhimos para vigas
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Mecanismo Artculacerin astficackin Pandeo
plastico pldstica Pandeo dal aima dl aima
4 } :
Figior 13 Locul nackhng of 5 wide Mange Bram (0] thr COMDI et Muigd s
Pandaa torsional Pandeo local Paodeo kcal e e
laterst (PTLY ' del patin (PLP) del aima (PLA)

Figura 111 Guados limate para vigas,

Segun AISC:

Si: htw <970/vFy = viga soldada o laminada

Clasificacion de las secciones transversales

Secciones compactas. Perfil capaz de desarrollar una distribucién de esfuerzos Fy en el intervalo de
comportamiento no lineal antes de pandearse. La seccidn resiste Mp.

Secciones no compactas. El esfuerze Fy se alcanza en algunas zonas de su seccion transversal

pero no en toda. La seccién no resiste Mp. g
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Figura 312 Clasificacidn de secciones transversales pur pandew lucul de placs, 1<} «n
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Relacion de esbeltez

Pandeo local del patin (PLP)
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Proceso de decisidn para determinar la capacidad a flexion de trabes para los estados limite PLP o
PLA

S[ M,,-M, J
No
Sl A-4
M, a M, =-(M,-M 4
n 2 ( P ')Ar'ip
No
M, = SF,

Figura 3.13 Diagrama de fiujo para determmar M, cuanda los estados |fmite son PLP o PLA

Requerimientos de disefio para vigas lateralmente soportadas (pandeo torsional lateral, PTL)
A=Lp/ty

donde L, = distancia entre arriostramientos iaterales

SQ;n I' VPMM?"

rd
, o (Torsion pum)
p= 42
P B : dr
stchion vadcrpoing Ll
btenl-ioruonal - -
biackhing s -

Torsion por alabeo

" aw g che.ch alebe
. ﬂ"" iﬁ

mismo My, dr?

mismo Os/ao. . "-rt . TN T et e
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---------- reTni- rersan sl
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T manen] T
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Para secciones 1

Lpg = (3600+2200(M+/M3)) ry/ Fy
} Longitud no soportada lateralmente
Lo =300r,/ Fy

j 600 + 2200 (Mllej
ol F,
300 '
1,=-p
VF,

' ;_’=__x!_ f
(Fy - 10) |+\’1+X,(F,-m)’ ]

xlg-sﬁ:-\fﬁﬁldz
. Y
e 3]

Figurs 7.11  Lateral-torsions] buckling flexure,

Cb = 1.75 +1.05(My/Mz)+0.3(My/Mz)* < 2.3

-M, -M3 -My + My
Uemhmew &2 G
Ma=mb. meyor Mg ' h-/ﬂz <0 =5 curmfum
simple
Mo/ﬂz 50 = &‘k =M )
corvafim e T -
Reverse curvasure Single curvalue

Figure 7.12 . Moment diigrams showing the rclationships between Af, and M,.

&/ momeuto do disare es
ﬁMﬂ = 09 Mn



M, ~
1
1
|
'

M, H

1
I
)

M, [mm==mmmmnon- 4
i
1
i
i

Ay Ay Figura .94 Cffect of mument
Ay gradienl,
My

H

§ Cy» 175

g Cyel2

b Cynl0

° 1
o i, i
Longitvd NG S0poriate Miersiants
Figura L16  Resisiencia d¢ vigas por pandeo lorsional baictal
TABLE 7.2 LATERAL-TORSIONAL BUCKLING RULES, i, TAME 7.3 LATERAL-TORSIONAL BUCKLING RULES, L,
Shape [ Shape L,

4J

re X\
(FJ_F,,- ‘)'\}n\h-ox;(r,.-r,)‘
o0, .4 JA
o ——— - - [ — Xy =% _—
pr : 1 s, 2:
. i ‘l Ca (5
x,:AT:-[aﬂ

__._______,_ or, o _____ e 57,0007, ¥7A
Z e ' e

TABLE 7.4 LATERAL-TORSIONAL BUCKLING RULEE, M,.

Shape M,
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Proceso de decisién para determinar la capacidad a flexion de trabes para el estado limite PTL

L. = 300

P J‘FT’

si
MA'M-
No
Si Ly ~L

M, = CplM, - (M, - M Els M

B
No
M =M,

Figurs 3.15  Disgrama de flujo pars determinar M, para c] estado limite por pandeo torsionol laleral.

“La rcsistencia torsional de perfiles W sc explica con més devalle en el capitulo 10,

Disefio por cortante
#Vn=0.9 Vn

Vn=0.6 FysAw

A T
= 187 —
V¥,

[~ y

"

yielding

1)

Bt it b

Q
l é"""' Shew (racters plane
0 v
Flgwrs 7.7 ial Shear swekhing o
E the Z1uta areu 1o the
utb: b shear
(tscture 4 dhe act
m) ‘ wrea of the weh

PN



Proceso de decisién para determinar la capacidad a cortante de trabes

Si
V.n = D.GFFA'
No
418
Si FF
V= 0.6F Ay —h’—"-
-
No '
si V, = 132.00(:
A
) i

Flgura 3.18  Capacidad de codame de almas no rigidizadas

Proceso de decision para determinar la capacidad a flexioén de trabes de seccion I con patines
desiguales para el estado limite PTL

L 300r,
"
M, ={wa ~F} 8¢ < Fy! Sy

L,=valor d8 L, parx el cuai My = M,

My = 57"1200 N{I_;,j(ﬁt +f1+B,+ B s M,

27 1, el 7 2
_2os(¥re b L g aefite) e(h
8, 2'25[:,, 1][_”1 B, 25[ lr] c(r.b
Los términos no dehnlcgos antes son;

Sy = mddulo de seccidn eldstico con respecta al palin de tensidn

S, = mddulo de saccion eldstica con respecto al patin de comprasidn

. =momento de Inercia Oel patin de compresion respecto ai eje y; si el segmenio de viga no soportade
lateraimente estd llexionado en curvalura doble, use &) momento de inercia del patin menor

h = aliura del alma

El coeficients Cy, se debe tomar igual a ta uridad si h/l, < 0.1 0 5i /1, > 0.9.

Figura .17 Estado llmite por pandeo torsional lateral para perfiles 1 de simetria simple.



TRABES ARMADAS

Se usan en clarcs o para cargas muy grandes (15 a 150 m)

Ventajas:
« mas econémicas que las armaduras
» mas faciles de montar que las armaduras
+ mas rigidas que las armaduras (menos problemas de vibracion e impacto)
* menos peraltadas que las armaduras
menor complicacion para mantenimiento que una armadura
s pueden construirse para verse atractivas

Desventajas:

¢ son mas pesadas que las armaduras para el mismo claro

e requieren un gran ndmero de conexiones entre el alma y los patines

» el transporte de vigas armadas de mas de 35 m de longitud puede lilegar a representar un
problema

Peralte: d = L/6 a L/20; para L = claro (en promedio L/10 a L/12)

Una de su uso restriccion es el tamafio maximo que se puede fabricar en el taller, el maximo largo
que se puede transportar, o la capacidad de la grda con que se va a montar la trabe.




DISENO DE TRABES ARMADAS

Si: hty 2 970/vfy — trabe armada

My F,.Z AN A
Mam by =y — M) T30 Mam -ty 40) £252
M, "
1
1
|
M E M, 5 5(11.2000
1
M, [ '?‘ """" ‘
E 5 Not applicabie
; E Slender plate pirdes
N
le—Comp : p : Slender—e
3 A A X
’ ha bt ’ Aokl
M= (Fy - 1658
5 M. F,S,
Ap=6SIF,
r= 83 L, w G4OVF,
A = 106F, =165 .
Figure 8.3 Noncompact ptate grder ficaure. Nange local buckiing. h=9TVF,
Flgurs 8.4 Nancampact plate girder Qeaure: web bacal buckiing.
My=F, I
M.=C, [u'-(u'- M) :‘;xj..] H-'-T'!'U F, . [ Y
", : =y A e P s ]]s.w,or,
: 1]
! r
H t
M. i M= G\ [51l-ﬁ 1 .’%’,‘z] :
Y s Mn H M, ® ERpy G, (2REQOOJAT
] | i
i H M, [mmmmme- i e ;
\ i H H
! i ; !
. . - ; ;
i vt A i i
=lylr, :
& A= Lyfry
. Myw (Fp= 165
i, = YT,

A N N ey
LT TIPS TS AT AT

x'.i. v EfJA

e )]

Fgure 8.5 Noacompact plate yirder ficaure: Lateral-torsonnl buckling.

¥,

M,

: My SKea Fy

7, -|-o‘0005a,[1- ‘”D]s:.o
rd v NE,

Ar® ALSAL g
A, = ONF,
Ao IRV VF,

M =SB\ F, [I -4 [':T-:'-l]] $5RrG F,
e

M, = SRpg (11,200)/23

ol S N

-

hom it

Aym OUYF,
L) lﬂ.‘l’wﬁ';
ReySecFig. R 6

Figure 8.7 Slender phale warder levure: fange local Buckling

Figure 8.8 Skemler plate girder Aexire: Laterul-ionicnal huchling
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Campo de tensién = comportamiento de armadura después de pandearse el alma (grandes
deflexiones)

Londing

Pt 1 FF 0 ¢ 773 s 1§ ¢+ ¢+ F 7+ 8¢ 87 3

2 N

- , P
Rigid & i, Repd
panel o N o < 4 pancl

© o«

Reaction . Reactun
Flguse 8.8 7 cnsivn ficld aciion,

Placa del alma

Fuerza msultanie
dashalanceads an ¢!

--:'_;':". I : , 3= patin o8 cormpresitn

Alma de la tabe

Fuarza rasuhants
desbalenceada en al
patin d& tensidn

Figura 7.6 Compresion vertical en ¢l atma debido 4 fueraat deibalanceadas en los patincs.

Si hay atiesadores separados a no mas de 7.5d, entonces:  ht <2000/ +Fy
Si no se cumple lo anterior, entonces:  h/f < 14000/ Y[Fy)(Fy+16.5)

Ahora ¢ Vn = Vu

Vo = D.BF, A,

5 Vo = 0.6F,A, —318_
v ingF,

V. 1320004
" thin®

Diagrama de Nujo 7.1

s



Atiesadores intermedios

- trazar diagrama de cortantes
- localizar atiesadores a partir de los extremos de la trabe

O O

V, = 0.8AF,

X, =50

‘ Vo= o.su,[c. . " ‘1‘ (g),]

o5
Gy =10
Diagramna de flujp 74

c.-‘—‘l.;","i‘l-

(my'F,

Disgramna de Mujs 7.1

Interaccidn entre la flexidn y el cortante en el alma de |a trabe (se considera el campo de tension)

Si
06¢Vn <Vu<gpVn cong=0.9
y ademas ,
0.75 ¢ Mn <Mu <Mn
entonces

Mu/ ¢Mn +0.625 Vu/ ¢Vn < 1.375

IR



3
3
i’ wh
i
1
m pli -] 1% R X0 130 400 -
Wr, , Piste gwider Fye 34 hn 1360y
Fogurs B A cufnnary of the densgn sbesr R an A phele pedcr ax o fumchoo ol kr
——., nontensin Gekl moion: - -, loraan tekd '
Placa de los patines
Si
Fy = F,,
No
sl s 1A-4
< -
r F‘,ﬂchyL _EA—A‘:]SF'
Na
Cpa
Fo =52
Estado limite: PLT Estado hmuita: PLP
L by
A==2 .
T g 2
. 200 E5
dp = == Ap =
VFr F
a, %? A w20
¥Fr V-F, Tk,
Cpg = 286,0000, Crg = 26,200k,
Cy: véase el capiiulo 3 Cp=10
{ ke véase al capliulo 3

Dingramu de Ruje 7.2

donde:

0.35 skc <4/ Vhtw <0.763
r: = radio de giro del patin de compresién + 1/6 del peralte del alma

14



Ejemplo:

Determinar la capacidad a flexion y cortante de una viga de seccion 1. Suponer acero A36,
longitud de 120 pies, longitud sin ariiostrar 20 pies, Cb = 1.0 y suponer un espesor de 3/8
iny % inen el almay las siguientes propiedades geométricas:

altw=10.375in b)w=025in
A=635i A=575i"
Ix = 17039 in” . Ix= 15887 in’
Ly =2563in" Ly = 2563 in’
Sx = 685 in’ Sx = 639 in"
Zx = 1328 ir’ = 7.4
ry=0635in ry=6233in

"Para la seccion a)

Alma: he = 48 =128 > 640 = 106.7
w0375 V36

& 970 = i61.7
Y36

por lo tanto la seccion del alma es no compacta
Pandeo local de los patines:

bf = _26 = 1486 > 65 =108
2f  2(0.785) /36

<__106 = 24.0

36-16.5
La seccion de los patines es no compacta, entonces:

Mp = Zx Fy = 1328 x 36 = 3984 kip-pie
i2 12

Mr=(Fy-165)8= (36-16.5) 685/ 12 = 113 kip-pie




M,
. M= S (11.200¥22

My

Ambit

" M, u(F,-165)5
2p=654F,
A= O&YF, =165

Para los patines:
A=bf ; Ap=65; Ar=106
af VFy YFy

para el alma:
Ay 640 /Ty Ar= 970/ /Ty

entonces:
Mn=3984—(3984—113) [486-10.8 = 3101 kip-pic
24.0 - 108
Pandeo local del alma
M= F,Z \
My My~ (My—- M) 1:“21,"-
Mp , : P P
M, §
M, [memmmmms 'é -------------------- 1
E i Not spplicable
E E Slender plate gieder -
A—Comp.ct—-Tv--—-—chompaa—-—-i
lp Aw it h
M= Fy S,
Xy = GANYF,
A= 97004F,

(€



Mr =36 x 685 = 2035 kip-pie

12
Mn = 3984 - (3984 - 2055 ) 128 — 106.7 = 3237 kip-pie
161.7-106.7
Pandeo lateral por torsion:
Lb/ry=20x}2 = 37.8< 300 =50
6.35 ¥36

La viga esta arriostrada adecuadamente. Entonces:
Mn = Mp = 3984 kip-pic
Ll menor valor Mn rige, en este caso

Mn = 3101 kip-pie

Cortante: S
Sih/tw s 187 Vk/Fy = Va =206 Fy Aw
Sih/tw > 187V k7 Fy = @V = @0.6Fy Aw 187 Yk/Fy
h /tw
Sih/mw > 234 Vk/Fy = Vi = ZDAw 26400k
th /iw)’
he = 128 > 234 [k = 87.2 :
w Fy

Vit =18 [ 26400 (5) ] = 145 kip
128

Para la seccion b).

h/tw= 48/025= 192> 970 = 1617
V36
entonces el alma es compacta

Pandeo lateral por torsion

Lb/rt= 20x12 = 333 < 300 =50
72 V36

entonces:
Fer =Fy=36Ksi



Rpc = 1-0.0005 ar ( hc_- 970) =1.0
fer

w

Rpg = factor de reduccion por pandeo del alma
ar = relacion del area del alma y el drea a compresion del patin
Fer = esfuerzo de pandeo critico:

SiAsAp=>Fer =Fy _
SiA< A sAr=Fer =CbFy[1- A-p]<Fy
2(Ar-Ap)
si A> Ar = Fer = Cpg
,12

Para el estado limite de pandeo lateral-torsional:
A=Lb ; Ap=300/Ty ; Ar=756/fTy ; Cps= 286,000 Cp
rt .
Para el pandeo local de los patines:

A=bf/2f ; p=65NTy ; Ar=150NFy ; Cpg-11200 ; Cb = 1.0

My= SRe Fy

el M= SRp F, ik
Moo SR, O 8 1=} S Mo F Mook O F]1- ) E =S8 | |5 SRag F,
] H 1 T
oA, e
N .
i
M, 1
! Hyeshtiioon! e Ho = R L (286,000
M, [mmmmmm e e e e m - Rt EPE LR e R R R
:
:
:
i ! 1
x , 2 ™
4 T M Aodyery *
A ey Rrg = 1 - QUG5 ’:-%]sm
* T
Aom 5ot 82 A g
Rpc-See Fig 16 hpm RAWYE,
A,..TS&‘\?,
Asi:

Rpc.=1-0.0005[ 48(0.25)]( 192-161.7) =0.992
26 (0.875)

1%



Mn=S8xRpg Fy= 639(0.992) (36} = 1902 kip-pic
i2

Pandeo de los patines
bf721f=14.86 > 65 = 108
36

< £30 =25
V36

Fer = (1) (36) [ i- 14.86-10.8 ] = 30.85
2(25-10.8)

enionces:

Rpg =1-0.0005{ 48(0.25) [(i192- 970 =0.995
26 (0.875) 30.85

M= 639(0.995) (36) = 1907 kip-pie
12

entonces:
Mn = 1902 kip-pic

Cortante:
he/tw = 192> 234 Yk/iy = 87

Vi =48 (0.25) 26400 (5)] = 43 kips
192

19



CONEXIONES

Ejemplo
 Determinar el tamafiio y niimero de remaches y pernos requeridos en la siguiente conexion.
Usar remaches A502 grado 2 y pernos A490 de alta resistencia y acero A36. '

Prrnos A430
$p0 triceldn P-’gk‘m
<>
P T Aax3xy
Eapacics | ‘L[B)" Ramachas A502 grada 2,
ousies [ 1] Gemetro o 7 in
~— .
T '“‘—Mm.wnsxm(t:o.sssm)

LCanteo de yravodad
del grupo de pemos

Columna W

Lemaches de /B i 0f didgmetv:
ngm. de remaches = Fo /43 _ 48 % 5 remaches

28 A 20079(33)(0.601)
Pesistencia af a,aésﬁmiemb s

G=075;d=78in, t=05%5u (espesor mensvls )

5 =58 bsi ; o, = 24dt F, =688 ,kf'ps

Hom. de remaches = _fv__ 22<5 V°
P En
Cenexiou ou pernos mensvla-colomna .
Suponieudo que la carga a fensice pasa por el cento de gravedad o los pernos, fos

componentes de Jonsice sou'
‘ Fensiou 7 = Pros 30° = ilo « 0.866 = 95.3 hips

corfante L' = Pseu 30" = ox0.5=55 hips
remaches cou d=7/8in ) Ay = 0.601ia® 5 F =20 Ksi [ $=zr0 ; Ty= 19 hips (pre-fensio

-%rd 8 pernos en cortaute

=8 " - __7; = 76-4 /ﬁ/;aS‘
len #F /‘Jb (I T, )

o BLy = 164 Kips > 55 kips ¥~

70



CONEXIONES

Ejemplo
Calcular el mimero y tama’io de pernos A325 de la mensula de la figura
| 17.8) n | 200 Kips
1
"'l\ 100
|
F
— A (5.5, 8}
4 JF :! .L. o
s T
AlTT r— «
& bt Y Tea
. t
+ +1 4+ 4 | 2 places
] i
ir -_—— Wi4x192
.
Jin 6 3n

Svponendo 7 pernos espaciados o cadh 3 plgadhs eu cade liuea el

Aoco: P, =200/2 =100 Kips
= P lf_ ] e
M= /oox 17.83 = /783 5,;‘,5__,-”} neadapdq@\_

n= 7x4 < 28 pernos

El perno A es e mas esforeadu. for estifica, las componentes sobre el perno sou:

Ry = 10.56 /ﬁps //apma
By = 10.05 Hips /perno

£y = VEE+RYE - 14.5¢ Fips //oema
p pernos ot 3/ i :

BE Ay = 675(48)(0.442) = /59 hips/ perna > £y v

if



T

|
| [ '
T T
M, My H
HH] T, By
Bam roochanism Bok fxitwre with prying action
®) ©

Estado limite de tension en el perno sin accion de palanca

T = Bc (capacidad del perno)

Estado limite de tensidén en el perno considerando la accion de palanca

_¢Mp+Bed

T ;
a+b

Usar el menor valor de 7T calculado con las ecuaciones anteriores.

Revision del espesor del patin

T : Be - To = Bc
T+ (b /(1 +ad))(b/a) T+ S +NBa)

donde a= M,/ M,
SiT< To elespesordelaplacasera t=(4Tb"/¢Fyp(1+5)"”

SiT > To el espesorde laplaca serd t= (4[T (a'+b’)~Bca’]/¢ Fy p)™*

?1



CONEXIONES SOLDADAS

| TEE
_—— _———

:15:% Atope ' o u) De peratracidn b} e friele
A m=--- A o
% Troslogada L L l _T L’ . ~

Seccion A=A Seccién A=A
é:{ En1d % oo ==V =

(N

<} Do roouza d) D# topdn
"rig %.2.3 Tipos béalcos ds juntas noldadas Flg 5.2.4 Tipos principales de soldaduras
Growne mtids Filllat welds Peiition toddt
== 5
Flat praim s
@ @ ' !
Hortzoual pomuos

1€) Putial prasumics groove wild - Ovarhend promcion

o fien a2 Betbodura do punet
 ahdertes w tepe b e eekodwms da Tllats 2. Sekobere #u pemrirotn

C1_3_1 H_m_,' ) R

4 ¥
| €1, Budndury [EX T
% : l . s ) -ihie AJ gt
A
i Dedadures du (iete B2, Budeturi du bopdn
B Jundes Ireviepsdcn dh Juntes de ssqure

Fig 5.2.5 Distintos tipos de soldadura utllizados para
cada junta

717



ESPECIFICACIONES

STEELELECTRODE MATCH |41

Sired Spechication Requirements FiBer Metal Recubremmmly
M Tentikt Strengpih M fiem Tentile Strengih
Yeld Pom Range Eletirode Yuld Poipt Range
Sieel Specificalaon 1] MPy ku MPs Specificaton ku  MPy (] M
ASTM A6 ¥» FL | ] M550 SMAW
AWS ALl or ASS
EHOXX or 50 343 61 min 0
ERXX w0 a3 T mun 49
ASTM A3 2 %0 608 45495 GMAW
AWS AL.IS .
ETNS.X ] 41 13 wun 493
ASTM A241 A1-50 T0-MS -0 mis 4)5-415  SNAW
ASTM Addl 4133 290-341 3-0 nis  30-330 AWS ALl or AS.S
EXIS, EMis
EN, Em “w 4“3 T2 min s
ASTM ASSS (4 in. and wader) L] M3 ™ an 45 min AW
AWS AL1T or AS2)
FIX-EXXX or
FIX-EXXX-X ] 413, 0-93 AEY520
ASTM 3t {aver 2i w» (43 mm]) 9% 0 100 1 3¢ [ ] SAW
AWS AD)
FIOXEX X X-X " w05 100~ 130 ¢90-3vs
ASTM ASId (2fjm) 100 0 -1 T3 SMAW
AWS AJ1)
FIIX-FXXX-X - 473 10 min 60

Resistencia de la soldadura de filete

-— ——, —
Farenet izsiing
-— — ! E T
m

@2 28]
0] Typwcal filkal wekds

b Site = grt Sie=1¢
Theoat Thogt =0 TOT?
1 1]
. L | 1 |
asvarte lessing ) o0t e — ok [T |
Py 4 {11 Uneaqual lags . (21 Equal tags

{6) Oenign crosr~sechon and defimitvon of terms

T wororw | "./:‘l'_b._-_',,z 1[_ &
w j_ 8 , | { ' 1

I I (1 Contowe (2} Conwer
L_ - _l b 6} Actval crons ~sechony viisus. &} Unctercutting

Sengn schons
Equal legped hikd weikd  Unequal kegged Hilet weld

Fig. 6.43. Filtrl welds.

Fig. &

Vn=Fv(07071wLl) ;Fv=06 Fex

?u’



.Simbologia de la scldadura de filete

2SN

Toby

N8 1
L~

>
e

Flgura 146

Resijstencia de la soldadura de penetracién

- penetracion total: ¢ Pn=¢pFy Ay, ¢=09
- penetracion parcial: ¢ Pn = ¢ Fy s (espesor de la placa) ;| s = espesor de penetracion

Simboiogiade la soldadura de penetracién

Sotdadura de fileie sobre ¢ Lado
cereang {Indo de b juaia ol qur
npunis L fkecha), E) tamado ( §pip)
w pohe 8 13 laquicrda de) simbodo de
la soldadura y In longitud (6 plg) s Ia
detecha

Filete de § pig en e o kjano de 2
vip de longitud u cada & plg entre
censros [soldadura Intermuente)

Fikete de $1pig en ambos lndos ¥ € plg
dr iongitud. Corma las voldaduras son
iguales en amboa ladot, no ¢
TCCCEALD BP0 3¢ permite, indicar sus
dumensicacs en ambos lados de la
linca. Soldadura de campa.

Filaes de ] ply intermitentes,
alternados, ¢ 2 plg de loagiud a &
Pig coire centros.

Soldadura todo skrededor d¢ la junia

La cola sndica refcrencia & una tena
wspecificacén v procesa.

i 1

:E:%ﬁ

Fig. 6,42, Typical groove welds.

P ] T ey

Fig 5.2.9 Tipoa da praparacitén en soldaduras a topa
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CONEXIONES RIGIDAS

De la figura:

Fe=M/s(d-t)

brazo de momento efectivo:
Pe=Pi~w-dy/4

donde d, es diametro del perno, w es el tamafic dei filete o de |la penetracion de la soldadura. El momento
flexionante en la placa es:

Me=a,FiP, /4

donde ap = C, Cp (Ar/AW™ (Po/dy) ¥ ; Cp = b/ b ; A, = area del patin en tension; A,= area del alma
el momento resistente debe ser:

M = (0.25 b;)) 0.9 Fy poriotanto = (4 Me/b;0.9 Fy)"”?

bs = ancho de ia placa < 1.15 patin de la columna

REFUERZO DE LA COLUMNA
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Sxwy shear, V' -
————

|
|
>
|

—_ a(/

Si la fuerza cortante transmitida por la viga es mayor que 0.9(0.6) Fy dc tw, entonces colocar placas
adicionales en la columna para evitar:

1. Fluencia del alma de la columna: g Rn = Sk + ) Fy tw; ¢=1.00
2. Pandeo del alma de ia columna: ¢ Rn = (3690 tw?® (Fyw)" /dc; $=0.9

3. Flexién del patin de la columna; ¢ Rn = 5.625tF Fyf ;, ¢=0.9

L

i
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Contributions of web fostenars
I bending rexistance usuglly ignored

F= P/n ==

” Thess bolts retist o force

of ..di ‘octing in ‘double shear
f

{e} Beam splice

d

% -9l
EE Y
- -0 9!

Available for
verticol shear

..\ AL
- T

1 {b) Eovas connection

vﬁ—r—
r

Fig. 6. Simple tension sphice. Fig. 7. Moment connections with bolts in shear.
[
" 1 Qr—A— e
/Hs
. 7] (a " 'L -
Mol
; . T 'I y -
— i T / ¢
4
—y sl a—f
Py t
) d H Lot [ )
1 I
| L ! o7ff— ® @ 4] @ ®
F‘ — et o ! ‘Bol! farce distributiona
b [ i A x L n 1 2
‘el ' L N N A
Relativa rotation , 0, [0,
Fig. 9. Alternative bolt tension distributions assumed in design Fig. B. Moment-rotation characteristics for beam-column
fur moment vonnedtions. conneclion with end plate and bolts in tension,



CONEXIONES

Ejemplo
Disefiar la conexion usando soldadura de filete de 7/16 in y electrodos E70.Resistencia de
diseiio de la soldadura qa=9.73 kips/in

A
N o P43 kips
I /&/ G =287in
k{ ? : T e Tlan
A - - LR
5
" \‘ 24 x3x]
Sin
A ~—f—s

[onj,'/w/ ob h soldsdurs
© J= P9, = 143/2/9.73 = 7.35 /iy

£,
Lz

C, £/c =133x735/4=244iu X 2.5 iu

1l

e 8/c =267x735/4= 49X 5.0

7Y
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ELEVACION CORTE
NOTAS:
1,-ACOTACIONES EN MILIMETROS
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} ATESADORES & ¢ PUEDE CAMBWAR
51 EXISTE CONEXIKON OE QTRA TRABE,
3-PARA EJECUCION DE LAS SOLDADU-
RAS,(EN CAMPO O EN TALLER) VER
DIBUUO FSTRUCTURAL CORRESPON-
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I=Wp
coLuwma | coLuMna | coLUMNA | couumma | cotumna | coLusna |{Tcoumwa | coLusma
PERALTE I-1524 I-ITT.8 I-203.2 1-2285 | I-2340 | I-304 1-304 B# I-3BiL
P FIYY ] R ] ALY g d=83 aedtidedd I {4 ] endidr38 eopldres vl
rrameclalth a[b|aib blalb
-PULG. | mm mm p mm rlm|nunlmm:mm mm mm mm
5 | 1270 | 9.5 (9.5 1 4 195 4 jos _a_.
6 | 1324 |93 98 |_4 !9.5: . 9.5 4
T _tTra_ |27 2T i 5 27 5 N2 5 178
L8, B2 2T 3 p27 | 3 a7, s 27 s § her s
9 . ame liss s 159 € D59, 6 1159 € 15¢ 6
10, 240 159 6 139 & l1sa 6 159 &
127 048 ! ' he.o ir9,0 20
122 3048 o i 113.0 ‘o
15 ;e g i i : : 150
15 2000 ' : ! ‘ >a

CONEXION TRABE-COLUMNA,
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’,-—-— Column splice

/-— Continuity Plaic

r"-’

M

Girder \

* Column N

A

}.

e
\pm:m

—— Doubler Flate

53

Base Plne—-'/

o

Frame Elevation

Figure 3-1 - Elements of Welded Steel Moment Frame

Note: condition G5 consists of types G and/or G4 damage occurring at both the top and bottom flanges.
Figure 3-2 - Types of Girder Damage

Cl

C4

e

c2

‘h—Cﬁ

Figure 3.3 . Types of Column Damage

Table 3-1 - Types of Girder Damage

_Type Description
G1 [ Buckled flange (top or bottom)
G2 _| Yielded flange {top of bottom)
G | Flange fracture in HAZ (top or bottom)
G4 | Flange fracture outside HAZ (top or bottom)
G5 | Flange fracture lop and botiom
G6 | Yielding or buckiing of web
G7 | Fracture of web
GB | Lateral torssonal buckling of section

Table 3-2 . Types of Column Pamage

Type Deseription

Ci Incipieni flange crack

c2 Flange tear-out or divot

C3 Full or partisl flange crack outside HAZ
[of] Pull or partial flange crack in HAZ

C3 Lametlar flange tcarin,

[0 Buckled flange

C7 Column Splice Failure




W3 Table 3-3 - Types of Weld Damage, Defects and Discontinuities
Type Description
W1 Weld root indications
Wila Incipient indications- depth <3/16" or t/4;
[ ] width < byd
: < Wib | Root indications larger than that for Wia
® W2 Crack through weld metal thickness
w3 Fracture at column interface
w4 Fracture at girder flange intcrface
W5 UT detectable indication - non-rejectablc
L4
w2 LWs

Nots; See Figura 3-1 for related column damage and Figure 3-3 foc girder damage
Figure 3-4 « Types of Weld Damage

54 51
Table 34 . Types of Shear Tab Damage
— Type Description
S1 Partial crack at weld to column
Sia]  girder langes sound
4.7 : S1b girder flange cracked
X 52 Fracture of supplemental weld
St girder flanges sound
52b girder flange cracked
= 53 Fracture through tab at bolts or severe distortion
syl . \ 52 §4 Yielding or buckling of tab
s 83 Loose, damaped or missing bolis
56 86 Full length fracture of weld to column
Figure 3-5 - Types of Shear Tab Damage
N Table 3.5 - Types of Panel Zone Damage
1] N
i \_;..'J n -\J Type Description
‘! o P Fracture, buckle or yield of continuity plate
P2 Fracture in continvity plate welds
A P3 Yielding or duclile deformation of web
P4 Fracture of doubler plate welds
- F P5 Pastial depth fracture in doubler plate
: f =N J P Partial depth fracture in web - .
n " .06 P? Full or near full depih {racture in web or doubler
n P8 Web buckling
Figure 3-6 - Types of Panel Zone Damage PO Severed column

3 Z
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T Phastc ';-
: hinge 3 {é—-n" Connection
! :\ § Yt E a':/ reinforcemen
1 I - y
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Figure 6-13 - Location of Plastic Hinge

Y j— i Vp

=N
)vMpr M, 1 %ﬁ) M,,

MM, +V X M=M,, +V (x+d /2)

Cratical Sscthion o Calyma Face Cratieal Sottsm st Coburna Canerbne
Figure 6-158 - Calculation of Demands at Crltical Seclions

Figure 6-17 - Top and Bottom Haunch Modilication Detail

Note: if 2M /" is bess
then tee gravicy thear in

the [ree body (in Uus
cawe P2+ wl'/2),

then tha plastic hings
bocstion wall shift and L'
must be sdjusted,

scoordingly

mking the sum of moments about A" = )
Vpu{Mpr+Mpr+P L'72 + wl'2}L"

Flgure 6-14 - Sample Calculation of Shear at Plastic Hinge

-

L

id

d

i

- o

Botiom Filange Not Atached Botorn Flange Allached
Top Flange Not Reinforced * Top Flange Reinforced

Figure 6-16 - Bottom Haunch Conneclion ModIfication

oo wnd Fru § e

1Y (!- & Bowom

Figure 6-18 » Cover Plate Connection Modificatlon
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oluctraw cosfigwsion

Tyl

s Tesed Configunntion Possible AMamative
Figure 6-19 - Upetanding Rib Connectlon Modlfeation Figure 6-20 - Side Plate Connection Modification

MNew Building Configuraizon Repair Configuration

WARNING: The information presented in this figure it PROPRIETARY. US and Forcign Paients have
been apphed for. Use of thin information is sincily prohibited except as suthorized in wrhing by the

developer Vitlators shail be prosecuicd 10 accordance with US and Forcign Patent Tntelleciual Propesty
Laws,

Figure 6-21 - Proprictary Side Plate Connection Modification

I | S

Symmetrical Unsymmetrical

12 7™
Weakened

Sagment

Flgure 7-11 - Reduced Beam Sectlon Connection
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Frama Column

Top Cover Plate
(Tapered)

Fiastic Hinga Region
Shiftad From Column

ALTERNATE
CONFIGURATION

Frame Beam
~-/ \ .
" Frame Beam
Bottom Covar Plate - Battom
(Rectanguiar) Upstanding Rib
(8) Covet Plate (v) Upstanding Rib

Frame Column

Addllonal

Top Haunch
{Aemnata}

Frame Beam

Frame Bemm from WT

{¢) Sicde Piate {d) Haunch

Figurs .28 Examples of moment connections per strengthening strategies. (Courtesy
of M., Engelhardt, Dept. of Civil Engineering, Univernity of s, Austing

Type “X" bolts
li—
- Steel
: Shims
Tee Saction Brass Shims
wi sictted holkes

Figure 7-12 - Slip Friction Energy Dissipation Connection
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EEVISION DEC DISEND £ STRUCTULAL
METDDOD DEC ESPECTED DE CAPAcIDAD (MEC)

Obiehuw = deferminer /[a qpac;dad oo las estructurs pam vesistr

/c/ﬂ'&tS S/tMmicas

£nonces :
hacor analsis no lneal (ssmo oz diserro? )

interpretacoy de resulfados 7

El MEC se basa emom andlisi cow ivovemensos b carga. .
Observacii,: el apectvo do capacicad & ona caractenshan peopia de.
Catle. esthuctn. que rebationa penodo do vibrutia - acel speched

=

Frocedimiento
O Calear la dshbuveide de /wms ew n alfm oo (i esfuctom

F= Whi wr
Twh @

Observaciots : ho importa fauto (4 magnitud de ta caga , mas blew lu.
—'/am'm e fa q’;'s/n'buaé?/. cé ls cargas.

@ Andlisis no bnea/ &bites ( inovemenh! al colspso)
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AKIALISIS INCREMETAC AL COLAPSO
5m ona cﬂkﬁ;ﬂu&bﬁ dé’%é‘r’m ﬁ?@h/ﬁs oéo&) se abtiene ef mecamrs’”
de falb oo. eo%vaﬁm a ﬁm/es o la Formauie oo arhodacionss

N

pésﬁas
E/f.’mﬁ/O : .cargq en P ¢ XIO-‘S‘ e
Y - v
W"'aao /f"/” colompa (kips)  Ge=')  Cw') (Jt hm) (mt kips)
comp, 622 /35 225 /635 145108
‘fonsiow 388 32 23¥7 /455 [szxi08
H o LUJ/qrﬁcuAam.. eve  seo (34 2z2¢6 134 /.59x10%
— Be'—1
FaZH_ 2My _ 2(15t) . 257.3 Kips (1144 KN )
H /Z

¢/ inovemeufo de carga axial en s colomnas es :

AP = +§”_13/ZF = +r22 Kjps (53 KN )
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—- Evento 3 :

--Capacidad o wzﬁcfoﬁﬁi‘pé{sﬁ'c.\ !
Ep = Lo (b~ By)
: Bp . 24(23¢7-132) x10 °= 5,32 7%
athodatds eu By C SRR
Bp = 2#4(2/25 ~(35)x107" = 478 %
Fara & eveufo Z /a nkcde ,oéng‘a\eu B e:
D/~ 0.08 %

Br lo que para of eveur 3 [ nfacws, plashan remanente eu Bes :

Bg =s532-008=%524% > Op =478%

por (o ﬁufo el epento 3 ::(meaaw'frm: de coézf.»so) Se alcauza pae
el C{QSf&ZAMJM

As/H = 478 2. Ay 978H _ 6.88 w (175 mm)
160 |

Aa éem\ lator| total que vesiste [a estrudim es :
F= ZF; = 242.5+15 = 2525 Kjps (1145 sN)

=14 Jﬁﬂézmm a/—'b’#if de/ conl fe }:;c/'c:b_ el m@oso es.
A= z4; = 086404+ 6.68 = 7.85iu (199 mm)
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