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CONCEPTOS BASICOS

Foco y epicentro

Desde la formacién del sistema solar, los elementos que constituyen a la Tierra
comenzaron 8 acumularse los mas pesados en su centro-y los maés ligeros en la
superficie, de tal manera que su estructura quedd constituida por capas de diferentes
densidades. La parte més superficial llamada corteza, se divide en corteza oceédnica
formada por rocas méficas (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 al calory a Ia presién a
la que estan sometidas. Estas tltimas 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 !a 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 deslizamiento
entre ellas. Un sismo-se genera cuando se libera la 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 sibito rompimiento
y consecuente deslizamiento. Al iugar 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 volcénicas, deslizamientos de taludes o,
incluso, son generados por algunas explosiones realizadas por el hombre.

Los movimientos entre placas son de tres tipes:

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

<onvergentes 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 8. % de los sismos ocurren a lo largo de estas fronteras.

Transcurrentes.- Es |2 frontera en la cual no se crea ni se destruye la corteza.

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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Fig. 1 Placas tecténicas de la Tierra. Las flechas indican la direccién en la que se
mueven las placas (Alt, 1982).
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Fig. 2 Secci6én esquematica de ia parte externa de la Tierra {Alt, 1982).
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" Propagacién de ondas fondas P, Sy superﬁc:ales} '

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 1a naturaleza de los enlaces que existen entre los puntos por los Que se propaga.
Estas son de varios tipos. Se ies clasifica en ondas de cuerpo o superficiales
. dependiendo si la propagacién se realiza en el interior del material o en las fronteras
de este, respectivamente. En su estudio se toman en cuenta las hipbtesis de Ia teoria
de 1a elasticidad que relacionan 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 que experimenta un elemento infinitesimal cuando es
sometido a esfuerzos estan dadas por

1 (1)
eﬁ-=5[uu+uﬂ] - i ‘

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

0,=Aeyd +2pe, (2)

siendo &, la delta de Kronecker {=1 si i=j, =0 sii#), ijk = 1, 2,3y A, p las
constantes de Lamé. Empleando la segunda ley de Newton y despreciando las fuerzas
de cuerpo, la ecuacién de movimiento en {a direccibn x; puede expresarse de la forma

pi.=o... (3)

J ¥d

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

pti=(A+p)V(V)+p Veu (4)

Las ondas de cuerpo se dividen en:

Ondas longitudinales que se propagan en la misma direccién 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 (g} es mayor y se calcula
como:




donde A y p son las constantes de Lamé y g es la densidad del material.

Ondas de corte que tienen un movimiento perpendicular a la direccién 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 B dada por
p, £
p

En la fig. 3 se presenta un diagrama de cémo se propagan este tipo de ondas. Las
oscitaciones 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 movirmiento transversal. Al rumbo que tienen las ondas de corte en ese
plano se le denomina polarizacién. Para el estudio de las ondas S su movimiento
puede descomponerse en una componente horizontal (ondas polarizadas horizontal-
mente ¢ SAH) y en una vertical {ondas pelarizadas verticalmente 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 al 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 propagacion menor que las ondas de cuerpo y son las
que en un sismograma presentan las mayores amplitudes.

Si se supone que as ondas son periodicas ¢con dependencia temporal dada por e**

donde i = (-1} y w = frecuencia angular, el movimiento dilatacional asociado a las
ondas P que viajan a una velocidad o queda descrito por
(A +2p)¥R(V) +p w2V =0

y el asociado a las ondas S que tienen una velocidad de propa'gaciénﬁ esta dado por

8 VB(Vxu)+p w2 VUxu=0
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Fig. 3 Diagrama que ilustra las formas del movimiento de las particulas de ta Tierra
cerca de la superficie cuando se propagan los cuatro tipos de onda {Bolt, 1976).
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Fig. 5 Onda monocromaética. A 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 myueve describiendo un circulo.



La ec {4) proporcmna una fregla general que debe cumplir toda funcién que describa
un movimiento ondulatorio. Esta funcién puede ser un pulso 0 una senal registrada en
un sismograma. Para facilitar la interpretacion y manejo matematico en el estudio de
la propagacién de una sefial arbitraria, se considera que esta se puede representar
como la suma de un conjunto de funciones armdnicas (principio de superposicién} que
cumplen con la ecuacién de onda {ec {4)) y observar la accién de cada sumando por
separado. Basdndose en el desarrollo en series de Fourier {Newland, 1980), una sefial
se remplaza por la suma de funciones trigopnométricas seno y coseno. Esta forma de
representar senales facilita mucho !a interpretacién de los fenémenos en la propaga-
cién de ondas pues en estas funciones es facil identificar el periodo 7 (=A/8), la fase
y la longitud de onda A y obtener su relacién con la frecuencia (f=1/T o frecuencia
angular w=2rf) y velocidad de propagacion o velocidad de fase (#=A/); ademas su
empleo en forma de funciones exponenciales facilita mucho el manejo matemaético. 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 razén, en el estudio de la propagacién de ondas sismicas se trabaja con
espectros de frecuencia. De esta manera su manejo e interpretacién es mas sencilio.
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 la frecuencia, al del tiempo. Las transformadas de Fourier que se utilizan
son {Newland, 1980)

Flo)= [ i) et S
ﬂ:)?} _L Flo) e*do (10)

donde Flw) y f(t) son funciones que representan al espectro de Fourier y a la sefal
respectivamente,

Reflexibn, refraccion y difraccion

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 dngulo g, en una frontera
que divide a dos medios (medio 1 y medio 2), parte de su energia {4, se refleja con
el mismo angulo con el que incidié {&ngulo y,), y 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 &ngulo vy, (angulo de refraccién) esta relacionado con el dngulo de incidencia
(¥y) vy la velocidad de propagacion en los medios 1 y 2 de la siguiente manera (ley de
Snell},



senyp Senvy : (11)
1) €y

donde ¢, y ¢, son las velocidades de propagacién en los medios 1y 2, respectivamen-
te. Otra manera de interpretar este resultado consiste en reconocer que la velocidad
de fase aparente 2 lo largo de la interfaz de todas las ondas involucradas en la
reflexidn y refraccién se conserva. Las amplitudes 4, y A,’ con las que se propaga
dependeran de las condiciones de compatibilidad {0 condiciones de frontera) de
igualdad de desplazamientos y esfuerzos en cualquier punto ubicado en la frontera de

ambos medios.

MEDIO )

MEDID 2

-Fig. 6 Reflexién y refraccién de una onda que incide con un dngulo y, y una amplitud
A, en un medio 1.

Un fenémeno importante en la propag: <i¢ de ondas es la difracci¢ 1. . .uchos de los
fenémenos 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 6ptica geométiica. La difraccién es la 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 propagéndose (fig. 7). La
primera interpretacién ondulatoria de la difraccién se debe a Thomas Young quién
decia que "la difusion de la amplitud {de las ondas) estd acompanada de |a variacién
de la fase de oscilaciébn. De esta manera, a medida que se propaga el frente
ondulatorio tiene lugar una nivelacidn o una ‘disipacion’ de la distribucién heterogénea
de la amplitud en el frente ondulatorio™ {Landsberg, 1976). Young partia del concepto
de la propagacion rectilinea de las ondas, concepto que tiempo atrds habia introducido

W



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

o P

_ (a)
oP

(b)
(c} ? -7

1\ L ] P
(d) > )

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.



El fenémeno de la difraccién depende de la longitud de onda A, de las dimensiones del
obstéculo ¢ y de la posicién y distancia a la que se encuentre un observador. Los
pardmetros 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 o 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 ondas que le lieguen estaran
dadas por la suma de las ondas consideradas en forma independiente "emitidas” desde
cada orificio. La fase con ta que llegan al punto de observacién depende de las
distancias entre los orificios y el 4ngulo que forman con respecto al observador. La
diferencia de fases entre las ondas emitidas por los distindos orificios esta dada por

a(0)=kd senb (12)

donde k =w/¢, w = frecuencia circulary ¢ = velocidad de propagacién. La amplitud total
de la onda A(6) que llega @ un observador ubicado a un &ngulo & con respecto a Ia
normal de la pantalla, se obtiene al sumar las amplitudes 4.(8) de las ondas emitidas
por cada fuente (que se consideran iguales) tomando en cuenta su diferencia de fases
a{6). En una pantalia 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

< \]senﬂmﬂ(e)”
A(B)‘Ac(e’l sen[1/2a(8)] |

donde N=numero de orificios. Si se define a la intensidad ®(8)? = (A(0)/A.(6))3, se
puede obtener su variacién dependiendo de A, de la distancia d y de 8. En la fig. 10
se presenta la variacion de la intensidad de un frente de onda cuando atravieza2y 5
orificios {(Main, 1378).

De acuerdo al principio de Huygens se puede obtener el campo total difractado debido

a la presencia de una ranura de dimensién & en una pantalla ,fi_, 11) considerando la
suma de los campos de ondas emitidos por un namero 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) d& por resultado un arco de dngulo B (fig. 12} donde Amax
es la longitud del arco. Considerdndo que el radio del arco es igual a8 Amax/B 0 a
Ac/{2senf/2) donde Ac es la amplitud de las ondas emitidas por cada fuente. La
intensidad ®(8)? se obtiene como

@(6)2{ A )2JmBIZF

Avac) | B2 |

\71
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Fig. 8 Difraccién de ondas que inciden en la cara izquierda de !a pantalia. Para un
. observador ubicado a gran distancia Y & un dngulo @ con respecto al centro de la

pantalla, las ondas difractadas que le llegan se pueden considerar como ongas planas.

que se encuentran desfasadas debido a |a diferencia de distancias que recorren {Main;;
1978). :

Fig. 9 Célculo de la amplitud A{8)para un punto ubicado a un dngulo 8 con respecto
a 1a normel de la pantalla, que en este caso contiene N orificios. g es la diferencia de
tases entre dos orificios consecutivos.

bry
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(a)

d sed

[~

—

L
|

(b

Fig. 1.. Gréﬁcas de intensidad ®? contra fase g de las ondas dofractadas debido a ia
presencia de una pantalla con {a) dos orificios y (b) cinco orificios.
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Fig. 11 Difraccién provocada por la presencia de una ranura de dimensién a en una
pantalla. Para considerar la difraccibn en este caso se colocan varias fuentes
distribuidas a lo largo de ra ranura. El patrdn de ondas planas que generan ias 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 la ranura (Maiin, 1978). '

>

A

Maz

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



La intensidad tiene valores nulos cuando B(8)=2n.4n6n,..., esto es ‘cuando
8= mnika=A/a, donde m es par. De aqul que la difraccién sea mas importante cuando
es mas pequefia la ranura de la pantalla y/o cuando la longitud de onda es grande

(frecuencias pequenas). .

E! nimero de fuentes necesarias para la construccién adecuada de un frente de onda
plano dependerd de !a longitud de onda. Esto es, el nimero de fuentes se debers
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 las condiciones de frontera de! problema que

se analice.
Sismémetros y acelerémetros

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
solucién consiste biasicamente en suspender un peso de un resorte, el cual a su vez
esta sujeto a una base. El soporte 0 base es asegurado al cuerpo cuyo movimiento se
va a medir. El movimiento relativo entre la masa y la base, registrado en un cilindro
que gira o a algun otro dispositivo colocado dentro del instrumento, indicar el
movimiento del cuerpo. Los sismémetros son los intrumentos més antiguos que se
utilizan para registrar ias vibraciones del terreno. Los acelerémetros miden las
aceleraciones de! 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 alta. Considérese por ejemplo la fig. 13. Utilizando
la segunda iey de Newton {J F=ma) se tiene:

-k(x]-x2)-c(x1-x2) =mx1 : (15)

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

mi+ci+kx=mAwisenut

La solucidn de esta ecuacion diferencial estéd dada por:
1= 4 sen(wr-4)
1 2-4¢ (17)

LI e

N\t~

donde §=c/2mw,, w,?=k/m, r=w/w,, @ =tan'cw/lk-mw’]. Si w, es muy pequena {la
masa m es muy grande), entonces x,=A, lo que implica que el sistema estaria
midiendo la amplitud de! movimiento. Si por otro lado w, es muy grande (la rigidez &
es muy grande), entonces x, =Ar’ = Au’/w,,; donde Aw’ es una medida de la acelera-

1,



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

Fig. 13 Sistema de un grado de libertad. Forma esquematica para representar un.<’

sismdégrafo o un acelerégrafo

S

Con base en la diferencia del tiempo de arribo entre ias ondas P y las ondas S, se
puede determinar la distancia en la que ocurri6 la liberacion de la energia. Se necesitan

por lo menos dos aparatos (sismégrafos o acelerégrafos} cercanos ai foco, para !

determinar ia profundidad en la que se localizd; y tres aparatos para determinar la -
ubicacién dei epicentro (fig. 14).

Magnitud e intensidad

Los sismdélogos estiman la violencia loca! de! 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 s6lo pueden ser detectados por
instrumentos y nJ caJsan dano; de ahi, los terremotos se miden en escala creciente
de danos hasta el grado mas alto que implicr a aquellos sismos que causan la
destruccioén total de .odas 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 danos tienden a ser mas severos en zonas donde los sedimentos del
suelo son blandos © 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
a3 que un sismo fuerte a cierta distancia puede producir los mismos dafios que uno
pequeiio en un area cerca al epicentro; y ademéas de que la escala de intensidad no



contribuye a la investigacién de temblores cuyos epicentros se localizan en el oceano
o en lugares inhabitados donde no se puede registrar el dano estructural, los
sismélogos requirieron de una escala que midiera el grado de los temblores en
términos de la cantidad de energia liberada.
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Fig. 14 El intervalo de tiempo de liegada entre las ondas Py las ondas S se incrementa
con la distancia, haciendo posible dibujar un circulo con el radio apropiado desde el
sismograma hasta el posible lugar donde se localiza el foco. Para poder determinar el
la ubicacién del epicentro se requieren tres sismégrafos (Main, 1982).
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Los sism&logos generalmente usan la Escala de Magnitud de Richter en la cual un
brinco de un nimero entero a otro refleja una diferencia de diez veces la amplitud del
movimiento, y aproximadamente una diferencia de treinta veces la cantidad de energla
liberada en el foco. Un sismo con una magnitud en la escala de Richter mayor a 5.5
puede causar danos estructurales; magnitudes mayores que 6 son generalmente des-
tructivos si se generan en zonas pobladas. Los terremotos mas grandes detectados
tienen magnitudes de 8.9. Muchos sism6logos 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 interna de Ia 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, s6lo 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 tas ondas se propaguen con distintas velocidades.
La investigacién de los diferentes trayectos que siguen las ondas ha dado lugar a Ia
interpretacién de la estructura y composicion de la Tierra.

El mas simple y persistente eco proviene de la frontera entre la corteza terrestre y 1a
litosfera a la cual se le dd el nombre de discontinuidad de Mohorovicic ¢, més
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 |a corteza oceénica.

Entre los 100 y 250 km de profundidad, las ondas sismicas disminuyen su velocidad
de propagacién de manera considerable y una buena parte del componente de fas
ondas de corte desaparece. Esto sugiere que esta zona de baja velocidad de
propagacién esta 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 refleja la superficie d-i r.. cleo de la Tierra. Este .O. 20 crea una zona
de sombra en el lado opuesto de !a Tierra al lugar donde se generé el sismo debido a
la refraccidn y reflexién de las ondas. Sir embargo, cerca del centr- de esta zona de
sombra en el &rea directamente opuesta al foco, se registran fuertes vibraciones
causadas por un enfocamiento de energia gue el nicleo genera, actuando como un
lente que se encuentra embebido en el planeta. Estas vibraciones son causadas por
ondas longitudinales habiendo ausencia total de ias ondas de corte, lo que sugiere
que, al menos la parte externa del nucleo es liquida (fig. 15).
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Fig. 15 La zona de sombra es una drea donde las ondas no liegan por la desviacién
que sufren debido a ia presencia del nucleo. Sin embargo, algunas ondas sismicas
atraviezan el nicleo y aparecen enfocadas en un area directamente opuesta a donde .
se generd el sismo.

EFECTOS SISMICOS EN PUENTES

Los efectos que los sismos producen en los puentes 0 en cualquier estructura van a
depender de las caracteristicas del sismo, del suelo donde se cimenta la estructuray
de la estructura misma.

Para poder llevar a cabo un diseno ade..ut 2 de la cimentacién -.e .. estructura se
requiere:

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

b) Desarroilar 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 sisternas suelo-
estructura.

¢) Predecir la intensidad, duraciér y contenido de frecuencias de los sismos que se
puedan presentar, con base en los eventos detectados en la zona con anterioridad.



d) Evaluar la potencialidad de falla por licuacién de! suelo.

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

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

c} No haya peligro de una acumulacién permanente de deformaciones debidas 8 la
compactacién dinamica en estratos arenosos.

Para determinar las propiedades dindmicas del suelo se recurre tanto a pruebas de
campo como las de laboratorio. En las tablas I, Il y 1ll se presentan algunas de las
pruebas utilizadas para determinar los parametros dindmicos del suelo. Con estos
pardmetros se podrén obtener las impedancias dinamicas que estan relacionadas con
la fuerza dindmica (R) y el desplazamiento que se genera en el suelo (v) de la siguente
manera: kK = R/u, donde v =u, +iu,, i,=-1; por consiguiente k =k, +ik,. k,/w) depende
de las caracteristicas de rigidez de! sistema (el cual no depende de w; notese que las
propiedades del suelo de médulo de cortante, coeficiente de Poisson y amortiguamien-
10 son en escencia independientes de w) y de las caracteristicas de inercia del suelo
{que son proporcionales 3 w?). k,fw) representa el 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. ™

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

Modelos unidimensionales

En estos modelos se aceptan las hipdtesis de que los n it~ ales por los cuales ¢ .
propagan las ondas son elasticos y homogeneos; ademds, la direccién de propagacion
de ondas es en una s6la direccién, lo que implica que las fror teras entre los medios
que constituyen al modelo, son paralelas y fa incidencia de ondas perpendicular a
estas fronteras. ’ '

Como ejemplo considerese una barra por fa cual se propagan ondas longitudinales (fig.
16) que generan esfuerzos (o) y desplazamientos (u) que estan en funcién del tiempo
y de {a posicidon en la cual son medidos. El equilibrio dindmico de un elemento
infinitesimal de la barra estd dado por -
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= do, . (18)
& P

Aplicando la ley de Hooke

u : :
z : 1
0'3&334—3-] . o ‘ 9)
donde £ es el médulo de elasticidad, de ahl que
.._._az"' .l.,' (20)
&2 o2

Esta es la ecuacién de onda para modelos unidimensionales cuando se propagan ondas
longitudinales. La obtencién de la ecuacién de onda para otros tipos de ondas es
andloga. Cualquier funcién que cumpla con la ecuacién de onda {ec. 20) y con las
condiciones de frontera que impone el modeio, representa la solucién del problema
analizado. Estas funciones van a ser de la forma

u =f,(x+ct) +f,(x~c1) (21)

donde ¢ es ia velocidad con !la que se propagan las ondas en el medio. fixtct)
representa a8 las ondas propagandose en la direccidn Fx.
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Fig. 16 Barra fongitudinal por donde se propagan las ondas, con ‘N extremo hbre Las
ondas inciden de izquierda a derecha.

Cuando se considera en el modelo una frontera libre (fig. 17} las condiciones de
frontera son g,=0 en x=0. Si la solucién de |a ecuacién de onda es

L
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U=B¢“"'t-“ +A¢u! [ 4 (22)

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

ivg 9a.0
c ¢ | {23)

A=B

Si ahora se considera una frontera fija, las condiciones de fronera sonu=0enx=0
de donde se obtiene que A=-B y, por consiguiente

“=A‘“{¢‘§x.¢4€-!]=2ﬁuen(2 ),em (24)
c

y o=20,, enx=0.

s X

q ) Frontera
| fija

A

Fig. 17 Barra longitudinal por donde se propagan las ondas, con un extremo fijo. Las
ondas inciden de izquierda 3 derecha.

Cuando la propagaciéh 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

23



=u_+u_~A, e  +A e L _
Pt At (25)

Las condiciones de frontera en x=0 son u,=u, Y 0,=0,, de ahlf se obtiene

Ah:"'Ari:Bm
Poc-Aa= 228,

P14

(26)

de donde

(27)

X
<

llustr. 4

Fig. 18 Barra longitudinal compuesta por dos materiales con propiedades del suelo por
donde se propagan las ondas, con un extremo fijo. Las ondas inciden de izquierda a

derecha.



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 obstéculos
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 propagacion de ondas
en modelos bidimensionales (Suarez y Sdnchez-Sesma, 1994).

GEOLOGIA Y CONDICIONES LOCALES

Cuando se registra la sefial de un sismo cuyo epicentro se localiza a varios kilémetros
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 propagaciéon 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 Unicamente, si se conoce 1a senal antes y despues de ser afectada por
tas condiciones locales, la contribucién de los efectos de sitio se obtiene al efectuar
la divisién de los espectros de Fourier de la sefial 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 funcidn de transferencia o cociente espectral. De esta
manera, cuando se tiene cualquier incidencia de ondas se puede obtener la respuesta
del sitio al multiplicar su espectro de Fourier por la funcién de transferencia.

Una hipétesis adicional que se hace es considerar planas a las ondas que se propagan
dentro de medios homogéneos e isétropos. Esta hipbtesis 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
€s muy pequena y la onda se propaga en un medio isétropo, entonces ei frente de
onda tendrd una superficie esférica con el centro en la fuente. Si ia distanciar a la
fuente es muy grande, el frente de onda se puede considerar con buena aproximacion
como piano {fig. 21). A |a direccién con la que se propagan !los frentes de onda se le
epresenta por rayos 4ue ,0n lineas perpendiculares a 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 propagacién de ondas sfsmicas. Fuente, trayecto
y condiciones locales {modificada a partir de Chdvez-Garcla, 1987)
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Fig. 20 Frente de ondas {linea a trazos} que pasa por los puntos indicados por un
circulo tieno en un tiempo t=t’. Las flechas indican la direccién de la propagacién 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, vy S,).
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CONCEPTOS BASICOS
Foco y epicentro

Desde la formacion 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 llamada 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 sialicas {(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
tectonicas (fig. 1), que se apoyan a su vez en rocas parciaimente derretidas debido al
calor y a la presion a la que estan sometidas. Estas uitimas 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 ano. El continuo y lento
movimiento de las placas produce concentracion de esfuerzos en algunas zonas en
sus fronteras donde se atoran con otras placas sin permitirse el deslizamiento entre
ellas. 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 subito 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 tecténicas se separan una de la otra. Es aqui donde
se construye continuamente la corteza oceanica.

Convergentes o de subduccion- Cuando dos placas tectébnicas 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 la frontera en la cual no se crea ni se destruye la corteza. Las
placas se deslizan, una al lado de ia otra, con diferentes velocidades o direcciones.

En |as 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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Propagacion de ondas (ondas P, 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 los puntos por l0s 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 0 en las
fronteras de este, respectivamente. En su estudio se toman en cuenta las hipotesis
de la teoria de la elasticidad que refacionan a las fuerzas externas que actian en un
medio , con sus fuerzas intemas que se manifiestan mediante cambios de tamarno y
forma que sufre éste. Las deformaciones lineales que experimenta un elemento
infinitesimal cuando es sometido a esfuerzos estan dadas por

Ey = ';‘E"l,i +uj,l] (1)

donde u es el vector de desplazamiento en la direccién i. La coma indica derivacion
con respecto a la direcciéon j. La ley de Hook o ley de proporcionalidad entre
esfuerzos y deformaciones establece que

0y = Ae kkéi] +2pe i (2)
siendo 5; la delta de Kronecker (=1 si i=j; =0 si i#j), y A,x Son las constantes de

Lamé. Aplicando la segunda ley de Newton y despreciando las fuerzas de cuerpo, la
ecuacion de movimiento se puede expresar

pPU=0y, (3)
Utilizando las relaciones de elasticidad (1) y (2), la ec. {3) se puede escribir como
Pl = (A + U)V(Veu)+ uV?u (4)
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 propagacion {a) se calcula como:

_ [A+2y
a= " ()

donde 1 y 11 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 razon, 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 p dada por
. [
B \/ o (6)

En la fig. 3 se presenta un diagrama de como se propagan este tipo de ondas. Las
oscilaciones longitudinales producidas por las ondas Pson 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 propagaciéon en el cual se
efectia el movimiento transversal. Al rumbo que tienen las ondas de corte en ese
plano se le denomina polarizacion . Para e estudio de las ondas S el movimiento
puede descomponerse en una componente horizontal (ondas  polarizadas
horizontalmente o SH) y en una vertical (ondas polarizadas verticalmente o SW. 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 ef cual se propagan. Ambos tipos de ondas tienen
una velocidad de propagaciéon menor que las ondas de cuerpo y son las que en un
sismograma presentan las mayores amplitudes.

Si se supone que las ondas son periédicas, con dependencia temporal dada por "
donde i=(-1)"* y o=frecuencia angular, el movimiento de dilatacién asociado a las
ondas Pque viajan a una velocidad o queda descrito por

(A +2U)VE(Ve u)+ puFTeu=0 | )
Y ef asociado a las ondas S que tienen una velocidad de propagacion  esta dado por
WV (VX U)+pufVxXu=0 (8)

La ec. 4 proporciona una regla general que debe cumplir toda funcién que describa
un movimiento ondulatorio. Esta funcion puede ser un pulso o una sefa! registrada
en un sismograma.
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constituyen a un medio cuando a través de él se propaga la energia en forma de

Fig. 3 Diagrama que ilustra los movi
ondas {modificada a partir de Walker, 1982).



( Onda plana
Plano horizontal

Fig. 4 Frente de ondas plano. Polarizacion de las ondas Sen ondas SH y SV.

Para facilitar la interpretacién 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 ecuacion de onda (ec. 4) y observar Ia accion de cada sumando por separado.
Basandose en el desarrollo en series de Fourier (Newland, 1980), una funcién se
puede remplazar por una suma de funciones armonicas. Esta forma de representar
senales facilita mucho la interpretacién de los fenémenos en la propagacion de
ondas pues en estas funciones es facil identificar el periodo T(=1/8), la fase y la
longitud de onda . y obtener su relacion con la frecuencia (f=2/T} y la velocidad de
propagacion o velocidad de fase (B=A\f); si las funciones arménicas utilizadas son
exponenciales, el manejo matematico 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 razén, en
el estudio de la propagacion 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 ello el
espectro de Fourier. Las transformadas de Fourier que se utilizan son (Newland,
1980)

Flw= J f(tye “‘dt

(9)
fit)= 511;-[ F(ue“ dw



donde F(o) y f(t) son funciones con el espectro de Founer y Ia sefial,
respectivamente.
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Fig. 5 Onda monocromatica. ) representa la longitud de onda y A su amplitud. v es la
frecuencia anular del movimiento aménico que tiene una particula ‘p’ cuando se
mueve qescﬁbiendo 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 ¢, 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 |a otra parte (A,) se
transmite al otro medio, modificando su direccién 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 e angulo de incidencia (c.) y |a velocidad de
propagacion en los medios 1y 2 de la siguiente manera (ley de Snell)

sen(a,) _ sen{a,)
C. ¢, (10)

donde c; y ¢, son las velocidades de propagacion en los medios 1 y 2,



ivamente. Otra manera de interpretar este resultado consiste en reconocer
que la velocidad de fase aparente de todas las ondas involucradas en la refiexion 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 (o0 condiciones de
frontera) de igualdad de desplazamientos y esfuerzos en cualquier punto ubicado en
la frontera de ambos medios.

Fig. 6 Reflexion y refraccién de una onda que incide con angulo o, y amplitud A, en la
frontera entre dos medios.

Un problema importante en la propagacion de ondas es la difraccion. Muchos de los
fendbmenos que se observan no pueden ser explicados considerando que las ondas
se propagan unicamente en forma rectilinea de acuerdo con las leyes de la dptica
geométrica. La difraccion es la desviacion 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 “la difusion de
la amplitud (de las ondas) esta acompanada 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 ‘disipaciéon’ 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 {a idea de la
interferencia de las ondas.

La difraccién depende de la longitud de onda A, de las dimensiones del obstaculo ‘d’
y de la posicion y distancia a la que se encuentra el observador. Los parametros de la
onda afectados son su amplitud y fase. E! problema se reduce a encontrar estos
valores. Matematicamente se puede considerar a la difraccién como la suma de los



efectos de las ondas emitidas por fuentes ficticias ubicadas en los lugares donde se
genera y aplicar los 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)

P
(b)
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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 ie llegan esta dada por la suma de las ondas consideradas en
forma independiente ‘emitidas’ desde cada orificio. La fase con la que llegan al punto
de observacion depende de ias 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 est4 dada por

a{0) = kd sen(6) (11)

donde k=an/c, o =frecuencia circular y c=velocidad de propagacién. La amplitud total
de la onda A(6) que llega a un observador ubicado a un angulo 6 con respecto a la
normal de la pantalla, 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{0). En una pantalla que tenga varios orificios separados una distancia ‘d’ uno de
otro, la amplitud A(6) admite una construccién geométrica (fig. 9), resultando

Jsen[1/2Na(9)]
| sen[1/2a(6)] |

A@®)=A(0 (12)

donde N=numero de orificios. Si se define la intensidad ®(0)°=(A(6)/A.(8))°, se puede
observar su variacion dependiendo de 3, ‘d’ y 6. 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
— W

%&d sen (9)

Fig. 8 Difraccién 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 {a arhplitud A(0) para un punto ubicado aun angulo 6 con respecto
a la normal de la pantalla, 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 ‘@’ en una pantalla (fig. 11)
considerando la suma de los campos de ondas emitidos por un namero finito de
fuentes ubicadas a lo largo de la ranura. El nimero de fuentes necesarias para la
construccién adecuada de un frente de onda dependera de la longitud de onda,
siendo mayor el nomero 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

E! 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 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 lamasa y la
base, registrado en un cilindro que gira, 0 a algin otro dispositivo colocado dentro
del instrumento, indicara el movimiento del cuerpo. Los sismémetros son los
instrumentos mas antiguos que se utilizan para registrar las amplitudes de las
vibraciones del terreno. Los acelerémetros miden las aceleraciones. Esencialmente



utilizan ef mismo principio de los sismometros, pero en lugar de tener resortes
blandos, utilizan resortes muy rigidos con o fin de obtener una frecuencia muy alta.
De la fig. 12 y considerando la segunda ley de Newton (XF=ma) se tiene

k(x1-x2)-c(x1-x2) =mx1 (13)

£l movimiento relativo esta dado por x1-x2=x. Si la vibracion a la due se somete el
sistema (fig. 12) es x2=A sen(ot), sustituyendo en la ec. 15:

m x+ Cx+ kx = mAufsen wt (14)

La solucion de esta ecuacion diferencial es

xp:\fl-;—4§+1 sen(wt- ¢) (15)
o !
N=
(a)
{ | -
o) 1 2 dsen/)
o 4
N=
(b)
o) 5 10 d senQ/A

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 £E=¢/2Mawn, o, =k/M, r=o/o,, p=tan"ce/(k-ma’). Si v, €s muy pequefia (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 », es muy grande (la rigidez k:es muy
grande), entonces x,=Ar'=Ao"/o,; donde Ao’ es una medida de la aceleracion, por
tanto, el movimiento relativo es una medida de la aceleracion. :

_?_ 0 )\ \'_Esen §

Fig. 11 Difracciéon provocada por una ranura de dimensién ‘a’. El patrén de ondas que
generan las fuentes distribuidas a lo largo de la ranura se presenta a la derecha. En la
figura sélo se dibujaron las fuentes de los extremos de la ranura.
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Fig. 12 Sistema de un grado de libertad. Forma esquematica para representar un
sismografo o un acelerografo.

Con base en la diferencia del tiempo de amribo entre las ondas Py las ondas S, se
puede determinar la distancia en la que ocurri6 la liberacion de energia. Se necesitan



por lo menos dos aparatos (sismégrafos o acelerégrafos) cercanos al foco, para
determinar la profundidad en la que se localiz6; y tres aparatos para determinar la
ubicacion del epicentro (fig. 13).

Magnitud e intensidad

Los sismélogos determinan la violencia local del movimiento de {a tierra usando la
Escala modificada de Intensidad de Mercalli donde se miden que tan severos fueron
los darios, en grados. Los terremotos menos intensos sélo pueden ser detectados
por instrumentos y no causan dano; de ahi, los terremotos se miden en escala
creciente de dafios 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 dafio cuando se incrementa la distancia del epicentro. Sin
embargo, los danos tienden a ser mas severos en zonas donde los sedimentos del
suelo son biandos o 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 darnos
que uno pequeio en un area cerca del epicentro, y ademas de que la escala de
intensidad no contribuye a la investigacion de temblores cuyos epicentros se
localizan en el océano o en lugares inhabitados donde no se puede registrar el dano
estructural, los sismodlogos requirieron de una escala que midiera. el grado de los
temblores en términos de la cantidad de energia liberada.

Los sismoblogos 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 generaimente destructivos si ocurren en zonas
pobladas. Los terremotos mas grandes tienen magnitudes de 8.9. Muchos
sismoélogos 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 interna de /a Tiermra

Los sismoégrafos ubicados en cualquier parte del globo terraqueo registran a partir de
un gran terremoto, una larga serie de vibraciones de las cuales, s6lo pocas,
provienen directamente del foco. Las demas son ondas refiejadas 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 1a estructura y composicion de la Tierra.
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Fig. 13 El intervaio 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).

€l mas simple y persistente eco proviene de la frontera entre la corteza terrestre y la
litosfera, nombrandose como la discontinuidad de Mohorovicic 0, 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 dei componente de las
ondas de corte desaparece. Esto sugiere que esta zona de baja velocidad de
propagacion esta formada por rocas parcialmente derretidas. A esta zona se le
conoce como astenosfera.

Los sismografos que reciben las vibraciones de los terremotos grandes, '
generaimente registran un eco que proviene de una profundidad de
aproximadamente 2900 km que aparentemente refleja la superficie del nicleo de.la
Tierra. Este nlcleo crea una zona de sombra en el lado opuesto de la Tierra al lugar
donde se gener6 el sismo debido a la refraccién 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 nicleo 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 |a parte externa del
nucleo es liquida (fig. 14).

EFECTOS SiISMICOS EN PUENTES '

Los efectos que los 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 disefio adecuado de la cimentacion se requiere:

a) Evaluar el comportamiento esfuerzo-deformacion 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.

¢) Predecir la intensidad, duracion y contenido de frecuencias de los sismos que
se pueden presentar, con base en los eventos detectados en ila zona con
anterioridad.

d) Evatuar la potencialidad de la falla por licuacion del sueto.

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

Todo elio con el proposito de asegurarse de que:

a) Las amplitudes de las vibraciones que se generen no sean excesivas.
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Fig. 14 La zona de sombra es el area donde un sismometro no detecta el arribo de las
ondas debido a la desviacion que estas sufren por a la presencia del nicleo

{(modificada a partir de Hamblin, 1991).
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b) Los esfuerzos/deformaciones inducidos en estructuras vecinas, sean
pequenos.

c) No haya peligro de una acumulacion permariénte 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 LIl y Ii! se presentan algunas de las
pruebas utilizadas para determinar los parametros dinamicos del suelo. Con estos
parametros se podran obtener las impedancias dinamicas que estan relacionadas
con la fuerza dinamica ‘R’ y el desplazamiento que se genera en ef 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 o; nétese que las
propiedades del suelo de moédulo de cortante, relacion de Poisson vy
amortiguamiento, son independientes de «) y de las caracteristicas de inercia detl .
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.

Tabla 1. Pruebas de campo para determinar el médulo de corte (G)
Método Procedimiento Rango aprox. de
general {medicion) |deformacion (%)
1 Pruebas geofisicas Velocidad de corte 10° a 10°
2 | Prueba de vibracion en la superficie Frecuenciay 10°a10°
longitud de onda de
ondas superficiales
3 | Pruebas de placa
a) vibratoria Frecuencia natural 10° a 10°
b) estatica Asentamientos 08a5
Tabla 2. Pruebas para determinar |a relacién de Poisson {v})
Prueba Condicion de carga
Iniciat Final o cerca de la
falla
1 | Triaxial
a)carga estatica Ja.2 5
b)carga ciclica 3a.4
2 | Caja (deformacién lateral nula) 5 3
3 | Odometro (deformaciénlateralnula) |  .3a.35
Soénicas 42 a 47




Tabla 3. Comparacién entre Jos ensayes de sitio y los de |aboratorio

| Tipo de ensaye En sitio En_ laboratorio
Caracteristicas medidas a)Médulo de Cortante (G) | a)Mdbdulo de deformacion

b)Relacién de Poisson (v) Amortiguamiento

b)Resistencia al cortante
Dominio de deformacion _ |Dominioelastico | Dominio elastico y plastico |
Representatividad Bueno para Cross-hole Funcién de
representatividad de |la
prueba
Causas de error . a)Refracciones parasitas | Remoldeo del suelo

b)ldentificacién del tiempo

de arribodelaonda S

Para llevar 2 cabo los estudios de propagaciéon de ondas en suelos o estructuras,
generalmente se recure a modelos que son sujetos a hipétesis fuertes pero

simplifican enormemente el problema, lo que pemmite entender, en general, el

comportamiento det modelo real y tomar decisiones respecto a su disefio.
Modelos unidimensionales

En estos modelos se aceptan las hipdtesis de que los materiales por los cuales se
propagan las ondas son elasticos y homogéneos, ademds, la direccion de

propagacion de las ondas es en una sola direccidn, 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 bama por la cual se propagan las ondas
longitudinales (Fig. 15) que genera esfuerzos (c) y desplazamientos (u) que estan en
funcion del tiempo y de la posicién en la cual son medidos. El equilibrio dinamico de
un elemento infinitesimal de la barra esta dado por

DOt pun=0
o TP = (16)
Aplicando la ley de Hooke
au,
o,=Ee,=- E F™ (17)
donde E es el médulo de elasticidad, de ahi que
u, 1-
—z 2 (18)

ox2  a

&



-—GeOEI'SiCGS —
—-\Vibracion |(superﬁcie)-

j~=—Placa (vibratorig) ——

Placa
I" y (estatica) l

[T——Sifmm —

107 107 107 10° 10" 1 10
Deformacion angular 'y' (%)
Pruebas de campo
-———Trcxllal Ciclical—-{
=— Cortante simple —
}=————Cortante (torsién) ————
. Columna resonante
Firdora T
|T——Sis|mos l -1
107 107 107 10~ 10" 1 10

Deformacién angular 'y’ (%)
Pruebas de laboratorio



Esta es la ecuacién de onda para modelos unidimensionales cuando se propagan
ondas longitudinales. La obtencién de la ecuaciéon de onda para otros tipos de ondas
es analoga. Cualquier funcion de onda que cumpla con la ec. 16 y con las
condiciones de frontera que impone el modelo, representa la solucion del modelo
analizado. Estas funciones van a ser de la forma

u, =f(x+ct)+1 (x-ct) (19)

donde ‘c’ es la velocidad con que se propagan las ondas en el medio. f(x:ct)
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 c.=0 en x=0. Si la solucion de la ecuacion de onda es

u=Be“e'° +Aeec" (20)

donde A y B son las amplitudes de las ondas incidentes y réﬂejadas,
respectivamente. Sus valores se obtienen al aplicar las condiciones de frontera

e+la=0
C Cc

A=B

(21)

X

| Frontera
libre

v
' Y

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 6=20,, €n x=0, de donde se obtiene que A=-B y, por
consiguiente

u=Ae"ec 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 propagacion de ondas se lleva a cabo entre dos medios (fig. 17) se deben
considerar dos ecuaciones de onda (una para cada medio). La solucién general es de
la forma

lax

2 -
u=u, +u,=A e"e" +Aee

inc

- (23)
u = utrans = Btanseime ©
Las condiciones de frontera en x=0 son u,=u; y c,=a,, de aplicarlas se obtiene
A.t+tA =B,
£2€ 24
Amc - Am = ij: Bmms (24)
de donde
2
Bh‘nns = W Alnc
1+—=
P+C,
1% , (25)
Aref = __.,_91_1 AIrn:
1+ p2°2
P,

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 propagaciéon 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 sefial de un sismo cuyo epicentro se localiza a varios
kilémetros 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 funcién de transferencia que contenga
la contribucion de los efectos de sitio si se conoce la senal antes y después de ser
afectada por las condiciones locales. Esta funcién de transferencia se obtieneal
efectuar la division del espectro de Fourier de la senal ubicada en el sitio, con el de
aqueila que no se afect6 por las condiciones locates. Al espectro que se obtiene de
realizar esta operacion se le conoce como furncion de transferencia o cociente
espectral. De esta manera, cuando se conoce la sefial 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 hipotesis adicional que se hace es considerar planas a las ondas que se
propagan dentro de medios homogéneos e isétropos. Esta hipétesis implica que el
lugar geométrico de |os puntos que se encuentran en fase forman un frente de onda
(fig. 19). Si la fuente de una perturbacién es muy pequefia y la onda se propaga en un
medio isétropo, el frente de onda tendra una superficie esférica con centroen la
fuente. Si la distancia ’ a la fuente es muy grande, el frente de onda se puede
considerar con buena aproximacion como plano (fig. 20). A l1a 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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Fig. 18 La intensidad con la que se sienten los sismos, esta influida por las
caracteristicas de la fuente (coémo fue la ruptura de las rocas), las del trayecto
(diferentes formaciones, distancia y amortiguamiento) y las condiciones locales que
prevalecen en el sito {aeoloaia. topoarafia v tibo 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 ‘D’ 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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RESUMER .,

Se analizea la influencie del espesor de lae arcillas y de la topogrefia basa)

de la cuenca pre-Chichinsutzin en la distribucion de dafios en la Ciudad de Méxito durante e]
sismo del 18 de Septiembre de 1985. Se discute la precisién de los modelos uni y bidimensio-
nales de propagecion de ondas de cortante en ls prediccion de los registros obtenidos en este
8ismo ptra algunos s1tios de le cludsd, Finslmente se hace énfasie en los efectos de las
irregularidedes laterales al modelar )la respuests sismice del Valle de México.

1. Introduccién

Pn la pafiana del 19 de septiembre-de 1985 -

una porcién de la interfaz entre las placas
de Cocos y de Horteadmerica en la region de
Michoacdn sufriéd un deslizamiento que durd
casi un minuto. La ruptura de material de la
corteza terrestre emitic ondes sigmicas gue
fueron amplificadas grandemente pocos minutos
después &l ser atrapadas por las formaciones
superficiales del suelo de la ciudad de
México. Esto generé dahos £in precedentes:
més de 10,000 personas murieron y 250,000
perdieron su vivienda. Varios cientos de edi-
ficios colapsaron Y wmuchos  hen  debido
demolerse o reforzarse.

Adexés de importantes efectos de fuente y
trayecto, aGn no completamente esclarecidos,
e evidente gue una parte considerable de las
anplificaciones observadas &e debid¢ a efectos
locales. EFtOos €6ULATAN presentes en temblores
futurcs por lo que su  cabal comprensién es
absolutamente necesaris en cualquler intenteo
de reveluar el riesgo sismico en el valle de
México. Estos efectos ya habian sido identa-
ficedos y se sabia gque las formaciones
lacustres del valle podian amplificar signi-
ficativamente el movimiento del terrenc aun
para temblores lejsncs. El comportamiento
sismico de eErtO5 Suelos blandos ha sido estu-
diedo por numeroscs investigadores (p. e).
Rosenblueth, 1952; Bustamante, 1964; 2Zeev-
sert, 1964; Herrera et al, 1965%; Rosenblueth
y Elorduy, 1969; Seed e 1Idriss, 1969; Fac-
cioli, 1976} quienes, con base en la eviden-
¢cia disponible, consideraron que el =modelo
unidimensional de propagacién de ondas de
cortante era apropiado para estudiar y prede-
cir la respuesta slsmice de lés sedimentos de
valle. Bin smbargo, no existian observaciones
suficientes de Jlos efectos de temblores
importentes. Los detos instrumentales de las
aceleraciones del suetlo se remontan tan solo
a los ahos sesents y siempre se juzgaron
incompletos. La ciudad de México no habls
sido sometida en los Ultimos tiempos [
grandes sismos. En efecto, el temblor de

Michoacdn de 1985 (Mé=B.l) es el segundo gran
terremoto mexicano de este siglo y es sdlo
menor que €l de Jslisco de 1%32 (Sanchez-
Sesma y Eingh, 1986). Entonces 1ls cjudad era
muy diferente de le actuel. Lo misme puede
decirse del pismo del 7 de junio de 191} gue.
&e sintié en la ciudad cuando Maderc entraba

triunfante en elle en los albores de la Revo-

Jucién. Hoy se cree que egte Eismo OCUTTic en

Michoacén en 1la misma 20na que los de 1985,

§i exietieron efectos significativos aso-

ciados al trayecto de las ondas sismicas

entre Michoacan y el valle de México en 1911

es poco 1o que se podré decar de ellos. Al

parecer, en 1985 la irradfacisen de energia

hacia €l continente entre 0.2 y 0.5 Hz fue

mayor que la& emitida & lo largo de la costa

{Singh et al, 1987). No contamos ain con uha

explicacién pare esta anomalia. Entender sus

causas e6 imprescindible.

La distribucion de dafios en la ciudad de
Méxicoc muestra que la recpuesta unidimen-
sional de los sedimentos lacustres més super-
ficiales constituye un factor de pramer
orden. Hay una notable correlacién entre las
zonas mas dafiades y un rango de espesores de
arcilla. Los dafios més 1mportantes &e presen-
tsn en las regiones limitadas por los contor-
nos de 20 y 50 m de espesor. Sin embargo, los
registros de las aceleraciones del terrenc en
varios &itios de la zons arcillosa tienen une
duracién mucho mayor que la gue predicen los
madelos unidimensionales. Debe notarse que
los dehos &n Jac estTucturas dependen de la
duracién del movimiento y del dete;iore
acumulado que el}a implica. El aumento en 1la
duracion del movinients estd ligade a la
existencia de irregulsridades laterales que
generan enfocamientc de la energla sismica
incidente y ondss superficiales. Esto se ha
mostrado en estudios de temblores pasados (p.
ej. Poceski, 1969;  Rial, 1984). Por otra
parte, resultados tedricos (p. ej. Sédnchez-
Sesma y Esgquivel, 1975; Bard y Bouchon, 1980)
evidencian los limites del modelade uvnidimen-
siona) debidos & la irreqgularidad lateral.



En este trabajo noe referiremos sl mode-
ladc dGe la respussta siscica del valle de
México. bDaremos una descripclon Qlobal de s
astratigrafis auperficisl bssada en los son-
decs disponibles a la fecha. Presentaremcs
algunas evidencias cuantitativas de los efec-
tos de irreguleridades leterales an los movi-
mientos observados &d1 COmo resultados preli-
minsres de sodelos bidimensicnales. Se discu-
ten, algunos &spectos esenciales para sl
podelade tridimensional del valle de Méxjco.
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Fig 1. ‘Geologla superficial del valle
{Mooser, 19175%)

2. Estratigrafis del valle de Méxaco

E] valle de México €5 un gran depdsito
sedimentario. Antes del Pleistoceno e] valle
drenaba hacia el sur através de dos cafhones
profundcs en las reqQicnes que shors ocupen
Cusutla y Cuernavace, respectivamente. Cerca
del final de)l Pleistoceno amportantes fractu-
ras aparecieron entre les tonas de Puebla vy
¢l sur de Tolucs. Estas fracturas fueron pre-
dominantemente E<W y dierch paso & las lavas
basdlticas de la Sierra del Chichinsutzin que
cransformaron el valle en una cuenca cerrada.
Se ha estimado (Mooser, 1973) que estas erup-
ciones ecurriaron durante &1 Ultimo millen de

afhos. 'RE1 wolcén Xitle, en lss inmediaciones
del Ajusco, es la svidencis més reclente de
ssta actividad. La fig ) wmuestrs ls geclogle
superfaicial del valle., Begun &xpress Kooser
(198&) existen aln importantes volGasnes de
lavas gue formen gigantesces cémaras magniti-
cas. Mooser bass sus conclusiones en observa-
cjones de la geologis superficial y en algu-
nss mediciones de flujo térmico. Asi, &1
estima «n 7 kn el espesor de la cortezs con
potencial sismico en varias partes del sje
volcdnico, inclujdo e} valle de México. La
axistencia de grandes cémaras lmrnltlcal
implice extensas zonas de bajs velocided 4ge
ondas siskicas y 4sto podria dar lugar o
efectos de anfocamjento de la energis sismica
generada por fuentss lejanas. Esto es rele-
vante pars estudiar efectos de trsyscto y
debe ser esclarecido.

J;V U]
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Fig 2. lonificacién geotécnica (extensidn
estratigrafica més superficial)

Ls estratigrafia mds reciente del valle
ha sido la mé&s estudiada y hay una cantidad
impresionante de informacidn contenida en la
monumental obrs de Marssl y Mazari (1959). No
obstante hay todavia muchas iIncertidumbres,
en particular en las propiedades dinémicas de
las arcilles mas superficisles y de los lla-
mados depésitos profundos, as! como en la
geometria de los estratos. La fig 2 muestrs
ls extension de la estretigrafia més superfi-
cial. La zona de]l lago es bastante heterogeé-
nea y estd constituides principalmente por
arcillss saturadas en las cuales ®l contenido
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de agus @ menudo axncede de 400 por ciento.
Intercalados en las arcillas se encuentran
lentes de arenss y 1imos que, en ocasiones,
llegen & tener espesores de hasie 7 =
(Mooser, 198%4). Los depdsitos profundos se
sncuentran desde profundidades que wvarian
entre 30 ¥y 70 ». La zona de transicién, gque
es tamblién muy heterogénea, esté formada por
saterisles més competentes. La zons de lomas
presenta depdsitos aluvisles y glaciales. En
todas sllas pe tienen avidencias de intensa
actividad wvolclnica. Ls fig 3 muestra per-
files astratigraficos tipicos.
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Fig 3. Perfiles estratigréficos tipicos
a) zons del lago
b) zona de transicion
c) zona de lomas

Con el objeto de contar €oh una descrip-
cion global de 1a estratigrafia de) valle,

Suarez et al (19B7) recopilaron la jinforma-
cién de sondeos disponibles asi como las
estimeciones de la topegrafia de la cuenca
previa a la aparicidn del Chichinautzin

(Mosser, 1986). El modelo gue proponen con-
siste en estratos arcillosos superficiales
con espesores entre 10 y 70 m apoysdoe sobre
los depdsitos profundos gue alcanzarian pro-
fundidades de 700 m. Estos reposen sobre las

Fig 4. Iscpacas de las arcillas (en
mEeLroe)

antiguas formaciones de 1la cuenca gque no
necesariamente son rocosas. En las fige 4 y 5
Ee muestran Jlas isopacas (curvas de jigusl
egpesor) de log estratos arcillosos y las
profundidades estimadas de la topografia pre-

Chichinautzin. No obstante gque se trata de
una simplificacién, estos modelos serdn de
utilidad al estudiar la respuesta global de

modelos dindmicos del wvelle. Las curvas de
topografia pre-Chichinautzin presentan cierts
similitud con las anomaliae gQravimétricas
reportadas por Mareal y Mazari (1959%) gque se
reproducen en Jla fig 6 . Con base en esta
informacién gravimétrica Alvarez (1987) ha
estudiado la configuracidn profundas del valle
de México. Sus resultados sugieren gqQue la
Sierra de Guadalupe &#e extiende hacia e} sur
del Pehdn de los Bafios més de lo que se crela
Yy que ls topografis antigua se encuentre
hasta profundidades de un km. La fig 7 mues-
tra las profundidades estimadas de la topo-
gratfis pre-Chichinautzin considerando los
resultados de Alvarez {1987).

3, Distriburcion de dafios en la ciudad de
México

Los colapsos y dahos mayores producidos
por Jos s1emos de 1985 se encuentran princi-
palmente €n la )l)lamada zoha del Lage. Con
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Fig 5. Configuracién estimada de la cuen-
ca pre-Chichinautzin {curvas de
nivel en mecros)

Fig 6. Curvas de isogamas (en 10 u. g. =
1 mgal) (Marsal y Mazari, 1959)

Fig 7. Respuesta del modelo gravimétrico
(Alvarez, 1987)

objeto de mostrer su distribucion se indican
en la fig 8 . No se ha hecho distincidn aquil
del] tipo de dafio o colapsc aunqgue es evidente
que ello deberd tomarse on cuenta en estudios
de microzonificecién como se hace en el
emprendido por Iglesias et &l (1987). Los
dafios estén restringidos entre las curvas de
espescres de estratos arcilloscs de 20 8 50 m
de la fig 4 . Esto sugQiere, en una primera
aproximacidn, que ls respuesta unidimensional
de ondas de cortante permitiria explicar los
dafos. De acuerdo con esta teorla, el periodo
fundamental de un estrato homogéneco de espe-
sor H esta dado por T=4H/B, donde A =veloci-
dad de propagacion de ondas de cortante que
puede suponerse en promedio de 50 m/s
{recientemente se han medido en campo valores
de 35 m/s (Romo et al, 1987}). Los periodos
asociados & esta respuests local en las zonas
mas dahadss varisn entre }.5%5 y 3 5. E1 alar-
gamiento de los periodos de ogcilacion de las
estructuras & causs de la interaccién con el
suelo y e) deteriorc de las mismas explicarja
€] que algunées estructuras hayan entrade en
resonancia con  los pericdos del suelo vy
estuviesen sometidas a considerables solici-
taciones dindmicas que las llevaron a ls
fella. Poco después del temblor esta explica-
cién se contidero correctea; hoy la considera-
mos incompleta. De los registros de acelera-
ciones obtenidos en varios puntos del valle
(R. Qusas et al, 1985, J. Prince et al, 1985,
E. Mena et al, 1985) se observa gqgue hay otro
aspecto que debe considerarse y ¢éste es la
duracion de Ja excitacidén. La duracidén de la
fuente se he estimado en uncs 60 s y #ato  as
consistente con los Tregistros obtenidos en
sitios de terrenc firme © roca. En los sitios
de la zona del lago se observaron duraciones
consjiderablémente mayores. Este hecho no fue

aprecjsdo inicislmente con e) debido interés
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rig 8. Construcciones que sufrieron dafic
grave {X) o colapso (0)

pues los méximos espectrsles Bse encontraron
en coincidencia con los periodoé fundamen-
tales del suelc en las estaciones de regis-
tro, hecho que se atribuyd a ls respuesta
unidimensional en cortante. Sin embargo, al
realizar célculos con el modelo unidimen-
sional encontramos gue podiamos simular la
parte mds intensa con relative sencillez pero
no as! le duracién. Considerando los modelos
estrotigréficos preliminares de la table 1
pare SCT y Central de Abasto y suponiendo que
la excitacidn en e) basamento fue la misma
gue en Tecubays s¢ obtuvieron acelercgramas
sintéricos empjeando el mérodo de Haskell (p.
e3. Chévez-Garcia y Sénchez-Sesma, 1986;
Sinchez-Sesma, 1986). En la fig 9 se comparan
los ocelercgramas simulados ccn los observa-
dos. Bay obviss diferencias pero ls més note-
ble a5 la corta duracién de las simulaciones.
En los registros de SECT aparecen movimientos
que sugieren arrivos tardios de ondas super-
ficjiales de amplitudes moderadas. En cambio,
en CDAD dichos arrivos son de gran amplitud.
En ambos Casos las fases tardias son
practicamente armdnicas con perliodos de 2 s y
3.5 &, respectivanente. Estos perlodos co-
rresponden aproximadamente con loe periodos
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Fig 9. Comparscitn de los acelerogramas
observados en las estaciones SCT
y CDAO con los calculados con un
modelo unidimengional (componen-
ter NS)

fundamentales de la respuesta unidimensional
en cortante de Jlas estratigrafias en esos
sitios y sugieren arrivos tardios de energla
en el basamento y/o ondas superficiales
guiadas por los depésitos profundeos. En todo
caso estas ondat estarian generades por las
irreqularidades laterales.

Romo y Jeime {19B6) y Romo y Seed (1986)
han estudiado la respuasta unidimensional de
varios sitios en e¢)] wvalle empleande una
teoria de vibraciones casvales y han logrado
reproducir con suficiente esproximacidn los
espectros de respuesta promedio de acelera-
ciones horizontales observados en varios
sitios el 19 de septiembre de 1985. San
embargo, es bien sabido que los espectros de
Tespuests se Saturan, esto es, no reflejan
con fidelidad laé peculisridades del movi-
miento y son poco sensibles a }a duracien del
mismo {ver p. @j. Sénchez-Seema y Singh,
1986). Esto se mpuestras en la fig 10 en donde
aparecen los espectros de respuesta para CDAD
y SCT asociados & la duracion del registro
observado. Las ordenadas espectrales defina-
tivas se alcanzan & los 120 ¥y 105 segundos
respectivamente y puede verse en la fig 9 gque
el registro del movimiento continda por mas
de 60 segundos en 8mMbDOE CAEOS.
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Prig 10. Espectros de Trespucsts evelutivos
de ls componente N5 de los regis-
troe observados en las estpclones
CDAC y BCT el 1% de septiembre de
1985. {(amortiguamiento { =« 5%)

A} superponer el maps de dafios con la
topografia pre-Chichinautzin estimada se
encuentra que estos predominan en le zona que
corresponde al cafion de México (Alvarez,
1981) que aproximadamente tienhe su e}e en la
direccién NNW. Esto sugiere efectos bidimen-
sionales debidos al atrapamiento de la ener-
gla por las irreqularidades laterales.
Alvarez (1986) encontré en su estudio de los
dafios de la ciudad después del temblor evi-
dencias de ciertos alineamientos de ellos con
la direccién NNW y atribuye ésto a la
existencia de ondas reflejedas por la pre-
sunta continuacidén al sur de la sierra de
Guadalupe. No contamos por shoré con uns
explicacion completa pars el mecanismo
postulado por Alvarel pero pensamol que las
ondas en cuestién fueron ondas superficiales.
Estas pueden producirse como consecuencis de
les interaccién de las ondats incidentes con
las irregulsridades de la estratigrefis par-
ticularmente en los bordes. Es probable que
este fenédmeno de atrapamiento de energia se
haya manifestado de manera importante en la
franja que va de Coyocacdn al cerro de la
Estrella. Eso explicerls particularmente Jlos

dafios en esa zona. Tal vez e] colapso de uno
de los edificios de la Universidad I1be-
roamericana durante el temblor de Petatlan

del 34 de marzo de 1979 estuvo ligado & efec-
tos esimileres. En la z20na de Xochimilco-
Chalco también se cbservaron dahos impor-
tentes. No obstante, en un primer endlisis,
le geometria de la subcuenca sugiere que 1la
zona seria particularmente vulnersble para
temblores originados en el sur.

ABLA 1. Modelos estratigréficos prelimineres
pasra ECT y CDA.

Velocldsd Amortiguanmjento
critico
(n/s) )

Espesor Peso
especifico
(m) (T/m%)
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100
50
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Como los movimientos horizontales fueron
predominantes (de acuerdo con loe registros
instrumentales y testimonios personales) nos
inclinamos por considerar que las ondac su-
perficiales fueron de love y que estarian
guiadas por Jlos depdeitos profundos. Ello
permitirie explicar el aumente observado en
la duracion del movimiento. También podrian
haberse generado localmente ondas de Rayleigh
aungue con menor eficiencia gque las de Love.
Esto lo confirman los pequefios desplazamien-
tos verticales observados. Sin embargo, hay
evidencias experimentales en el sentido de
que algunas esLTucturas altas son muy &en-
sibles a loe movimientos verticales diferen-
ciales en su base gue generarian las ondas de
Rayleigh (Rodriguez, 1987}. E¢ poco leo que
sabemos de las ceracteristicas de estas ondas
cuando se propagan en estratos como loé del
valle de México. Probablemente la existencia
de capas con muy bsajas velocidades inhiba los
desplazamientcs verticales. Ello es actual-
mente motive de estudio. Recientemente Lom-
nitz (1987) ha propuesto la existencia de
ondas de gravedad en el valle durante el
sismo de 1985 pero los pequefios desplazamien-
tos verticales observados sugieren gue 6i
estas ondas existen tienen una importancia
mucho menor que la que Lomhitz les atribuye.

4. Hodelado de la respuesta slsmica del

valle de México

discusién precedente ha guedado
correcto modelado de la

En 1ls
implicito que el

respuesta silsmica del valle de México debe
considerar los efectos de la irregularidad
lateral de su estratigrafia. Resultados

tedricos en estudios de difraccion de ondas
sismicas (p. e¢j. Trifanac, 1971; wWong y Tri-
funac, 1974; Bard y Bouchon, 1980; 6é&nchez-
Secma y Esquivel, 1979; SaAnchez-Sesma, 1$813;



Bravo et al, 1987; Sénchez-EBesms, 1987 @,
b) muestrsn Jla importancia de la heteroge-
neidad lateral. La mayoria de Jlos estudics
consideran Jla incldencia de un tipo de ondes
sismicas en configuraciones bidimensionales,
pocos tratan ondas eldsticas con polarizacion
vertical y -u¥ pocos consideran al problema
tridimensionsl. La princips]l limirscidn pro-
viene de los inmensos recursos de computo que
la solucién de estos problemas requiere, par-
ticularmente para estudiar longitudes de onde
menores que las longitudes caracteristicas de
ls irregularidad. El valle de México presente
dificultades considerables pars su andlisis
sismico globel pues aun frecuenciss tan bojas
como 1 Hz implican longitudes de onda peque-
fias, muchas veces menores gque las dimensiones
horizontales del velle.

Ee han obtenido resultados preliminares
de la respuests sismica de modelos de valles
aluviales tridimensionales con simetria axisl
con respecto & un eje vertical (Sé&nchez-
Gesma, 1983; S5é8nchez-Sesma et al, 1984; Ché-
vez-Pérez y BEénchez-Sesma, 1984; Banchez-
Eesms et al, 1967 y Pérez-Rocha et al, 1987).
Estos resultados adn siendo limitedos a bajas
frecuencias son prometedores pues sugieren
que es posible evaluar cuantitativamente la

importancia de las ondas superficiales
generadas localmente. EIl estudio' estd en
proceso.

Han s&ido wvarios los wodelos bidimen-

sionales que se han estudisdo para entender
ls respuests elsmics del valle de México (p-
«j. Kobayashi et al, 1986; Fukushima, 198&;
Othse et al, 1986; Bard, 1987; Wojcik, 1987;
Cenpillo, 1987). Todos coihciden en aceptar
ls importancis de la irregulsrided en la
estratificacion y de la posible generscion
local de ondas superficiales en los bordes
del depdsito sedimentarjo. En estos estudios
st ha supuesto incidencia de ondas de cuerpo
con las excepciones de Wojcik (1987) y Cam-
pillo (1987) quienes consideran ondas de Love
y Lg, respectivamente. AQGn no tenemos una
ides clara de qué ondas Yy en qué proporciones
llegsron al valle en septiembre de 1985. Un
estudic gque ahora hecemos de Jos registros
obtenidos en la ciudad de México en 1985,
sugiere gue la fase més intensa de la excita-
cién puede asociarse con ondas sctleosrpe | g .

Recientemente se ha desarrollado un nuevo
método basado en Jla teorisa de rayos para
estudiar la respuests ante incidencia de
ondas SH de una clase de valles aluviales de
forma triangular (Sénchez-Sesma, et &l, 1887)
Merced & une Aproximacién gue permite COnocer
analiticamente las familias de rayos en el

valle, el método es muy eficiente y es
posible calculsr con ‘41  eacelerogramas
sintéticos con recursos de computo conven-

cicnales. Bn la fig 11 se muestran resultados
pars un modelo bidimensional del valle que
representaria sproximadamente 1a seccien que
ve de Chapultepec al Pefion. A este modelo se
le ha superpuesto la respuesta uvnidimensional
de los estratos superficisles de cada sitio;
estas estretigrafias se muestran en la tabls
11. Se ha utilizado como excitacién la compo-

£ ¢ 0.8 km st
P o= 1.k y o3
]
r

2.0 kn !-.
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Fig 11. Acelerogramas calculados para un
modelo bidimensione! considerando
la estratigrafis local pare la
&eccion Chapultepec-Pefdn. la es-
tecion 1.corresponde & la sefal
de excitacién.

nente NS del acelerograma regietrado en Tacu-
bays el 19 de septiembre de 1985 gue co-
rresponde a la estacion 1 del modelo.

5. Conclusiones

La distribucion de los dafics mée impor-
tantes en la ciudad de México durante los
616mos de septiembre de 1985 es5 tal que
éstos s localizan principalmente en la zona
del lago donde existen espesores de arcilla
entre 20 y 50" m.

Los modelos unidimensionales de propaga-
cién de ondee de cortante predicen con pre-
c18i6n razonable la primera parte de los
registros de aceleraciones obtenidos el 19 de
septiembre de 1985 pero en sitios de la zone
arcillosa. Ein embargo, la durscidn de Jlos
registros e& fmucho mayor que la predicha.
Este aumento de la duracion del movimiento
estd ligedo & la existencia de irregulari-
dades laterales que geheran enfocamientos de
lo energis sismica incidente y ondas superfi-
ciales. En los registros de aceleracién de




TABLA 2. Kstratigrafis superficial) de los
puntos sn donde se calcularon los
acelerogramas para el modelo bidi-

msnsional.

Zapesor Peso Velocided Factor de

especifico calidad
(m) (1/m") (mfn) (Q}
{ sstacién 2 )
2 1.5 120 25
3 1.3 1] 2%
9 1.2 30 13
9 1.3 50 20
7 1.6 200 25
9 1.4 150 25
( estacion 3 )
5 1.5 120 2%
9 1.3 80 25
2 1.6 120 2%
11 1.2 30 15
3 1.3 50 20
2 1.8 200 25
.} 1.4 150 25
( estacién 47)
3 1.5 120 25
3 1.4 oo 23
12 1.2 30 15
3 1.5 150 25
10 1.3 40 15
2 1.4 R 1 20
8 1.4 130 25
( estacion 5. )
3 1.5 1120 25
9 1.4 100 25
8 1.2 30 15
k| 1.5 150 25
8 1.3 40 15
9 1.4 130 25
{ estacién & )
2 1.5 120 25
? 1.2 60 25
21 1.2 30 15
L | 130 25
20 1.3 60 20

SCT aparecen movimjentos qQue sugieren arrivos
tardios de ondas superficiales de amplatudes
moderadas, en cambio en CDA dichos arrivos
son de gran amplitud. Estas ondes son genera-
das por irregularidades laterales, Como los
movimientos horizontales fueron predo-
minantes, e& muy probable que las ondas su-
perficiales generadas fuesen de Love y gque
estuviesen gquiadas por los depdsitos prefun-
dos. Ello permitiria explicar el aumento
observado en la duracién del movimiento.

La posible existencia del cefidn de México
entre el cerro de Chapultepec y el cerreo de)

Pefon de los Bafios, explicaria los dafios en
esa xone &R términos de efectos bidimen-
sionales debidos al atrapamiento de tnergia

por las irregularidades latersles. Eetas serls
también la explicacién en la franjs qQue se
encuentra entre Coyoscén y el cerro de Ja
Estrella. El fendmeno podris ser critico en
la z0na de Xochimilco-Chalco sobre todo pars
temblores originados en el sur.

Actualmente se estudisn modelos bi y tri-

dimensionales de valles aluviales gue permj-
ten evaluar cuantitativamente Ja importancia
de las ondes superficiales genersdas local-

mente. 51 bien los modelos tridimensionales
por ahora estan limjtados a bajas fracuenciass
los modelos bidimensionales desarrollades
permiten sefialar la importancls de le irregu-
larided lateral y Jla generacién local de
ondas superficisles en los bordes del depo-
sito. De Jlos resultados gue se obtengsh
depende ls correcta revsluacién del riesgo
sismico en el valle de México.
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FORMA ESTRUCTURAL

* SIMPLE
* SIMETRICA

*INTEGRAL

i



ANALISIS ESTATICO

F=(f) (f) (f) (f2) (W)

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
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GEOMETRIA NO CONVENCIONAL

- Curvatura excesiva
- Esviajamiento excesivo
- Pilas muy aitas
- Pilas de diferente altura
- Claros continuos muy largos
- Claros discontinuos muy largos

- Subestructuras en aguas profun-
das



- Claros mayores

- Requisitos esteticos

* K * * * &

- Nuevos materiales

r. .
- Analisis por computadora
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RIGIDEZ

SUPERESTRUCTURA

APOYOS

SUBESTRUCTURA
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COMBINACION ORTOGONAL
DE FUERZAS SISMICAS

17



PENDULO

CARGA. DESPLAZAMIENTO, RANGO ELASTICO
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Articulacidn
pléstica

PENDULO CON ARTICULACION PLASTICA

CARGA~DESPLAZAMIENTO, RANGO ELASTO-PLASTICO
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DUCTILIDAD

- Desplazamiento

- Curvatura
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INTERACCION SUELO - ESTRUCTURA

- ZAPATAS
PILOTES

- PILASTRONES
(PILAS COLADAS EN SITIO)

- CILINDROS
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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 = mddulo de rigidez al corte del semi-espacio

v = modulo de Poisson del semi-espacio

R = radio de la zapata

~D
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CRITERIOS DE ANALISIS SISMICO - ESTRUCTURAS TIPO 7

3.7.1 Eleccién del Tipo de Andlisis

Para el anilisis sismico de estructuras tipo 7, se puede recurrir
a tres métodos: a) método simplificado de andlisis, b) método de
anidlisis estético y ¢) método de andlisis dinémico. " El mé&todo
simplificado de andlisis que se describe en la seccién 3.7.2 solo
es aplicable a puentes regulares. Aquellos puentes que posean un
cierto grado de irregularidad se analizard&n con el método
estatico, Yy aguellos puentes ain mis irregulares y 1los 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 o mds claros o tramos
b) Que sean rectos y que la longitud de sus tramos sea muy

l parecida;

€) Que se pueda sdpqngr que los ma.c.. del puente trabajan
de manera independiente , tanto en sentido longitudinal como
transversal.

d) Que sus claros sean menores 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 disehar.

ul



2.
3.

Se obtiene la masa tributaria correspondiente.

se calcula la rigidez lineal del marco en el sentido de
anilisis.

Se obtiene el periodo fundamental de vibracién.

Se calcula el valor de c correspondiente al perfodo fundamental
de vibracién y se define el factor de ductilidad Q del marco.

La fuerza lateral equivalente E se obtiene con

Cc
= —W 7.1
E ) -

donde W es el peso de la masa tributaria.

3.7.3 Método de Analisis Est&tico

Este método serd8 aplicable al anilisis de aguellos puentes gue

cunplan con los siguientes reguisitos:

a)
b)

c)
d)

e)

£)

Que tengan dos o mas claros © tramos

Que sean rectos o alojados horizontalmente en curvas de poco
grado

Que la longitud de sus tramos sea muy parecida.

Que 1la fuerza sismica se distribuya en todos los marcos
resistentes,

Que la relacidén de la rigidez lineal de toda la superestructura
y la rigidez transversal de la superestructura sea menor que 2.
Que sus claros sean mencres de 120 m y el ancho de la calzada

no supere los 30 m.

La aplicacién de este método se lleva a cabo de la siguiente

manera.

1.

2.

3.

Se aplica una carga uniforme horizontal de magnitud unitaria,
en direccibn perpendicular a la superestructura. ‘

Se’ obtienen los desplazamientos y elementos mec&nicos
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 gque produzca un

.



desplazamiento horizontal néximo de 1 cm en la estructura.

4. Se calcula la rigidez 1lineal total de la estructura
multiplicando la longitud por el nuevo valor de la carga
uniforme.

5. Se calcula la carga muerta total de la estructura.

6. Se determina el periodo natural de vibracién.

7. Se calcula el valor de c correspondiente al periodo fundamental
de vibracién y se define el factor de ductilidad Q de 1la

estructura.
8. La fuerza lateral equivalente (E) se obtiene con

E= —W 7.2

donde W es el peso de la carga muerta total.
9. La fuerza E se transforma en una carga uniforme equivalente.

Efectos bidireccionales

Los efectos de ambas componentes horizontales del movimiento del
terreno se combinarin tomando, en cada direccién que se analice
el puente, el 100% de los efectos de la componente gue obra en esa
direccién Yy el 30% de 1los efectos de la gue ©obra
perpendicularmente a ella, con los signos gue para cada concepto
resulten mas desfavorables.

3.7.4 Métodos de Analisis Dinamico
Cuando no se satisfagan los regquisitos para aplicar c-atl uiera de
los métodos de andlisis est&tico se emplearah como métodos de

andlisis dinfmico los siguientes:

a) Andlisis modal

b) Andlisis por integracién paso a paso
a) Analisis modal

La participacién de cada modo natural de vibracié4n en las fuerzas

L3



que acttGan sobre la estructura se definird con base en las
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) 172 7.3
b) Andlisis pasc a paso

si se emplea este método, podr& acudirse a acelerogramas de
temblores reales o de movimientos simulados, © combinaciones de
estos siempre y cuando sus intensidades y <duraciones sean

compatibles con lo especificado en el capitulo 3.
Efectos bidireccionales

Cualquiera gque sea el método de an&lisis dindmico gue se emplee,
los efectos de movimientos horizontales del terrenoc en direcciones
ortogonales, se combinardn como se especifica en relacidédn con el

método de anélisis estético.

3.7.5 Estados Limite de Servicio

Ademds del célculo de las longitudes d¢ . .oyo Yy 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 calcularéd como sigue

Uy



D = 254 + 2.08L + 8.35H ' 7.4

donde L es : a) la 1longitud, en metros, entre dos apoyos
adyacentes; b) la longitud entre el apoyo y la junta de expansién
mas cercana; o, €) 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 est&8 formada por una o varias éolunnas; b) 1la
altura proﬁedio de las columnas o pilas mi&s cercanas, Bi se trata
de una Jjunta de expansién; o, ¢) la altura promedic de las
columnas entre el estribo y la junta de expansién mds cercana que
soporta la superestructura, si se trata de un estribo; H=0 para

puentes de un solo tramo.
Movimientos relativos

Ademés de los efectos anteriores, los puentes deben ser disefiados
para soportar los efectos de moviemientos relativos ocasionados-por

los mismos movimientos sismicos o por fallas del terreno.
3.7.6 Interaccion Suelo-Estructura

Como una aproximaciébn a los efectos de la interaccién
suelc-estructura serd valido incrementar el periodo fundamental de
vibracién y los desplazamientos calculados en el puente bajo 1la
hipdtesis de que éste se apoya rigidamente en su base, de acuerdo
con las expresiones reportadas en el capitulo 6.

!
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Tabla 3.1 Espectros de disefio para estructuras del grupoe B

Zona

Tipo de

sismica suelo 0 ¢ T.(s) Tb(S) r
1 .02 0.08 0.2 C.B 1/2
A 11 .04 0.16 0.3 1.5 273
111 .05 0.20 0.6 2.9 1
I .04 0.14 0.2 0.6 1/2
B 11 .08 0.30 0.3 1.5 2/3
111 10 0.36 0.6 2.9 1
1 .38 0.36 0.0 0.6 1/2
C I .64 0.64 0.0 1.4 2/3
111 .64 0.64 0.0 1.¢ 1
1 .50 0.50 0.0 0.6 1/2
D 11 .86 0. 86 0.0 1.2 273
111 . B6 0.86 0.0 1.7 1
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nex /3,

A) METODO SIMPLIFICADC DE ANALISIS

- HPOTISIS: LOS MARCOS DEL PUENTE TRABAJAN Dt FANCRA
INDEPENDIENTE

LA FUERZA SE CALCULA CON BASE EN UN  CRIIFIRIU DE

AREAS TRIBUTARIAS

1) SE CALCULA LA RIGIDEZ TRANSVERSAL DEL MARCO EN €L SENTIDO DE
ANALISIS
CY)

t1) SE OBTIENE LA CARGA MULRTA TRIBUTARIA
(w)

1)  SE OBlENE EL PERIODO NATURAL DE VIBRACION
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K = rigidez en la direccidn longitudinal
ML = masa total de la superestructura
MODZILC EQUIVALENTE PARA ANALISIS LONGITUDINAL
— F‘ g
I o "
‘|
K
s s id
K = rigidez eguivalente en la direccidn transversal
M, = masa equivalente en la direccidn transversal
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MODELO EQUIVALENTE PARA ANALISIS TRANSVERSAL
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B)

)

1)

i)

v)

vr)

KAy

ANALISIS ESTATICO. METODO DE LA CARGA UNIFORME

SE TOMA EN CUENTA LA CONTINUIDAD DE LA ESTRUCIURA

LA FUERZA SISMICA SE DISTRIBUYE ENTRE TODOS LOS ELEMENTOS DEL
PUENTE '

SE APLICA UNA CARGA UNIFORMEMENTE DISTRIBUIDA (@) EN EL  SINTIDU
DE ANALISIS

SE DETERMINAN  LOS DESPLAZAMIENTOS ¥ ELEMENTOS  HECANICUS
ORIGINADOS FPOR LA CARGA

1

SE DETERMINA UN FACTOR DE AJUSTE DE TAL MANERA QUE EL MAXIMO
DESPLAZAMIENTO PROVOCADO POR O SEA 1 (KD

SE MULTELKA LA carRGA O (YA AFECTADA POR EL FACTOR uc
AJNISTE) POR LA LONGITUD DE LA ESTRUCIURA 4 9]

SE DETCRMINA EL PESO TOTAL DE LA SUPERESTRUCTURA (W)

SE OBTIENE EL PERIODO N° 'URAL DE VIBRACION
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B)

11)

IRRD

{u)
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ANALISIS ESTATICO. METODO DE LA COORDENADA GONIRALIZADA

SE SUPONE EL MODO FUNDAMENTAL DE VIBRACION (LONGITUDINAL v
TRANSVERSAL)

SE [XPRESA EL MODO FUNDAMENTAL EN  FUNCION. DL U
DESPLAZAMIENTO GENERALIZADO.

SE DEFINE LA PARTE DE LA SUPERESTRUCTURA QUE SE  CONGIDERARA
EN EL ANALISIS

SE CALCULA EL PESO DE LA PARTE ELEGIDA DE LA SUPERECTIRUCTURA
wo

SE DETERMINA LA RIGIDEZ DE LOS MIEMBROS VERTICALES QUE
SOPORTAN LA FPARTE ELEGIDA DE LA SUPERESTRUCTURA (KD

SE€ OBTIENE EL PERIODO NATURAL DE VIBRACION
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RIGIDEZ GENERALIZADA
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MASA GENERALIZADA
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C) AMNALISIS DINAMICO
- ANALISIS MODAL ©LSPECTRAL

- ANALISIS PASO A PASO
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Chapter 6
SEISMICITY

LUIS ESTEVA

Instituto de Ingenicria, Unieersidad Nacional Autdnoma de Mdxico, Mexico

noLON SEISMICITY MODIELS

Hational formulation of engineering decisions oy seismie arens reguires
quantitative descnptions of seismicity. These desertplions should conform
with their intended applications: in some instances, simultaneous intensities
durimg each earthgquake have Lo be predicted at severad locitions, while in
athers it suffices Lo make independent evaluations of the probable effects of
carlthquakes at each of those locations,

The second model is adequate for the selection of design parameters of
individual components of a regional system {the structures in a region ot
country) when no significant interaction exists between response or damage
of several such individual components, or between any of them and the
system as a whole. In other waords, it applies when the damage — or negative
utility — inflicted upon the system by an earthguake con be taken simply as
the addition of the losses in the individual components.,

The linearity between monetary values and utilities implied in the second
model is not always applicabie. Such is the case, for instance, when a sig-
nihicant portion of the national wealth or of the production system is con-
centrated in a relatively narrow area, or when failure of Lfe-line components
may disrupt emergency and reliel actions just after an earthguake. Evalua-
tion of risk for the whole regiona)l system has then to be based on seismicity
models of the first Lype, that is, models that predict simultancous intensities
aL several locations during each event; for the purpose of decision making,
nonhnearily hetween monetary values and utilities con be aceounted for by
means of adequate scale transformations. These models are also of interest to
insurance compenies, when the probability distribution of the maximum loss
in a given region during a given time Interval is to be estimated.

Whatever the category to which a seismic risk problem belongs, it requires
the prediction of probability distributions of certain ground motion char-
acteristics (such as peak ground acceleration or velocily, spectral density,
response or Fourier spectra, duration) at a given site during a single shock or
of maximum values of some of those characteristics in earthquakes occurring
during given time intervals. When the reference interval tends to infinity, the
probability distribution of the maximum value of a given characteristic ap-
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proaches that of its maximum possihle value. Decause different systems or
subsystems are sensitive to dilferent ground motion characleristics, the term
wtengity charavienstic will be used throughout this chapler to mean a partic-
ular parameter or sel of parameters of an earthquake motion, in terms of
which the response is to be predicted  Thus, when dealing with the failure
probambity of a stracture, intensity ean be allernalively mensured = wilh
different degrees ol correlation with structural response -- by the erdinale of
Lhe respinse specttum for the corresponding penod and damping, the peak
provnd acecleration, ar the peak grovned velocity

I general, Jocal mstromental information does nol suffice Tor estimating
the probabilily distribulions of maxtmum intensily characteristics, and use
has to be made of data on subjective measures of intensilies of past earth-
quakes, of models of local seismniaity, and of expressions relating charactens-
ues with magnttude aned sibe-to-source distance. Models of local seismicity
consist, al least, of expressinns relating magnitudes of enrthguakes generaled
in given volumes of the earth’s crust with their return periods, More olten
than not, a8 more detaibed description of local seismicily 18 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 (delined by magnitudes and coordinates).

This chopler deals with the various steps to be followed in the evaluation
of seismic risk at sites where information other than direct instrumentaol
recards of intensities has Lo be used. identifying polential sources of ac-
tivity near he site, formulating mathematical models of local seismicity for
carh source, obtaining the contnbution ol each source to seismic risk at the
site and adding up contribwtions of the various sources and combining in-
formation obtained from local seismicity of sources near the site with data
on instrumental or subjective inlensilies observed at the site.

The foregoing steps consider use of information stemming from sources of
different nature. Quantitativee values derved therefrom are ordinarily tied Lo
wule uneertainty margings. Hence they demand probabilistic evalustion, even
though they eannot always he interpreted in terms of relative frequencies of
oultvomes of given sxperiments. Thus, grologists Lalk of the maximum maoy-
nitude Lthnt can he generaled i a given area, assessed by looking at the di-
nmensions of the grological accidents and by extrapolating the observations
of ather regions which avalable evidence allows to brand as similar to the
onc of interest; the estimates produced are obviously uncertain, and the
degree of uncertainly should be expressed together with the most probable
value. Fullowing nearly parallel lines, some geophysicists eslimate the energy
thut can be liberated by a single shock in a given area by making quantitative
assumptions about source dimensions, dislocation amplitude and stress drop,
consistent with Lectonic models of the region anu, again, with comparisons
with areas of similar teclonic characteristics,

Uncertainties attached Lo estimates of ... Lype just described are in gen-
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eral extremely large: some studies relating faull ruptlure area, stress drop,
and magnitude (Brune, 1968) show that, considering not unusually high
stress drops, it does not take very large source dimensions o get magnitudes
8.0 and grealer, and those studies are practically restricted to the simplest
Lypes of fault displacement. It is not clear, therefore, that realistic bounds
can always be assigned 1o potential magnitudes in given areas or that, when
tUns is feasible, those bounds are sulficiently low, so that designing structures
Ly withstand the comrespontling inlensities is economically sound, particular-
ly when occurrence of those Intensities is nol very likely in the aear fulure.
Hecause uncertainties In maximum [easible magnitudes and in other param-
elers Jdefining magnitude-recurtence laws can be as significant as their mean
values when Lrying to maoke rational seismic design decisions, those uncer-
tainties have lo be explicitly recognized and accounted for by means of
adequale probabilistic crileria. A corollary is that geophysically based esti-
mates of seismicily parameters should be accompanicd with corresponding
unceriainty measurcs,

Scismic risk estimates are often based only on statistical informatlon (ob-
served magniludes and hypocentral coordinates}, When this is done, a wealth
of relevant geophysical information Ia neglected, while Lhe probabilistic pre-
diction of the future is made to rely on a sample that Is often small and of
Jittle value, particularly if the sampling period is short as compared with the
desirable return peried of the evenls capable of severely damaging a given
system.

The crilerion advocaled here intends to unily the foregoing approaches
ond rationally Lo assimilate the corresponding picces of informolion.' Its
plulosophy consists in using the geologlcal, geophysival, and all other avail-
able non-statistical evidence for producing a sel of allernole assumptions
concerning a mathematical (stochastic process} model of seismicily'in a given
source area. An initial probability distribution is assigned tu the set of hy-
potheses, and the statistical information is then used Loy improve that probabil-
ity astignment. The criterion is based on application of Haves theoreni, also
called the theorem of the probabilities of hypotheses Since estimates of
risk depencd largely on conceplual models of the grophysical processes -
volved, and Lhese are known with different deprees of uncertamty in differ-
ent zones of the earth’s crust, those estimates will be derived from stochastic
process models with uncertain forms or paramcters. The degree (o which
these unceriainties can be reduced depends on the limitations of the state
of the arl of geophysicel sciences and on the efforl that can be put into
compilalion and interpretation of geophysical and statisticol information,
This is an economita! problem that should be handled, formally or informal-
ly, by the criteria of decision making under uncertainty.



182
6 2 INTENSITY ATTENUATION

Avnilable criteria for the evaluation of the contribution of potential sela.
mic sources Lo the nisk at a site make use of intensity attennation expressions
thal relate mtensity characleristics with magnitude and distance from site to
source  Depending on the application envisaged, the intensity characteristic
to be predited can be expressed iy a number of manners, ranging from n
subjective index, sucle as the Modified Merealli i, - 1ty, to a combination of
vite of more quantitabive nicasures of ground shaking {see Chapter 1).

A number of expressions for altenuatin of v s inlensity characteris.
ties with distance hiave been developed, hue there s little agresment among
maost of them fAmbraseys, 1973y This 13 due in part to discrepancies in the
definitions of some parameters, in the ranges of valies analyzed, in the ac-
tual wave propagation properties of the geological formations lying bolween
source and site, in the dammaling shock mechamisms, and m the forms of
the Emalylirnl wxpressions adopled o priori,

Most antensity-atlenuiation studies concetn the prediclion of earthquake
charactetisties on rock or lirm ground, and assume that these characteristics,
properly mudified in lerms of frequency-dependent soill amplification fac.
tors, shoull conslitule the basis Tor estimating their counlerpartls on suft
ground Observations aboul the mMuence of soil properties on rarthquake
damage suppeord the assumption of a strong correlalion between type of local
ground end intensity in n given shuck, Attempts to analytically predict the
characleristics of motions on soil given those on firm ground or on bedrock
have nol been Loo successful, however {Crouse, 1973; Hudson and Udwactin,
1973; Salt, 1974), with the exception of some peculiar cases, like Mexico
City (Herrera et al., 1965), where local conditions favor the fullillment
of the assumplions implicd by ususl analytical models. The following para.
graphs concentrate on prediction on inlensities on firm ground; the influence
of local s0il is discussed in Chapter 4.

6.2 I Intensity aftenualion on firm ground

When isoseismaly (hines juining sites showing equal intensity) of a given
shock are based only on Intensities observed on homogeneous ground con-
ditions, such as firm ground (compact soils) or bedrock, they are roughly
ellipti-J and the orientations of the corresponding axes are often correlated
with ...cal or regional grological trends (Figs. 6.1—6.3). In some regions — for
instance near major faults in the western United Stales — those trends are well
defined and the correlations are clear encugh as to permit prediction of in-
tensity in the near and far {ields in Lerms of magnitude and dislance to the
Kenerating fault or to the centroid of the energy liberating volume. In alher
regions, such as the easternn Umited Slales and most of Mexico, isoseismals
seem to elungale systematicaliy In a direction that is a function of the epi-
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central coordinates (Bollinger, 1873; Figueroa, 1963). In that case, intensity
should be expressed as s function of magnitude and coordinates of source
and site. For moat areas in the world, intensity has to be predicted in terms
of simple — and cruder — expressions that depend only on magnitude and
distance from sile to instrumental hypocenter. This stems frum inadequate
knowledge of geolectonic conditions and from limited information con-
cerning the volume where energy is liberated in each shock.

A comparisnn of the rates of altenuation of inlensitics on firm ground for
shocks on weslem and eaatern North America has disciosed systematic dif-
ferences between those rates (Milne and Davenport, 1960). This is the source
of a hasic, bul olten unavoidable, weakness of most intensity-attenuation ex-
pressions, because they are based on helerogeneous data, recorded In dif-
ferent zones, and the very nature of their applications Implies that the less is
known about possible systematic deviations in a given zone, as » conse-
quence of the meagerness of local information, the grester weight is given
to prediclions with respect Lo observations,

6 2.1 1 Modifited Mercalli intensitics
An analysis of the Modified Mercalli intensities on firm ground reported
for earthquakes occurring in Mexico in Lhe last lew decades leads Lo the fol-
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lowing expression relating magnitude M, hypocentiral distunce T (in kito-
meters) and intensity [ (Esteva, 1968);

F=1doM—=5Tlog,o R*+7T9 - (6.1)

The prediction error, defimisd as the difference hetween observed and
computacl nlensity, is roughly normally distributed, wilh a standard devia-
tion af 2,00, which means thut there o probability of 60% that an ol-
s:rved intensity s more than onc degree greater or smatler than its pre-
dicted value, :

6 2 1 2 Peak ground accelerations and velucities

A lew of the avaitable expressions will be described Their comparison will
show how cautinusly a designer intending to use them should proceed,

Housner studied the attenuation of peak ground accelerations in several
regions of the United States and presented his results graphically (1969) in
terms of fault fength (in turn a funclion of magnitude), shapes ol isoseismals
and areas experiencing inlensities greatér than given values (Fig. 6.4 and 6.5).
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1le showed that intensiticy altenuate faster with distance an the west enast
thinein U pest of the country. This comparison s in agreement with Milne
and Davenport (196GY), who performed a similar analywss for Cunada. From
olrervations of strong earthquakes in California snd in British Columbia,
they developed the following expression fur o, the peak ground acceleration,
us a fraction of gravily:

a/g = 0.0060 ' " 1.1 '™+ BY) 6.2y

Here, R is ep{central distance in kilometers, The acceleration varies
roughly as ' ** =2 for large R, and a3 e® ®*" where R approaches tero.
This reflects to some extent the fact thal energy is relueased not at a mingle
peint but from a finite volume. A Inter study by Davenport (1972) led him
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The statistical error of Lhis equalion was studied by fitting a lognormal i T3 Deeenrer DO12) 1 Ay )
probability distribution to the ratios of observed to computed accelerations. d 8 My end U'-'j""i"’“'— -—-—-\‘—“—. -t -
A standard devialion of 0.74 was found in the nalural logarithms of those 4 B | 6 s o0
ralios. s " .
Esteva and Villaverde (1973), on the basia of accelerations reported by g Fig 68 Comparison of scveral attenustion expremsions.
Hudson (1871, 1972a,h), derived expressions for peak ground accelerations h
and velocities, as follows: - P pared with R, is inadequate when dealing with earthquake sources whose
7 oM 1 . dimensions are of the order of moderale hypocentral distances, and often
alg = 5.7 "™ /(R + 40) (6.4) . : greater than them, Although equstion errors (probability distributions of the
MR+ 250 . ratic of ohserved to predicted intensities) have been evaluated by Davenport
v=aZ et ) {6.5) |I (1972) and Esteva and Villaverde (1973}, their dependence on M and R has not

Here v s peak ground velocity in em/sec and the other symbols mean the
same a8 above. The standard deviation of the notural logarithm of the rotio S
ol vhserved to predicted intensity is 0.64 for accelerations and G.74 tor

been analyzed. Because seismic risk estimales are very sensitive Lo the at-
tesivalion expressions in the range of large magnitudes and short distances,

e mote detailed studies should be undettaken, aiming st improving those ex-
velocities I judged by this parameler, eqs. 6.3 and 6.4 seem equally reliable. . » pressions in the mentioned range, and at evaluating the inflluence of M and R
However, as shown by Fig. 6.6, their mean velues differ significantly in some ‘ on equation error. Information on slreng-motion records will prohably be
ranges scanly fur those studies, and hence they will have Lo be largely Lased on
analytical ar physical models of the generntion and propagation of sciymic
waves  Allthough significant progress has bheen lately atluined in this direction
(Trifunac, 1973) the resulls from such models have hardly influenced the

With the exception of eq.

-

6.2, all the [oregoing attenuation expressions
are products of a function of R and a functlion of M. This form, which is ac.

ceplable when the dimensions of the energy -liberating source are small com-

S Tl ..
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practice of stismie risk estunation biecause they have remained either un-
kngewn to or imperfectly apprecinted by engineers in charge of the cor.
responding decisions.

6.2.1 3 Response specira

Peak ground acceleration and displacement === fairly good indicators of
the response of struclures possessing’ respectively very high and very small
natural (requencies. Peak velocity is co-selated -+ith the response of inter-
maediate-period systems, but Lhe correlatio. is less precise than that Lying the
former parameters; hence, it 13 patural Lo formulate seismic risk evaluation
am engineering design criteria in termns of spectral ordinates.

Response specteum prediction for given magmitude and hypocentral or
site-Lo-foull distanee usually entinls a twao-step process, aceording to which
peak ground aceeleration, veloeity amd displacement are initinlly estimated
and then used as relerenee values for prediclion of the ordinates of the re-
sponse speclrum Let the second step in the process be represented by Lhe
operalion ¥, = ay,, where v, is an ordinale of the response spectrum for a
given nalural period and damping ratio, and y, is a parameter {such as peak
prennndd aceeleration or velucity) that can be directly obtained from the time.
history revond of a given shock regardless of the dynamic properties of the
systems whose response is tu be predicted, For given M and R, y, is random
and so is y, /v, = a: the mean and standard deviation of y, depend on those
of y, and a and on the coclficient of correlation of the lslter variables. As
shown ahove, ¥ can only be predicled within wide uncertainty limils, often
wider than those tid Lo y, (Esteva and Villaverde, 1973). "I'he coellivient of
vuriation of ¥, given A and R can be smaller than that of y, only if a and
¥, are oegalively correlated, which is ofien the case' Lhe grenter the devia-
tion of an observed value of ¥, with respect Lo 1ts expectation for given M
and I, the lower is hkely Lo be a. In olher words, it seems Lhat in the inter-
mediate range of natural periods Lhe expected values of spectral ordinates fur
given dampring ratios can be predicted direclly in terms of magnilude and
focal distance with narrower {or al most equal} margins of uncertainty Lhan
those tied to predicted peak ground velocilies. 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 ertors are therefore nearly
equal.

McGuire {1974) has derived atlenuation expressions for Lhe conditional
values (given M and R) of the mean and of various percentiles of the prob-
ability distributions of the ordinales of the responsa spectra for given natural
periods and damping ratios. Those expreasions have the same (orm as eqs.
6.4 and 6.5, but their paramelers show that the rates of sttenuation of spec-
tral ordinates differ significantly from those of peak ground accelerations or
velocities. For instance, McGuire finds that pesk ground velocity atlenuates
in proportion to {f1 + 25)7! 1% while the mean of the pseudovelocity for a
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McGuire's atlenuntion expresions y = b, 10M% (R s a5y ™
¥ b, by by Viy) = coell. of
var, ol y

a gats 17212 0.278 1.301 0.548

v cm/sec 564 040 1.202 0.696

of cm 0392 0.434 0.HKD 0.883

Undamprd spectial pseudovetucities

T =00 ace 11.0 0278 1.346 0.94]
0h 305 0391 1000 0 636
10 0831 0.378 0.549 0.768
20 D UTRH 0 469 0019 0 DHY
h0 0 0AM 0.561 n {97 1.344

5% dainprd spectenl pacudovelocities

T=01sce 1009 0211 At 0651~
05 574 0 356 1197 0 L9
1.0 02 01399 0.7014 0701
20 0122 0.460 L] 0 941
&0 00706 0.557 R T 110y

natural period of 1 sec and a damping rativ of 25 attenuales in propottion
o (1t + 25)7% %", These results stem from the way that frequency conlent
changes with B and lead to the conclusion that Uw rativ of spectral velovily
should Le taken as a function of M and R.

Table 6.1 summarizes McGuire's attenuation expressions and their coel.
ficients of varialion for ordinates of the pseudovelocily spectra and for peak
ground acceleration, velocily and displacement. Similar expressions were
derived by Esteva and Villoverde (1873), Lul they are intended to predict
only the maxima of the expected acceleration and velocity spectra, regard.
less of Lhe periods associaled with those maxima. No analysis has been
performed of Lhe relative validity of McGuire's and Esteva and Villaverde's
expressions for various ranges of M and R.

6.3 LOCAL SEISMICITY

The term local seismicity will be used here 1o designale the degree of
seismic activily in a given volume of the earlh’s crust: il can be quantitatively
described according to various criteria, each providing a different amount of
information. Most usual crileris are based on_upper bounds to the mag-
nitudes of earthquakes thal can originate in a given seismic source, on the
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amownt of energy libetated by shocks per el valume and per unit time or
an maote detmlid statistal deseriptions of Use process

6.0 1 Mugnitude-recurrence PEHECESIOnNs

Gutenbery and ichter 1319543 obtamed expeessions relating earthoquake
magnitudes wilh their rales of oceurrence for several zones of the earth.
T'heir results can be pul in the form
Aeqge W (G.R)
where Xois the mean number of earthguakes per wmit volume aind per unil
time having magnitude greater than M oand a and g are zone deperdent con-
stants; o vanes widely [rom puint to point, as evidenced hy the map of
epicenters shuwn in Fig 67, while § remains within a relatively narrow
range, 08 shown in Fig. 6 8 Equation 6§ 6 implies o distribution of the en-
ergy liberated per shoek which is very similar Lo that observed in the process
of micrafracturing of laboratory specimens of several types of tock subjected
t grodually increasing compressive or bending strain {Mogi, 1962; Schuolg,
1968). The values of § determined in the laboratory are of the same order
a3 those obtained from seismic events, and have heen shown to depend an
the helerogeneily of the specimens osnd on their abilily to yicld lacally,
Thus, in heterogeneous specimens made of hrittle materials many smndl
shocks precede a major fracture, while n hemogeneous or plastic materials
the pumber of wmoll shocks is relatively small, These cases corresapond Lo
large and small f-values, respeclively. No general relationship is known to the
writer helween fJ and geotectonic features of seismic provinces: camplexity
af crustel structure and of stress gradients precludes extrapolation of lah-
oralory resulls; amd statistical records for refatively small zones of the earlh
we not, a3 a rule, ndequate for estabilishang tocal values of A Figure 6.8
shows that for very high magnitudes the observed (requency of evenls is
lower thun predicted by v 6.6 In ndddition, osenbhluetd (1909} hue shown
thut @ connol be smaller thah 3.46. since that would tmply an infinite
amount of energy liberated per unit Lime, Hlowe' 1, Fig. 6 8 shows that the
values of g whieh result from fitting expy  “onso._ the Torm 6.6 to vhserved
data are smaller than 3 46, henee, for very high values of M {ahove T, ap-
proximatelyd the curve should beml down, n aveordanee with statitical
vvnlenes.

Expressions altemative to s, 6.6 lave bee
resenl mote adequately the observed magnitude.recurrence dato (Rosen-
blueth, 1961, Merz and Cornell, 1973) Most of these expressions also fajl to
recognize the existence of an upper hound to the magnitude that can be gen-
eraled in a given source. Allthough no precise estimates of this upper bound
can yel be obtained, recognition of its existence and of its dependence on
the geotectunic characteristics of the source is inescepable. Indeed, the prac-
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tice of seismic zoning in the Soviel Union hns been based on this conecept
(Gzovsky, 1962, Ananitn et al,, 1968} and in many countries design spectra
for very important stnrctures, such as nuclear reactors or large dams, are
wsually derived from the assumption of a maximum credible intensity at a
sile; thal intensity is ordinarily olitained by taking the maximum of the
wlensities that resull at the site when al ench of the polential sources an
rarthgquake with magnitude equal to the maximum feasible value for Lhat
suntrce is genermmted at the most unfavourable localion within the same
source, When this criterion is applicd no attention s usually pald to the
uncertainty in the maximmum feasible magnitude nor to the probability thal
an rarthquake with thot magnitude will occur during a glven time period.
The need to formulate selamlc-risk-related decisions that account both for
upper bounds to magnitudes and for their probabililies of oceurrence sug-
Kests adoplion of magnitude recurrence expressions of the form:

A=A GHM)  for My < M < M,
=X, for M < M,
LY for M > M, (6.7)

where M = lowest magnitude whose contribution to risk Is significant, My,
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= maximum feasible magnitude, and G*(M) = complemenlary cumulative
probability distribution of magnitudes every time that an evenl (M 3 M)

occurs, A particular form of G*(M) that lends itsell to onalytical derivations
Is:

G*IM) = Ay + A, exp{—M) — Ay exp|~{f — §,IM] (6.8)

where:

Ao = APy expl =My — M)

A=A - ) explfiary)

Ay = g exp(—0,My + M)

A =B = expi =P (Al — MO =0, (1 = expl- BMy — M)l 17!

As M temds Lo M, from above, eq 6.7 approaches ey, GG Adoption of
wdequate values of My and 8, permits satislying Lwo additional conditions:
the maximunn feasible magnitude and the rote of vanation of N in its vicinily.
When A, -+ =, ey, 6.B tends to an expression proposed by Cornell and
Vanmarchke {1469}

Yoepulalp and Kuo {197.) have applied the theory of extreme values to
estimating the probabilities that given magnitudes are excecded in given Lime
intervals. They assume those probabililies Lo it en extreme Lype-1§§ dis-
tribution given hy: .

Farya AMI) = expl—C(My — M)*t]  for M < M, .
=0 forM> M, ) (6.9

Here Fy | (M11) indicates the probabhility that the maximum magnitude ob-
serverll in [ years is amaller than M, My has the same meaning as nhove,'and
C e K are zonedependent parameters. This distribulion is consistent
wilh the assumption that earthquakes with moagniludes greater than M take
place in accordance with a Poisson process with mean rate A equal to CtMy -
— M)*. Equation 6.9 produces msgnihide recurrcnce curves that fit closely
the statistical data on which they sre based for magnitudes above 5.2, and
relurn periods from 1 to 50 yesrs, even though Lhe velues of Af, 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 [raction of the number of shocks that take
place ia delected. 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 ahout 5.5, In addition, Fig. 6.9, taken fromn Yegulalp and Kuo (1974),
shows that the numbers of detected shocks [jt the extreme type I{l in eq, 6.9
better than the extreme type-1 distribution implied by eq. 6.6., coupled with
the assumplinn of Poisson distributlion of the number of events. It is not
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clear what portion of the devialion from the extreme type-l distraibution is
de to the low values of the detectability levels and what portion comes
Irom differences between the actusl form of variation of A with M and that
given by eq 6.6, The problem deserves altention because estimates of expect-
cit tosses due Lo nonstructural dumage may be sensitive to the values of A for
ymall magnitudes {say helow 5 5) and because the evaluation of the jevel of
seismic activily inaregion is often made le depend on the recorded numbers of
siall magnilude shocks and on assumed detectability levels, i.e. of ratios of
numbers ol detected and oecurred earthquakes (Kaila and Narain 1971
Kaila et o)., 1972, 1974).

Nane of the expressions for & presented in this chapler possess the desir-
able property that s applicalnlity over a number of non-overlapping rvgin;m
of the earth's crust imphes the validity of an expression of the same fonn
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 if § i the same for al
terms in the sum. Similar objections can be medy .o eq. 6.8. In what follows
these forms will be preserved, however, as thelr ~ccuracy I1 conslstent with

195

the amaount of available information and ther adoption offers significant
advantages i Lthe evaluation of reglonal seismicily, as shown luter.

612 Vaniation with depth

Depth of prevailing seismic activily in a region depends on its tectonic
structure. For instance, most of the aclivity in the western couast of the
Hinted States and Canada consists of shocks with hypocentral depths in the
range of 2030 km. In other areas, such as the southern coast of Mexico,
seisimie evends can be grouped into two ensembles: one of small shallow
shocks and one of earthquakes with magnitudes comprised in a wide range,
and with depths whose mean value increases with distunce from Lhe shoreline
(Fig 6.19). Figure 6.11 shows the depth distrifiution of carthquakes with
magnitude above 5.9 for the whole circum-Pacilic belt.

6 3 1 Stochastic models of earthquohe occurrence

Mean exceedance rates of given magniludes are expecled averages during
long time intervals. For decision-making purposes the times ol earthquake
occutrence are also significant. AL present Lthose times can only be predicted
within a prubabilistic context.

let t, (i =1, .., n} be the unknown times of occurrence of earthquakes
generated in a given volume of the earth’s crust duning a given Lime interval,
ant! let M, be the corresponding magnitudes. For Uw mument it will be as-
sumead that the risk is uniformly distributed throughout the given volume,
ani] hence no attention will be paid Lo the focal coordinates of each shock.

Classical methods of time-series analysis have been applied Ly different
rescarchiers altempting to devise analyticali models for random earthquake
sequences. The (ollowing approaches are often fuund in Lhe literature:

{a) Plolting of histograms of waiting times between shocks (Knopoll,
1964; Aki, 19G2).

(b} Evaluation ol Paisson’s index of dispersion, thid is of the ratio of the
sample varianve of the number of shocks Lo ils expecled value (Vere-lones,
1970, Shlien and Toksiz, 1970). This index equals unity fur Polsson pro-
cesses, is smaller for nearly periodic sequences, and is greater than one when
events Lend to cluster,

{c) Determination of autocovariance functions, that is, of functions rep-
resenting the covarionce of the numbers of vvenle oliserved in given Ume
intervals, expressed in terms of the time clapsed belwoeen thuse intervals
{Vere-Jones, 1970: Shlien and Toksdz, 1970). The autocovariance function
ol a Poisson process is a Dirac della Tunction. Tins fenture is characteristic
for the Paisson model since it does not hald for any other stochastic process.

(d) The hazard [unction A(t), delined so that h{{) dt is the conditional
probability that an event will take place in the interval (f, ¢ + dt) given that
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no events have occurred before (. Il F{{) is the cumulative probability dis-

tribution of the time between events:

h(t) = F()(Y — FO] (6.10})
where f{{) = aF(t)/ot. ~

s
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For the Poisson maodel, (1) is a constanl equal to the mean rate of the pro.
Curss,

6.3 3.1 Poisson model

Most commonly applied stochastic models of seismicity assume Lhal the
evenls of earthquake occurrence constitute & Poissun process and that the
M/s wre independent and identically distributed. This assumptlon implies
that the probability of having N earthquakes with mognitude exceeding M
during lime interval (0, !} equals: - '

Pr = lexp(—vy Otvy Y )N (6:11)

where vy is the mean rate of exceedance of magnitude M in the given vol-
ume. Il N is laken equal to zero In eq. 6.11, one obtains thal the ptobability
distribution af the maximum magnitude during time interval t is equal to
exp(—vy t). Il vy Is given by eq. 6.6, the extreme type-I distribution is ob-
tained. )
Some weaknesses of this model become evident in the light of statistical
information and of an analysis of the physical processes nvolved: Lhe Pois-
son assumption implies that the distribution of the waiting time to the next
event is nol modified by the knowledge of the time elapsed since the last
one, while physical models of gradually accumulated and suddenly released
energy call for a more general renewal process such that, unlike what hap-
pens in the Poisson process, the expected Lime to Lhe next event decreases as
time goes on (Esteva, 1974). Statlstical data show that the Poisson assump-

Ve
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lion may he aceeplable when dealing with large shocks throughout the
world (en-Meoahen, 1960), implying lack of correlalion between setsane-
ties of different regions; however, when considering small volumes of the
curth, of the order of those that can sigmficanlly conlribute Lo seismic nisk
at a site, data often conteadict Poisson’s model, usually because of cluslering
of earthquakes in time: the observed numbers of short intervols belween
evenly are signiflicantly higher than predicted by the exponential distrilu-
tion, and vatues of Puisson’s index of dispersion are well ahove unily {Figs
612 and 6 13). In some instances, however, deviations in the opposile direc-
linn have bheen obscrved. waiting times tend to be more nearly periodie,
Poisson’s index of dispersion is smailer than one, and the process can he
represented by a renewal model. ‘fhis condition has been reporled, for
instance, in the southem const of Mexico (Esteva, 1974), and in the Kam-
chatka and Pamir—Hindu Kush regions (Gaisky, 1966 and 1967). The mo-
els under discussion also fail to sccount for clualering in space {Tsuboi,
1958; Gajardo and Lomnitz, 1960), for the evolution of scismicity with
Ume, and for the sysiemalic shifting of active sources along grologir ac-
citlents (Allen, Chapler 3 of this book). Un accounl of ita simplicily, how-
ever, the Poisson process model provides a valunhle tool for the formulation
of some seismic-risk-related decisions, partiewlarly of those that are sensitive
only tlo magnitudes of evenls having very long return penods.

6332 Trigger mendels
Slatistical enalysis of waiting times helween enrthguikes does not favor
the adoption of the Poisson model or of olher forms of rencwal [rocesses,
such as those that assume that waiting times are mutunlly independent wilh
lognormal or gamma distribulions (Shlien and Tokstiz, 1970}, Alternative
mundels have heen developed, most of them of the ‘Lriggger Lype’ (Vere Janes,
1970, ie. the averall process bl earthgunke generabion is considered ns the
superposition of B number of lime senies, each having a different origin,
where Lhe origin times are the events of a Poisson process. In gencrnd, lel NV
he the numbier of events that take place durimg time interval (0, 1), r,, = wri-
gin time of the mth series, W_ (1, 1) the corresponding numbar of evenls
up to Instant &, end n, the random number of Lime series initioted in Lhe
interval {0, 1). The total number of events that occur before instant t is then
Lt
1,
N=L Wit 1) (6.12)
m
If origin times are distribuled according to a homageneous Poisson proeess
wilh mean rale v, and all W_ 's are identically distributed stochastic processes

with respect Lo (£ — 1), it can be shown (Parzen, 1962) thal the mean and
variance of N can be obtained {from:

!
EN)=vw fs[wu. )]dr (6.13)
L
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f LY
var (N) = ufs[w’ﬁ, r))dr {6.14)
0

. Parzen (1962) gives also an exprassion for the prohability generaling func-
Lion Yy (Z; t) of the distribulion of NV in terms ol Yy {Z:t, 1), the generat.



200

200

A
Power inw model b

shur_‘-\'/y!cl!

Votiance /mean
150} -

- — A4

no

n 1 ! 0
o 03 10 L

Time interval  yeary

Fig B 11, Varance—time curve for New Zesland shallow shocks, (After Vere Jones,
[RUHN]

ing function of cach of the eompuonent processes:

i
GnlZity = exp |- ot 's'j'¢,,(z;:,ry|1| (G.16)
]
where:
GalZit oy = 25 7 P{W(E, 1) = n) (6.16)
nsQ

wul the prohatnhity s function of N can e obstamed from Yo {Z; () by
recalling that:

GnlZ:t)= 22 Z°P (N = n)

L1

expanding ¢, in power series of Z, and taking P{N = n} equal to the corf.
ficient of Z° in that expansion. For instance, If it is of intorest to compute

P(N = 0], expansion of Y, (Z; t) in a Taylor's series with respect to Z =~ 0
leads to:

2
INZit) = (00 + 205 00 s w0 (6.17)

whete the prime signifies derivative with tespect to Z. From the delinition ol
Un, PIN =0} = yu(0:0),

Beeause the component pracesses of 'Lnigger’-type time series appear over-
lapped in sample histories, their analytical reptesentation usually entails
study of a number of alternative models, estim-ti~n of their parameters, and
comparison of model and sample properties — ot.en second-order properties
(Cox and Lewis, 1966).

VereJones models. Applicability of su...s general 'trigget’ models to rep-
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resent local seismicity processes was discussed in 2 comprehensive paper by -
Vere-Jones (1970), who calibrated them mauinly ngainst records of seismic ac-
livity in New Zealand. In addilion to simple and eompound Polssun pro-
cesses {Parzen, 1962), he consideted Neymun-Seoutt and Bartlett-Lewis mod-
vls, boliv of which assume that earthquukes occur in clusters and Lhal the
number of events in each cluster is slocastically independent of its origin
time In the Neyman-Scott model, the process of clusters is assumed station-
ary and Poisson, and each cluster is defined by py, the probabilily 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 [ormer,
where each cluster is a renewal process thal ends after a finite number of
renewals. In these models the conditional probability of an event taking
place during the interval (f, ¢ + dt), given thal the cluster consists of ¥
shocks, is equal Lo NX(1)dt, where A1) = d.A ()AL,

Because clusters overlop in time they cannot easily be identified and
sepnrated. Eslimation of process parameters is accomplished by assuming
different sets of those parameters and evaluating Lhe corresponding goodness
of fit with observed data.

Various allematlive forms of Neyman-Scotl's madel were compared by
Vere.Jones with obsetved data on the basis of first- and second-order stalis-
tics: hazard functions, interval distribulions (in the form of power spectra)
and variance time curves. The statistical record comprises about one thou-
sond New Zcaland earthquakes with magnitudes greater than 4.5, recorded
from 1942 to 1961. Figures 8.13~6.15 show resulls of the analysis for shal-
low New Zealand shocks as well as Lhe comparison of observed data with sev-
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Fig 8.14 Smoolhed periodogram for New Zealand shallow shocks. (After Vere-Jones,
1966.}
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ernl alternative models The process of cluster origins 13 Poisson in all cases,
hut the distributions of ctuster sizes (N} and of times of events within «lus-
ters differ among the various instances in the Poisson model no clustering
takes place (the distribution of N is a Dirac delta-funclion centered at N = 1)
while in the exponential and in the power-law mmxlels the distribution of N is
extremely shewed towards & = 1, and A(l) is taken respectively as 1 — e~ *'
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and 1 — [efte + 0)* for t 2 0, and as zero for { < 0, where A, ¢, and & are
pusitive parometers. In Figs. 6.13—-6.15, 5 = 0.25, ¢ = 2.3 days, and A =
0 061 shocks/day. The significance of clustering is evidenced by the high
value of Poisson's dispersion index in Fig 6.1, while no significant period.-
ivity can be inferred from Fig. 6 14. Both ligures show that the power-law
moilel provides the best fit to the statislics of the samples. A similar analysis
for New Zealund's deep shocks shows much less ¢lustering: Poisson's disper-
sion index equals 2, and the hazard function is nearly constant with time.

Shil, data reported by Gaisky (1967) have hazard {unctions that suggest
models where Lthe cluster origins as well as the clusters themselves may be
tepresented by renewal processes. Mean retumn periods ame of the order of
severnl montha, and hence these processes do nut correspond, at least in the
time scale, to the process of allernate periods of activily and quiescense of
some geclogical structures cited by Keilcher et al. (1973), which have led to
the concepl of ‘temporal seismic gaps’, discussed below.

Simplified trigger models. Shlien and Tokstz (1970) proposed a simple
particular case of the Neyman-Scotl process; they luinped Ltogether all earth.
quakes taking place during non-ovetlapping time inlervals of a given length and
defined them as clusters for which A{(t) was a Dirae della funclion, Working
with one-day inletvals, Lhey assumed the number of events per cluster to
be distributed in accordance with the discrete Pareto taw and applied 2 maxi-
mum-likelihood criterion to the information consisting of 35000 earih.-
quakes reported by the USCGS from January 1971 to August 19G8. The
moaodel propased represents reasonably well hoth the distnibution of the num.
ber of varthquakes in onedey intervals and the digpersion index, However,
owing Lo the assumplion that no cluster lusts more than one day, the model
{nils to represenl the autocorrelation function of the daily numbers of
shovks for small time lags. The degree of cluslering is shown to be a reglonul
function, and Lo diminish with the magnitude threshold value and with the
focal depth. .

Aftershoch sequences The trigger processes descrilied have been branded
as reasonable representations of regional seismic aclivity, even when alter.
shock scquences and earthquake swarms are suppressed [rom statislical
records, however arbitrary that suppression moy he, The most sipnificant
instances of clustering are refoted, however, Lo uftershuck sequenees which
often [ollow shallow shocks and only rarcly intermediale and deep events.
Persistence of large numbers of aftershocks for s few days or weeka has
propiliated the detailed statistical analysis of those sequences since last
century. Omori {1894) pointed oul the decay In the mean rate of after-
shock occurrence-with t, the time elapsed since the main shock; he expressed
that rate es inversely proportional to t + q, where g is an empirical constant,
Utsu (1961) proposed s more general expression, proportionsl to (I + ¢}~ ¥
where { is a constant; Utsu's proposal is consistent with the power-law ex-
pression for A(f} presented sbove.
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L.omnitz and Hax (1966) proposed a clustering model to represent after-
shock sequences; it is a modified version of Neyman and Scolt’'s model,
where the process of clusler origins is nun-homogencous Poisson with mean
rate deecaying in accordance with Omorl’s law, the number of events In earh
cluster has a Poisson distribution, and A(t) is exponential. All the results
and methods of analysis deseribed by Veredones (1970) for the stationary
process of ctusler orans cun be applicd to the nonstationary case through a
transformalion of the Lime seate Filting of parameters to four aftershock
wquences was accromphshed through use of Lhe second-order infurmation of
the sample defined on o transformed Lime scale. By applying Lhis criterion to
earthquake sels having magnitudes nbove different thresbold values il was
notived thal the degree of clustering decreases as the threshold value in-
creasey,

The magnitutle of the main shock influences the number of aftershacks
and the distribution of their magnitudes and, allhough the rate of activily
decreases with time, the distributinn of magniludes remains stable through.
out each sequence (Lomnitz, 1966, Utsu, 1962; Drakopoulos, 1971). Equa-
tinn 6.6 represents fairfy well the distribution of magniludes observed in
most aftershock sequences, Volues of § range ftom 0.9 to 3.9 and decrease
as Lthe depth increnses. Since volues of § for regular {main} earthquakes are
usually estimated from rrlatively small numbers of shocks generaled
throughout crust volumes much widet than those active during aftershock
sequences, no relntion has been established among fJ-values (or series of hath
types of evenls. The paramelers of Ulsu's expression for the decay of after.
shock activily wilh Lime have been estimaled [ar several sequences, for in-
stance those following the Aleutian earthquake of March 9, 1957, the Cen-
tral Alaska earthquake of April 7, 1958, and the Southeastern Alaska earih-
quake of July 10, 1958 (Utsu, 1962), with magnitudes equal to 8.3, 7.3,
and 7.9, respeclively; ¢ (in days) wax 0.37, 0.40, and 0.01, while { was 1.05,
105 and 1 13, respectively. The relationship of the tota) number of after-
shocks whose magnitude exceeds a given value with the magnitude of the
main shock was studicd by Drakopoulos (1971) for 140 aftershock se-
quences in Greece from 1912 (o 1968, llis resulls can be expressed by
Ni(MY = A expl—pPM), where N(Af) is the Lotal number of altershocks with
magnitude greater than M, and A is a function of M, the mognitude of the
mauin shock:

A= exp(3.62 0+ 1.1M, — 3.46) " (6.18)

Formulation of stochastic process models for given earthquake sequences is
feasible once this relationship and Lhe activily decay law are available for Lhe
source of inlerest. For seismic-risk estimation at a given site the spatial dis-
tribution of aflershocks may be as significant as the distribution of mng-
nitudes and the time variation of activity, particularly for sources of rela-
tively large dimensions,
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6 3.3.3 Renewal process models

The trigger models described are based on information about earthquakes
with magnitudes shove relatively low thresholds vecorded during time intet-
vals of at most ten years. The degrees of cluslering observed and the dis-
tnbulions of times hetween clusters cannot be extrapolated to higher mag-
nilude threshobls and longer time intervals without further study,

Available information shows beyond doubt that sipmficant clustering ls
the rule, at least when dealing with shallow shocks. However, there is con-
sitlerable ground for discussion on the nalure of the process of cluster origins
during intervals of the order of one century or longer. \While lack of statisti-
cal data hinders the formulation of seismicity models vahid over long time
witervals, qualitative consideration of the physical provesses of earthguake
generalion may point to models which at leust are constslent with the stole
ol knowledge of geophysical sciences. Thus, il strain energy stored in a te-
gion grows in a more or less systematic manner, the hazand function should
grow with the lime elapsed since the last evenl, and nut remain constant as
the Poisson assumption implies. The concept of a growing hazard fupction is
consistent with the conclusions of Kelleher et al. {1973) concerning the
theory of periodic activation of seisrmic gaps. This theory is partially sup-
ported by resulls of nearly qualitative analysis of the migration ol seismic
activily along a number of geological structures. An instance is provided by
the southern coast of Mexico, one of the most active regions in the world.
Large shallow shocks are generated probably by the interaction of the con-
tinental mess and the subductive oceanic Cocos plate that underthrusts it
an<l by compressive or Mexural failure of the latter (Chapter 2}, Seismologi-
cal data show significant gaps of activity along the coast during the present
century and not much is known about previcus history (Fig. 6.16). Along
these gaps, seismic-risk estimates based solely on obhserved intensities are
quite low, although no significant difference is evident in the geoiogical
structure of these regions with respect to the rest of the cossl, save some
transverse laults which divide the continental formation into several blocks.
Withoul looking at the siatistical records a geophysicist would essign equal
risk throughout the area. On the basis of seismicity data, Kelleher et al. have
concluded that activity migrates along the region, in such s manner that large
corthquakes lend to occur ab seismic gaps, thus Implying that the hazard
function grows wilh time since Lhe last earthquake. Similar phenomena have
been observed in other regions; of particulur interest is the North Anatolian
fault where activily has shifled systemalicully along it [rom cast Lo west dur-
ing Lhe last forty years (Allen, 1969).

Conclusions relative to aclivation of seismic gaps are conlroversial because
the observation periods have not excecded one cycle of vach process. Never-
theless, those conclumions point to the formulation of stochastic models of
seismicity that reflect plausible features of the geophysical processes.

These consideralions suggest the use ol renewal-process models to rep.
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resent sequences of individual shocks or of rlusters. Such models are char.
nclerized because Llimes between events are independent and idenlically
distributed. The Polsson process 1s a particular renewal model for which the
distribution of the waiting time is exponential. Wider generality s achieved,
without much loss of mathematical teactatnlity, if inler-event times are sup-
posed Lo be distnibuted in accordance with a gamma function:

v het -
(0 =y e (6.1

which becomes the exponential distribution when & « 1. If & < 1, short in.
tervals are maore frequent and the coelficient of variation is grealer than in
the Paitann model, of & > 1, the teverse is true Shhien and Toksaz (1970)
found Lthat gamma models were unable ta represent the sequences of in-
dividunl shiocks they analyzed; but these aulhors handled time intervals ot
leust an order of mogmitude sharter than those referred to in this section,

On the basis of hazard function estimated from wquences of sminll shorks
m the Hindu-Kush, Vere Jones (1970) deduces the validity of ‘hranching
renewal process’ maodels, in which the intervals hetween clusler centers, as
well as those between cluster members, constitute renewal processes.

Owing to the scarcity of statistical informat, |, reliable comparisons be.
tween allernate models will have Lo rest partiallv on simulation of the pro-
vess of storage and hberation of strain e ergy (© ndge and Knopolfl, 19467;
Veneziano and Comell, 197).

600 Influenee of the setsnucity maodet on seismic rish

Nominal values of investmients made al 8 given instanl increase with tymoe
when placing them sl compound interest rates, ie. when capitulizing them.
Their real value — amd not only the nominal one — will also grow, provided
the interest rate overshadows inflation. Conversely, for the purpose of muk-
ing design decisions, nominal values of expected utihlies and cosly inflicted
upon n Lthe fulure have Lo Ye converted inlo present or actualized values,
whith ean be directly compared with inibial expenditures. Descriptions of
seismic risk at 8 site are insulficient fur thal purpose unless the probalnlily
distributions of the times of occurrence of different intensities — or mag-
nitutles al neighbouring sources — are stipulated; this entails more than sim-
e magnilude-recurrence gruphs or even than maximum feasible magnitude
estimotes,

Immediately after the occurrence of a large earthquake, seismic tisk is ub-
normally high due to aftershock activity and to the probability that damage
inMicted by the main shock may have weakened natural or man-made struc.
Lures il emergency measures are not laken in time. When aftershock activity
has ceased and damaged systems have been repaired, & normal risk level js
atiained, which depends on the probability density functions of the walting
times to the ensuing damaging earthquakes.

1
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For the purpose of illustration, let it be assumed that a fixed and deter-
ministically known damage Dy occurs whenever a maghitude above a given
value [s generaled at a given source. {f f{} is the probabillty -density function
of the waiting lime to the occurrence of the damaging event, and il the risk
level is sufficiently low that only the [irst failure is of concem, the expected
value of the actualized cost of damage is (see Chapter 9):

D=0, [ e f(t)at 16.20)

o

where v is Lhe discount {or compound interest) coelficient and the overbar
denotes expectation. If Lhe process is Poisson with mean rate ¢, then f{t) is
exponential end 0 = D, v/y: however, il damaging events take place in
clusters and most of the damage produced by each cluster corresponds to its
first event, the computation of D should make use of the mean rale » cor-
responding Lo the clusters, instead of thal applicable to individual events,
Table 6.11 shows a comparison of seismic risk determined under the alterna-
tive assumplions of a Poisson and a gamma model (& = 2), both with the
same mean relurn period, k/v (Esteva, 1974). Three descriplions of risk are
presented as functions of the time ¢, elapsed since the last damaging event:
T, the expected time to the next event, measured from instont {y; the ex-
pected value of the present cost of failure computed from eq. 6.20, anrd the
hazard funclion (or mean failure rote). Since clustering is neglecled, risk of
afltershock occurrence must be either Included in Dy or superimposed on
Lhat displayed In the table.

‘This table shows very significanl dilferences amony risk levels for holh
processes. Al small values of tg, risk is lower for the gamma Process, but it

FABLFE 6 1
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wrows with Lime, untid it oulrides thot for the Poisson process, which remains
constant. Ihe differences shown clearly affect enginerring decisions,

61 ASSESSMENT OF LOCAL SEISMICITY

Only exceptionally can magnitudve-recurrence relations for small volimes
ul e eartl's erust and statistical voree’” tion O Uony of the provess of
carthguake genetation be deaved exelusively from statistical anulysis of
rev seebed shocks s mosl cotes this information 19 Loo limited for thal pur-
pase aned il does not always reflect geologieal evidence Since Lthe talter, as
well as its conneclion wilh sessmicily, is heset wilh wide uncertainty mar-
s, information of different nature has o be evalunted, ils uncertainly
unadyzed, and concludions reached consistent with all pieces of informution.
A probabibistic cnterion that sccomplishes this is presented here: on the
basis of grolectome dala and of coneeplual models of the physical processes
involved, a set of alternale assumptions can be made conceming the fune-
tions in question (maghitude recurtence, time, and space correlation} and an
inilinl  probability  distribution assigned thereto; staetistical information
is used to judge the likelihood of each assumption, and a posterior prob-
abulity distribution is obtalned. How statistical information contibutes to the
posterior probabilities of the altemate assumptions depends on the extent of
that information sand on the degree of uncertainty implied by the initial
probabilities. Thus, if geological evidence supports confidence in a particular
assumplion or range of assumptions, statistical information should not
greatly modily the initial probabilities. If, on the other hand, a long and
reliable sinlistical record is available, it practically determines the form and
parometers of the mathemetical model selected Lo represent local seismicily.

6 4 1 Bayesian estimation of seismicity

Bayesian statistics provide a framework for probabilistic inference Lhat
nccounts for prior probabilities assigned Lo o sel of alternate hypothetical
models of a given phenomenon as well as [or statistical samples of events re-
lated Lo thal phenomenon. Unlike convenlional methods ol statistical in-
ference, Bayesian methods give weight to probabilily measures obtained
lrom samples or from other sources; numbers, coordinates and magniludes
nf earthquakes observed in given time intervols serve to ascertain the prob-
able validity of each of Lhe alternative mordels of local seismicity that can he
postulated on the grounds of geological evidence. Any criterion intended to
weigh informalion of different nature and dilferent degrees ol uncerlainty
should lead Lo probabilistic conclusions consistent wilth the degree of con-

fidence attached to each source of information. This is accomplished by
Bayesian methods. ;

3

A
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Let H, (1 = I, .... n) he a comprehensive sel of mutually exclusive assump-
tions concerning & given, imperfectly known phenomenon and let A he the
observed outcome of such a phenomenon. Before observing oulcome A we
assigh an initial probability PU1,} to each hypothesis. If P(AIH)) is the
prohability of A in case hypothesis H, is true, then Bayes' theorem (Raif(a
and Schilaifer, 1968) states Lhal:

PLAIE)

A = PO ).',!’lH,lPlrilﬁ,_i {16.21)

The firsl member in this equalion is Uhe (posterior) probobility  that
assumptlion /1, is true, given the observed outvume A.

In the evaluation of seismic risk, Bayes’ theorem can be used to improve
mitial estimates of A(M) and its variation with depth in a given nrea as well as
those of the parameters that define the shape of AMAM) or, equivalently, the
cvondilional distribution of magnitudes given the occurrence of an earth-
quake. For that purpose, take A(M) as the product of a rate lTunction X =
A(M) by a shape function G*(M, B), equal to the condilional complemen-
tary distribution of magnitudes given the occurrence of an earthquake with
M > M, where M, is the magnitude threshold of the set of stalistical data
used in the estimation, and B is the vector of (uncertain) paramelens By, ...,
B, that define the ﬂ}&fe of A(M). For instance, if A{A) is taken as given by
eq. 6.8, A is a veclor of Lhree elements equal respeclively to #, ,, and My ;
if eq. 6.9 in adopted, B is delined by k and M ,.

The initial distribution of seismicity is in this case expressed by the inltial
joint probability density function of A, and B: (A, B). The observed out-
come A can be expressed by the magnitudes of all earthquakes generaled in a
given source during a given time interval. For instance, suppose that N earth-
quakes were observed during lime interval t and that their magnitudes were
my, My, ..., my. Bayes’ expression takes the form:

B N - “‘.__P{mhm:. R mN.l‘th,{][ .

f ()l.- Blmlo e My ” r{hl.- B, ‘”'lel- My, ... my, ”,‘ blru.b)d’db
(6.22)
where f°(.) is the posterior probability density function, and | and b are
dummy varishies that stand for all values that may be taken by A, and B,
retpectively. Estimation of A, can usually be formulated independently ol
that of the other parameters, The observed fact is then expressed by N, the
number of earthquakes with magnitude above M| during Lime t, and the

following expressjon is oblained, as a first slep in the estimation of MA):

PN UA

P (6.23)
FP(NL: QDU

6.4.1 1 Initial probabilities of hypothetical modcls

Where statistical information is scarce, seismicily estimates will be very

FAAGNG O =L
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sensitive Lo initial probabilities assigned to alternative hypothetical models:
the upinions of geologists and geophysicists about probable models, about
the parameters of these models, and the corresponding margins of uncertain-
ty should be adequately interprated and expressed in terme of a function [,
us renquired by equotions similar to 6.22 and 6.23. ldeally, these opinions
should be based on the formulation of potential earthquake sources and on
their comparison with possibily similar geotectonic structures. This is usually
tone by gealogists, more qualitatively than quantitatively, when Lhey esti-
wate My, Initial estimates of A, are seidom marle, despite the significance of
this parameter for the doesign of moderately important structures (see Chap-
brtly

Analysis of geologeal information must consider local details as well ns
petweral structure ancd evolution 1n some areas it 18 clear that all potential
varthrpuake sources con be identified by surface faulla, and thor diapringe-
menls in recent geologies! timea mensured. When mean displacements per
uml e can be estimatal, the order of moagnilude of creep and of encerpy
hbernted by shocks and henee of the recurrence intervals of given mugn.
tinkes can be established (Wallace, 1970, Davies andd Brune, 1971), the cor-
responding uneertainty evaluated, and an inital probabulity disttibution as-
siened Tl Tacl that magnitude recurrenee 1elntions are only weakly cor-
relatedd wath the size of fecent displacements iy eeflected in large uncertan-
ties (velrushevsky, 1966)

Application of the crilerion described in the foregning paragraph can he
unfensible or inadequale in many problems, as in areas where the shundance
of Taults of different sizes, ages, and activily, and the insufficient accuracy
wilth which focat coordinates are determined preclude a differentiation of all
sources. [legional seismicily may then be evalualed under the assumplion
that at least part of the seismic activily is distnbuted in a given volume
rather than concentrated in faults of different importance The same situa-
tion would be faced when dealing with aclive zones where there is no surface
evidence of motions, Hence, consideration of ths ~vernil behavior of com-
plex geological structures is often more significant than the study of local
delails.

Not much work has been done in the B.._. 58 01 the overall behavior of
targe geological structures with respect to the energy that can be expected
to be liberated per unit volume and per unit time in given portions of those
structures. Important research and applications should be expected, how-
ever, since, as a result of the contnbulion of plate-tectonics theory to the
unclerstanding of large-scale tectonic processes, the numerical velues of soine
of the variables correlated with energy liberation are heing determined, and
can be used al least Lo obtain orders of magnitude of expecled activily alony
plate boundaries. Far less well understood are the occurrence of shocks in
apparently inaclive regions ol continental shields and the behavior of com-
plex continental blocks or regions of intense folding, bul even there some

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

Knowledge of the geological structure can serve to formulate initial prob.
alnlity distribulions of selsmicily even when quantitative use of geophysical
information seems beyond reach. Initial probability distributions of local
seismicity parameters A, B in the small volumes of the earth’s crust that
contnibute significantly to seismic risk at a sile, can be assigned by com-
panison with the average seismicity observed in wider areas of similar tec-
Lonic charocteristics, or where the extent and completeness of statistical
information  warrant reliable estimates of magnitude-recurrence curves
tiisteva, 1969). In this manner we can, for instance, use the information
abut the average distribution of the depths of earthquakes of different
magniludes throughoul a seismic provinee to estimate the corresponding
distnibution in an area of that province, where activity has been low during
the observation interval, even though there might e no apparent geophysical
reason Lo account for the difference, Similorly, the expected value and coeffi-
cieal of variation of A, in a given area of moderate or low seismicity (asa con-
tinemtal shicld) enn be obtained from the statistics of Uwe motions originated
at all the suppusedly stable or aseismic regions in the world,

The sigmificance of initial probabilitivs in scismic risk estimales, against
the wright given to purely statistical information, becomes evident in the
vxample of Fig 6160 if Kelleher's theory about activation of seismic gaps s
true, risk is grealer at the gaps than any where olse along the coust; if Poisson
mudels are deemed representative of the process of encrgy liberation, the ex-
tent of statistical information is encugh to substantiate the hypothesis of
redduced risk at gops. Because both models are still conlroversial, and rep-
resent ol most two extreme positions conceming the properties of lhe
actual process, risk estimates will necessarily reflecl subjective opinions,

6 4 1.2 Signuficance of statistical information

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

A model a3 defined by eq. 6.19 will be assumed to apply. If the possible
assumptions concerning the values of A, constitute a conlinuous intarval,
the initial probabilities of the alternative hypotheses can he expressed in

terms of s probabilitydensity functlon of A_. If, in addition, & certain as-
sumption is made concerning the form of this probabilily density function,
only the initial values of E(A ) and V(A .) have to be assumed. It is advanta-
geous to assign to & = k/E(T) a gamma distnbution. Then, il p and u are the
parameters of this initial distribution of v, if b is assumed to be known, and
il the observed outcome is expressed as the time I, elapsed during n + 1
consecutive evenls (earthquakes with magnitude >M, ), application of eq.
6.23 leads to the conclusion that the posterior probebility function of v is
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also gamma, now with paramcters p + nk and p + ¢, The inilial and the
posterior expected values of v are tespectively equal to piu, and to (p + nkYy
( + L) When initial uncertainty ubout v is small, g and p will be large amdl
Lhe initis! and the posterior expected values of ¥ will not difler greatly. On
the ather haml, if unly stalistical information were deemed significant, p and
# shuuld be given very smail volues in the initial distribution, and E{), and
henee Ay, will be practically defined by n, k, and r,. This means that the
initial estimates of geologists should not only include expected or most
prohable values of the different parameters, but also statements ahout ranges
of possible values and degrees of conflidence attached to each.

In the cose studied above nnly a portion of the statistical information was
usedt. In most cases, especially if seismic aclivity has been low during the
observalion interval, significant information is provided by the durations of
the intervals elapsed from Lhe initiation of observationa to the fust of the n +
1 events considered, and from the last of these evenls until the end of the
nhservation perioil. Here, application of eq. 6.21 leads Lo expressions slightly
more complicated than those obtained when only information about t, is
used.

The particular case when the statistical record -~ ~orts no events during at
frast an interval (0, {,) counes up frequently in practical problems. The
probabihity density function of the time ™, fro- ‘s lo the occurrence of
the st event must account for the correspunding shulting of the time axis.
Furthermore, if the time of vccurrence of the last event before the origin is
unknown, the distribution of the woiting time from ¢ = 0 to the first event
caincides with that of the excess hfe in a renewal process at an arhitrary
value of t thet approaches infinity {Parzen, 1962). For the particular case
when the waiting times conslitute a gamma process, T, is measured from ¢ =
0, T is the wailing time between consecutive events, and it is known Ut
T\ '~ g, the conditional density function of v, = (T, — toWE(T) is given by
vq. 6.21 (Esteva, 1974}, where uy, = ,/E(T):

S h
2:_;‘ e TN LICR LT
£, T, > t5) » e et (6.24)

_:1‘_ (g !
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Consider now the implications of Bayesian analysis when applied to one of
the seismic gops in Fig. 6.16, under the conditions implicit in eq. 6.24. An
imitinl set of assumptions and corresponding probabilities was adopted as
described in the following. From previous studies referring to all the south-
ern coast of Mexico, local seismicily 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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probabihty density function for ¢ was adopted such that the expected value
of A(6.9) Tur the region concided with its average throughout the vomplete
seismic provinee, Two values of p were considered: 2 and 1U, which cor-
respond to coefficients of variation of 0.71 and 0.32, resprctively. Values in‘
Table G.lI1 were obtained for the ralio of the [inal to the initial expectled
values of v, in terms of ug.

The last two columns in the lable contain the ratios of the computed
values of E°(T,} and E'(T) when v is taken as equal respectively to its imitial
or Lo its posterinr expected value, This table shows that, for p = 10, that is,
when uncertainly attached to the geologically based assumptions is low, the
expected value of the time to the next event keeps decreasing, in accordanuve
wilth the conclusions of Kelleher et al. {1973). However, as Llime goes on and
no eventy occur, the statistical evidence leads to a reductidn in the estimated
risk, which shows in the increased conditlonsal expected values of T, . For p =
2, the geological evidence is less signilicant and risk estimates decrease at &
faster rate.

6.4.1.7 Bayesian estimation of jointly distributed parameters

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

falby, ... bIPLAID,, ... b,)
fed fa_('-‘ln wa W IP(ANy, L, u Wy, L du,

where Pl tuy, ..., u,) is proportional lu:

fathy, . b A) =

(6.25)

N
“ gmyduy, .., u)
isl

and g{m) = ~aG*(m)fom.

Closed-form solutions for /* as given by eq. 6.25 are not fcasible in general.
For the purpose of eveluating risk, however, estimales of the posterior first
and second moments of {7 can be oblained from eq. 6.25, making use of
availuble first-order approximations {Benjamin and Comell, 1970; Rosen-
blucth, 1975} Thus, the posterior expected value of B, is given by | fa,(u)
t du, where [ (up) = f ... [ falug, ..., ¢,) duy, ..., du, and the multiple inte-
gral is of order r'— ], because it is nol exlended to the dominion of B,.
Hence:
E,R.PAIR,, .., B

BB = g A ) (6.26)
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where E7and E7 stand for imttial and posterior expectation, aml subserypl #1

menns that expectation 1s tnken with respect to all the components of H
Likewrse, the folluwing pestertor moments can be obtained

Covariance of B, and 1,

Exlppronn,, .. n,)|

Cov'ill, B)) = E,.[P(.ll;rjl. o f-?,)l_- — E"(n,)F:"(B,) (6.27)

Fxpected value of X{Af)
EVIANAN) = ECONET G M 1)

" ErfGaM. syrcan,, ., 8,
a gAY | \
) EnlftAwn,, .., 1)} (6 24)

Marginal distnibutions. The posterior expectation of MA} is in some ¢ases
ali that is required to describe séismivity for decision-making purposes Of-
ten, bowever, uncertainly in A(M) must also be acounted for, Four instance,
the probnbilily of exceedance of & given magnitude during a given time inter-
val hes Lo he obtained as the expectation of the corresponding probabilities
over all altemmative hypotheses concerning A(M). In this manner it can be
shown that, If the occurrence of earthquakes s a Poisson process and the
Rayesian distribution of A, is gamme with mean A and coefficient of varia-
tion Vi, the marginal distribution of the number of earthquakes is negalive
hinemial with mean A_. In particular, the merginal probabllity of zero
events during lime interval ¢ — equivalently, the complemenlary distribulion
function of the wailing time between events — is equal to {1 + t/t"}_".
where r” = Vit and 1" = r“ix,, The marginal probability density function of
the waiting time, that should he substituted in eq. 6.20, is LR I 7/ B il
which tends lo the exponential probabiity funct.© as r” and t* tend to
infinity (and ¥ - 0) while their ratio remains equal to .

R0

B -
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Bayesian uncertainty tied to the Joint distribution of all seismicity param-
eters (A, 8y, ..., B,) can be included in the computation of the probability
of occurrence of a given event Z by laking the expeclation of thal prob-
abilily will respect Lo all parameters:

P[Z}-Ekhﬂlptz):lll nl----l Br)’ (629)

When the joint distribution of A, 7 stems [rom Bayesian analysis of an
mnitial distribution and an observed event, A, this equation adopts the form:

gl PZI, BP(AIN, B

¥y [ - - e f 0
7 Eral AN D] (630

where " and " stand for initial and posterior, respratively.

Spatial vartability Fijure 6.17 shows a map ol geotectonic provinces of
Mexicn, according Lo F. Mooser. Each provinee is charactetized by the large-
scule features of its tectonic structure, but significant Incal perturbations to
the overall patterms can be identiflied. Toke for instance zone 1, whose
seismolectonic features were described above, and are schemutically shown
in Fig. 6.18 (Singh, 1975): the Pacific plate underthrusts the continental
bluck and is thought o break into several blocks, separated hy faults Lrans-
verse Lo the coast, that dip at different angles. The continental mass s aiso
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Fig 6 17, Seismotectanic provinces of Maxlco. {(After F. Mooser.)
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Fig 6 IR Schematic drawing ol the segmenting of Cocos plate as it subducts helow
Amencon plate, (After Singh, 1874.)

mude up of several large blocks. Setsmic activity at the underthrusting plate
or at ils interface wilh the continental mass is characterized by magnitudes
that may resch very high values and by the increase of mean hypocentral
depth with distance from the coast; small and moderate shallow shocks are
generaled at the blocks themselves. Variobility of statistical data along the
whole Lectonic system wns discussed shove and is apparent in Fig. 6.10.
Bayesian estimotion of local seismicity averaged throughout the system is a
malter of applying eq. 6 21 or any of its speciai ©= ms (eqs. 6.22 and 6.2.0),
takmg as statistical evidence the information corresponding Lo the whole
system, However, seismic risk estimater are ¢ itive to values of local
seismucily averaged over much smaller volumes of the earth's erust: hence Lhe
need Lo develop crileria lor probabilistic inference of possible patterns of
space variability of seismicity along teclonically homogeneous zones.

OUn the basis of seismotectonic information, the system under considera-
tinn can first be subdivided into the underthrusting plate and the subsystem
of shallow snurces; each subayslem can then be separately analyzed. Take for
instance the underthrusling plate and subdivide it into & sufficiently small
equal-volume subzones. Let vy be the rate of exceedance of magnitude M
throughout the main system, ¥, the corresponding rate at each subzone, and
defline p, as v /vy, with p; independent of v {p, is equal Lo the probabihily
that an earthquake known to have been generated in the overall aystem orig-
inated al subzone i}. Initial information about possible space variability of

=/

Nn7

ry,, can be expressed in terms of an initial probability distribulion of p, and
of the correlation among p, and p; for any i and j. Because v, = vy, One
ohtsing p, = 1. This imposes two restrictions on the initial joint probability
distrihution of the pls: E'(p) = 1, var’ Lp, = 0. If all p)s are assigned equal
expectations and all pairs p,, p;, | # / are assumed to possess the same cor-
relation coefficient p,, = p', the restrictions mentioned lead to E'(p,) = 1/s
and p’ = =—1f{s ~ 1). Posterivr values of E(p,} and p,, are obtained according
Lo the same principles that led to eqs. 6.25-6.28. Statistical evidence is in
this case described by N, the total number of earthquakes generated in the
system, and n, (i = 1, ..., 8} the corresponding numbers for the subzones.
Given Lhe pjs, the probabilily of this event is the multinomial distribution:

' L] "
PLAI -y pu) @ ey Ty Y (6.31)

If the correlation coefficients among seismicities of the various subzones can
be negiecled, each p, can be separately estimated. Because p, has to be
comprised between 0 and 1, it is natural Lo assign it a bela initial probability
distrihution, defined by its parameters n; and N;, such that E‘(p,} = n/IN,"
and var'(p,) = n/(N; = n/)}/IN/}{N, + 1)] (Roiffa and Schlaifer, 1968). The

parameters of the posterior distribution will be:
neeng s N =N+ N

Take for instance a zone whose prior distribulion of A, is assumed gamma
with expecled value A, and coeflicient of variation Vi . Suppose Lhat, on the
basis of geological evidence and of the dimensions involved, it is decided to
subdivide the zone into four subzones of equal dimensions; a-priori con-
siderations lead to the assignment of expected values and coefficients of
variation of p, lor those subzones, say E'(p,) » 0.25, V'ip) = 0.25¢i= 1, ...,
4). From previous consideralions for 8 = 4 take p,, = —1{3 (or i # /. Suppose
now thal, during a given time interval {, len earthquakes were ohserved in
the zone, of which 0, 1, 3, and 6 occurred respectively in each subzone, I
the Poisson process model is adopted, A} and V{ can be expressed in lerms
of a fictilious number of events n' = V- ? occurred during a lictitious lime
interval £' = n'fAL; after observing n earthquakes during an interval ¢, the
Bayesian mean and coelficient of variation of A will be A}, = {(n’ + n)/
(' +1t), VL =(n" +n)Y "2 (Esteva, 1968). Hence:

TV I0VIEAD ), Ve = (VT e 10)

Local devialions of seismicily in each subzone with respect Lo the average
A, can be analyzed in terms of p; (i = 1, ..., 4); Bayesian analysis of the pro-
porlion in which the ten earthquakes were distribuled among the subzones
proceeds according to:

E'[p,P(Alpy, e Pall

O (PAlp, P (6.32)
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The expectations that appear in this equation have to be computed with re-
spect Lo the inibal joint distaibution of the p)s [n practice, adequate approx.
imutions are requited. For instance, Benjamin and Cornells’ (1970) first-
anler approximation leads to E%(p ) = 0,226, £7(p,) = 0.204,

Il correlation among subzone seismicities is neglected, and statistical in-
formalion of earch subzone is independently analyzed, when the p's are as-
spined beta probutndity density functions with means and coelfivients of
variation ms defined aliove, one obtains E™(p,) = 0 206, E"(p,) = 0 311,
which are net very different from those formerly oblained; however, when
E'p) = 025 amd Vg = 0.5, the first criterion leads to E7(p} = 0205,
E'p ) = 0,314, while the seeand produees 0 131 and 04186, respectively.
Part of the difference may be due Lo negleet of iy bul prohatly a significant
part stems fron inaceuracivs of the fiest-onder approsimation to the expecta-
tisos that appear 10 eq 6 32; allernale approximations are therefore desir-
able

frienmplete data Statistical information is known to be fairly eeliable only
for magnttudes above threshold valueys that depend on the region considered,
Hs levet of activity, and the quality of Jocal and nearhy seismic instrumenta-
tion. Even wicomplete stalistical recards may be significant when evalualing
scve seismiclly paromelers; their use has to be accompanied by estimales of
detectuiniity values, that is, of ratins of the numbers of events recorded Lo

total numbers of events in given ranges (Esteva, 1970; Kaila and Nazain,
1971

65 REGIONAL SEISMICITY

The final goal of local seismicity assessment is the estimation of regtonal
seismicily, that is, of probability distributions of intensities at given sites,
and of probabilistic correlations among them. These [unclions are obtained
Ly integrating the contributions of local seismicities of nearby sources, and
hence their estimates reflect Bayesian uncertainties tied to thoge seismicilies.
In the following, regional seismicity wilt be expressed in terms of mean rotes
of excredance of given intensilies; more detailed probabilistic descriptions

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

6 5 | Intensity-recurrence curves

The case when uncertainty in seismicity parameters is neglected will be
diseussed Ffirst. Consider an elementary seismic source with volume dV and
loeal seisnncity A(Af) per unit volume, distant R from & site S, where intenaity-
recurtence funclions are to be estimated. Every time thalt a magnitude M
shock is generated at that source, the intensity at § equals;

Fd
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Y =€V, = b, exp(b AM)g(il) {6.33)

(sce eqs. 6.4 and 6.5), where € is a random factor and ¥ and ¥, stand .[or
actual and predicted intensities, b, and b; are given constlants, and g(R) t.': a
function of hypocentiral distance. The probahnlity that an e:frthquakc orig-
inating al the source will have an intensity greater than v is equal lo the
probabity that €Y, > y. 10 ¥, is expressed in terms of W and tandumness
m ¢ is accounled for, one eblans:
oL

vy = f w, (M (udu {6.3-1)
where l'"uml r, ure respectively nean rates at which actual and predicted
intensilies excead given values, ey, = y/y,, oy = ¥/vy. v, and y,, are .lhe
predicted intensities that correspond to My and My and f, the prolability-
density function of €. If eq 6.33 s assumed Lo hold:

valyy =Ko+ Kyy "t — Ky~ "2 (6.35)
where: !

K, = |b,g(R)|"AM dV (i=0,1,2) (6.16)
ro =0, ri=flba, rqi° (B—B1)/b, (6.37)

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

. viy) = coKo + ¢ Ky "1 — e Kpy™ "2 {6.38)
where:
In —u Inay—u
¢, = exp(Q,) [«n(“—"o——') —¢ (m‘i;—‘)] (6.39)

& is the slandard normal cumulative distribution function, Q, = 1/2 or,? +
mr,, and u; = m + ¢?r;. Similar expressions have been presented by Merz and
Comnell (1973) for the special case of eq. 6.8 when I, + = and for a quadra-
tic form of the relation between magnitude and logarithm ol exceedance
rate. Closed-farm sclutlons In terms of Incomplete gamma functions are ob-
tained when magnitudes are sasumed to possess extreme type-lIl distribu-
tuons (eq. 6.9).

Intensity-recurrence curves at given sites are oblained by integration of
the contributions, of all significant sources. Uncertainties in local seismicities
can he handled by describing regional seismicity in terms of means and vari-
unces of v{y) and estimating these moments from eq. 6.34 and suitable lirst-
and second-moment spproximations Influence of these uncertainties in
design decisions has been discussed by Rosenblucth (in preparation).
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6.5.2 Seismic probability maps

When inlensity-recurrence functions are determined for 8 number of sites
with uniform local ground conditions the results are conveniently rep-
tesented by sets of seismic probability maps, each map showing conlours
ol intensities that correspond Lo s given return peciod, 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 a set that was obtained through application of the crileria descnbed in
this chapter. Because the ratio of peak ground accelerations and velocities
does not remain” constant throughout a region, the corresponding design
spectra will nol only vary in scole but also in shape (frequency content); in
other words, seismic risk will usually have to be expressed in lerms of at
least the values of two parameters {for instance, an in this case, peak ground
accelerations and velocities that correspond to various risk levels {return
periods)).

6.5 J Microzoming

tmplicit in the above cntena for evaluation of regional seismicity is the
aduption of intensity atienuation expressions valid on firm ground. Scatter
ol aclual intensities with respect o predicted values was ascriied Lo dJiffer-
ences in source mechanisma, propagation paths, and local site conditions; at
least the latler group of variables can introduce systemativ deviations in the

|
R l
]

[T .

s Vemasacs

—4 _i
P e e - LS

Fig. 6.19. Peak ground velocities with return pquo-d of 100 years {cm/sec).
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Fig 06.20 Peak geound aecelerations with return period of 10U years (crn.l'let’}.

ralio of aclual Lo predicted intensities; and geological delails may signifi-
cantly alter local seismicity in a small region, as well as energy racliation pall-
terns, and hence regional seismicity in the neighbourheod. 'lhe.'.e.syste.mntnc
devialions are the matter of microzoning, that is, of local modilication of
risk maps similar to Figs. 6.19 and 6.20.

Muost of the effort invested in microzoning has been devoted Lo study of
the influence of lucol soil strotigraphy on the intensity and [rcqucm'y_ con-
tent of varthquakes (see Chapler 1), Analytical models hmf(- been practically
himited Lo response anolysis of stratilied formations ol linear or nonhinear
sonls to verbically Lraveling shear waves, "The resulls of comparing ol-'u.-rVL:l
anl predicled behavior have ranged from satisfuctory tllenvra.el al., !96.11
Lo poor (Hudson and Udwadia, 1972} Topographic irregularilies, as hills or
slopes of firm ground formations underlying wdimc‘mls. may introduce sig-
nilicant syslematic perturbations in the surface motion, ns a consequence of
wave [ocusing or dynamic amplification. The latter effect was probably re-
sponsible for the exceptionally high acceterations recorded al the abutment
of Macoima danftduring the 1971 San Fernando earthquake.

Present pract,i(;g of micrgzoning determines seismic intensities or design
pirometers in two steps, Firt the values of those parameters nn Hrm ground
are sstimatad by menns of suitahle attenustion expreesions -mlllhnn they ure
amplified according to the properties of local so.il.; but this implies an ar-
bitrary decision to which seismic risk is very serfstt.lve: selecting the bound-
ery between soil and firm ground. A specially difficult problem stems when
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trying to fix Lhat boundary for the purpose of prodicling the molion at the
Lop ol a hill or the slope stability of a high cl(f ( Lukos, 197 4),

It vcan be concluded that rational formulation of microzoning for seismic
rixk 185G in ils infoncy and that new cntetia will appear that will prolbly
ropiire mlensily attenuation modely which include the influence of loeal
systematic perturhations, Whether these models are svarlnble or Lhe twe step
provess desenhed above is weceptable, intensity.recurrence EXNICSSions ean
be oblamed as for the unperlurbated case, g7 - multiplying the secornd
memher of e 6 34 by an adequate inlensity dependenl 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 elementos descritos: W y w representan el

peso de la super y la subestructura respectivamente, Kb representa la rigidez transversal

del apovo 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 flexible se tiene un cambioc en el periodo de vibracién del

sistema. La respuesta 1dealizada, aceleracién 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
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Figural.l Componentes de un mecanismo disipador de energia



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

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

desplazamientos (fig. 1.3).

1.2 Disipacion de energia

Los desplazamientos relativos generados pueden ser controlados si se introduce un

amortiguamiento adictonal 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 del pernodo

Accleracion

+

Periodo
Figura12 Curvaidealizada del espectro de respuesta de aceleraciones.

am™wp de pernodo

-

Desplazamiento

-

Periodo
Figura 1.3 Curvaidealizada del espectro de respuesta de desplazamientos

[ %]



4 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 dispositivos mecanicos, de acero suave. o

plomo, los cuales pueden lograr este tipo de comportamiento.

Fuerza
Deformacion
plasuca

-

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 preducidas 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 nimero 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 materal utilizado para construir mecanismos disipadores de energia.
Su eleccion 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 esfuerzos. Principalmente, se ha utilizado
el acero suave, va sea el estandar britanico 4360/43A o el estandar australiano CS 10308 6 CS
10208 [ref 3). los cuales tienen esencialmente 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 sohida es de acero suave y generalmente tiene una longitud variable de
500 mm a 1 m Estos dispositivos se anclan en sus extremos sujetandolos a una base fija del
puente mediante tornillos a conante 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 la otra direccién, los cuales inducen

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



Figura 2.1  Viga torsional.
2.2.2  Viga a flexién (fig. 2.2)

Se compone dé una viga cora 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 [ref 4] Esta viga se coloca debajo de la superestructura en los

estribos, como se muestra en la figura 2.3

Anclaje

Cabezal de
laviga

Anclaje

Viga a
Nexion

Figura2 2 Vigaa fiexion

{]



| Superestructura

Figura23 Colocacidn de la viga a flexion

A pesar de las propiedades de disipacidon de estos dos mecanismos, se tienen grandes
desventajas, como. su relativa dificultad de colocacion, ademas de que estos mecanismos

requieren de un amontiguador 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 invencion 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 solido plastico hineal. Por otro lado, la deformacion plastica del
plomo a 20" centigrados es equivalente a la deformacion plastica del acero a una temperatura
" mavor que 400 centigrados. por lo tanto, el plomo se comporta adecuadamente bajo condiciones

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

Los momentos relativos entre el pistony el cilindro, expulsan el plomo encerrado a través de
un onficio en el cilindro La energia es disipada durante ciclos de deformacion por extrusién 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”

Qrificio de
extrusion

Figura 2.4 Mecanismo de extrusion 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 conante bajo una carga sismica, el plomo tiene una deformacion plastica, de modo

que la energia es disipada.

Elastomero

Figura 2.5  Apovo elastomeérico con centro de plomo

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

mecamsmo 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 economicos, 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 soponar los efectos de cargas
estaticas. El resultado es un sistema disipador de energia compacto.

R

El centro de plomo se deforma plasticamente y disipa energia. Este tiene dos efectos en la
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 deformacion inelastica.

Este apovo es disefiado para resisur en el rango elastico niveles bajos de cortante (como los
producidos por cargas de viento) con una nigidez nicial alta (Ku) hasta que se alcanza un nivel
defluencia determinado por la resistencia caractenstica (Q), la cual depende 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 v una rigid« z baja de la estructura durante una carga sismica mas
severa La curva de histéresis bilineal formada por estas des rigideces (fig 2.6) tiene una forma

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

Dependiendo de la magmtud y orientacion de las cargas aplicadas; estos apoyos pueden tener

varios grados de ngidez



1)  Una alta rigidez vertical quie perniite 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 e} apoyo funcione como

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

3) Una alta rigidez honzontal para controlar cargas laterales pequefias debidas a viento o

para evitar deflexiones laterales grandes bajo condictones de servicio.

Qmax | _ __ _
// !
o Kd // |
C=IFF xS
i // K |
Kufy - ;
7 !

)'(\ Xmax

Figura 2.6 Modelo bilineal de histeresis.

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

Ku = Rigidez elastica (carga v descarga)
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Kb = Rigidez secante del aislador ="Qmax / Xmax
Xy = Desplazamiento en la fluencia

Xmax = Maximo desplazamiento

La determinacion de la curva carga - deformacion de estos dispositivos es de pnmordial

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 encontré que una descripcion razonable del ciclo de histéresis es

un solido bitineal con las siguientes caracteristicas:

Ku=10Kb(r) ' ec.2.]
Kd = Kb(r) ec. 2.2
Kb(r)=GA/h ec.23
Qv =1(Pb) A’ 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
elastomérico, h es'la altura total del apovo elastomérico, T1(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 t}ansvcrsal del centro de plomo y Kb(r) es la nigidez de! elastémero en un plano

horizontal

Se encontro ademas que la fuerza honzontal 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 v la segunda debida 2 la plasticidad del plomo. La

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

11



que la plastificacion 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 supenior con la parte inferior del elastomero. De
esta formula puede verse entonces la gran dependencia del tamafio del centro de plomo con la
fuerza F, con lo que el tamaiio 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 geomeétricas tanto del centro de plomo como del
elastomero se resumen en la figura 2.7. El tamafio del centro de plomo es proporcional a la fuerza
de fluencia del aislador, mientras que la rigidez en la post-fluencia es propbrciona] a la rigidez del
elastomero, por lo tanto, incrementa cuando ei tamafio en planta del apoyo elastomérico

incrementa y cuando su altura decrece.

A Incremento de
Fuerza ‘ énclrcmc!no ‘ altura del
dejomste Fucra
cortante reduccion del
de plomo /. ¥ 1amado en planta
| - -
Desplazamicnto . Desplazamiento

Figura 2.7 Efecto de variaciones geométricas del centro de plomo v del elastomero en la

resg 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 elastomeérico con centro de plomo es la mejor seleccion
para puentes en general, 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 instalacion. En virtud de lo anteri'or se selecciono este mecanismo en los modelos de

puente estudiados.



3. FILOSOFIADEDISENO - -:asm=io-wee

3.1 Antecedentes

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

disefiar 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 sistemas de aislamiénto dinamico de California (DIS, 1984).

El procedimiento MWD supone que la superestructura es infinitamente rigida y que la rigidez
del sistema equivalente de un grado de libertad es la suma de las rigideces de todas las pilas y los
estribos; y supone ademas que la masa del sistema equivalente es igual a la masa total del tablero
de la superestructura. Con este método la respuesta se puede obtener de dos formas:
determinando la respuesta directamente de unas tablas & ﬁyudas 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 metodo se hacen suposiciones que limitar. la aplicacién de éste, como por
ejemplo, solamenie se considera un tipo de disipador con uns 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 disefo 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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sobré 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 ineléstica de los apoyos con centro de plomo. El
amortiguamiento efectivo es un amortiguamiento asumido de 5% asociado con el modo
fundamental, mas un amortiguamiento adicional histerético debido a la deformacion 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 procedirﬁiento provee un meétodo para evaluar la respuesta
sismica de puentes v 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 numericos para mostrar €| 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 flexionante, que son uno de los puntos mas importantes en.el
diseno. 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 ¢ para rehabilitacion de estructuras existentes Para puentes existentes, la

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

puentes construidos 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 soporte inadecuada de las vigas.

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

siguientes casos:

a) enregiones 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

c) 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.

Imponancia de la continuidad de operacion después de un sismo

N

Dispositivos adicionales necesarios.

r
S—r

3.2.3 Ventajas vy desventajas

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

diseno sismo resistente de puentes.

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

energia de un sismo en componentes especialmente disefiados para este propésito

v detallados para un facil reemplazo si es necesario.

16



b) Eliminacion de grandes demandas de ductilidad y por'lo tanto ¢l 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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El REFUERZO NO EVITA QUE LA ESTRUCTURA
DE UN PUENTE FALLE O SUFRA UN CIERTO
NIVEL DE DANO

-  SUPERESTRUCTURA
-  SUBESTRUCTURA

- CIMENTACION



< EL REFUERZO DE-UN PUENTE AUMENTA SU
NIVEL DE RESISTENCIA ANTE UN EVENTO
SISMICO MAYOR

Restricciones:
a) CARACTERISTICAS DE LA ESTRUCTURA
b) VIABILIDAD DE LA REPARACION

c) COSTO



METODOLOGIA DEL REFUERZO

%  CLASIFICACION PRELIMINAR
o EVALUACION

X4 ALTERNATIVAS DE REFUERZO

Y



CLASIFICACION PRELIMINAR
ATC
- VULNERARBILIDAD SISMICA.
- SISMICIDAD DEL SITIO

- IMPORTANCIA DEL PUENTE

CALIFORNIA

SISMICIDAD DEL SITIO

IMPORTANCIA DEL PUENTE

ESTRUCTURA

TIPO DE SUELO

JAPON
- ESTRUCTURA

- TIPO DE SUELC



COMBINACION DE FACTORES

S (FACTORES)* (PESOS) = CALIFICACION

Y f; W;= CALIFICACION

S (FACTORES) = CALIFICACION

S fi=CALIFICACION

* informacion
* juicio ingenieril
* experiencia en el diseno de puentes



REFUERZO

< INSPECCION SOMERA

o |dentificacién

e Aspectos sociales

e Aspectos economicos
e Aspectos practicos

<+ EVALUACION DETALLADA

r= C/D
e Elementos
e Todo el puente

<+ ALTERNATIVAS

¢ Falla local
« Falla global

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

BECO = PEAR - PEDR
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EVALUACION DETALLADA

Inspeccidn detallada

Ampliaciones

Espesor de la carpeta asfaltica
Apoyos

Juntas

Desplomes de pilas

Cambios del proyecto original
Socavacion o erosion

Evaluacion cuantitativa (elementos)

Juntas
Apoyos
Pilas
Estribos
Licuacion
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<+ EVALUACION DETALLADA

Inspeccion detallada

Ampliaciones

Espesor de la carpeta asfaltica
Apoyos

Juntas

Desplomes de pilas

Cambios del proyecto original
Socavacion o erosion

Evaluacion cuantitativa (elementos)

Juntas
Apoyos
Pilas
Estribos
Licuacion
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DISPOSITIVOS PARA ACOMODAR 1.1
DESPLAZAMIENTOS EXCESIVOS

REFUERZO DE CIMENTACION 21

REFUERZQO DE SUBESTRUCTURA

G L W
2 A -

REDUCCION DE FUERZAS SISMICAS 41

CAIDA DE LA SUPERESTRUCTURA

TIPO DE CIMENTACION
LICUACION
SOCAVACION

TIPO DE SUBESTRUCTURA
MATERIAL DE LA SUBESTRUCTURA
ACERO PRINCIPAL DE REFUERZO

INTENSIDAD DE LOS 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

ALTERNATIVAS DE REFUERZO CONTRA SISMO PARA PUENTES



X EVALUACION DETALLADA

o Desplazamiento de juntas

N(C)

r=—

N(D)

N = longitud de apoyo

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

As = desplazamiento permisible

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

Aeq = desplazamiento relativo maximo producido
durante un temblor



REDUCTORES DE MOVIMIENTOS

Disefnio Conceptual

- FUERZA DE DISENO

- MINIMO DE 2

- ORIENTACION

- PERMITIR MOVIMIENTO

- NIVEL DE CARGA PARA QUE FUNCIONEN
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REDUCTORES DE MOVIMIENTO

Criterios de diseno
- EUA

- JAPON

Opciones:
Cables
Barras
Método de analisis

Estatico

i



CALCULAR EL ALARGAMIENTO MAXIMO
PERMISIBLE EN EL REDUCTOR DE
MOVIMIENTO

D,=Dy + 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, =oyL/E
donde:

oy = esfuerzo de fluencia del dispositivo
de restriccion

L= longitud de: dispositivo de restriccion

E = modulo de elasticidad del dispositivo de
restriccion



Si D, > longitud de apoyo disponible, entonceé

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

-— Clw
K

u

* Df

donde:

K. = rigidez del claro o segmento de la
superastructura entre dos juntas o
articulaciones

W = peso del claro o segmento

Nota: Se deben incluir los efectos de la componente
transversal del sismo (Dy)

V(



Con los valores anteriores se calcula el valor
maximo de:

%*

Deq = D¢ + 0.3 D,

Deq=0.3D¢ + Dy
donde:
D.q = separacion mé*ima producida por el

sismo

COMPARAR RESULTADOS DE LOS PASOS 1
y 2 |

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

Si Deq >'Dr = calcular el numero de constric-

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

N; = K, (Deq — D,)IF,A,

|



donde:
N, = numero de constrictores

A, = area de la seccion transversal de un
constrictor

5. REVISION
* Dref - CSWIKt +0.3 Dt

*  Dyer = 0.3 C,WIK, + Dy

donde:

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

Si Dt = D, = ajustar N,

Si D, > D,.s @ reducir N,

Si D, < Dt > aumentar N,



CONSTRICTORES DE MOVIMIENTO

Aspectos constructivos

ACCESO
TRANSITO
MUERTOS/DESVIADORES DE CONCRETO

PERFORACIONES



EAH

REDUCCION DE

gt

/ MOVIKIENTDS LOQMLES

i S N

COLOCACION DE REDUCTORES
O CONSTRICTORES DE MOVIMIENTO

N



REFUERZO SISMICO DE SUBESTRUCTURAS

COLUMNAS
. CONCRETO

- ACERO



~ 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 SURESTRUCTURAS DE PUENTES



ne

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

En empalmes en regiones criticas, o por el desgaste prematuro del refuerzo longitudinal, las columnas de

concreto son generalmente, deficientes en ductilidad a la flexion, resistencia al cortante y resistencia a la
flexion. '



METODOLOGIA
I. EVALUACION DE LA PILLA POR CARGA MUERTA
2. ESTIMACION DE LAS PROPIEDADIES DE LOS MATERIALES

ANALISIS LATERAL BAJO CARGA SISMICA

LPS)

4. IDENTIFICACION DE PROBABLLES MODOS DE FALLA

(¥, )

ESTIMACION DE LA RESISTENCIA A FLEXION

a) cmpalmies

b) articulaciones pia.iicas
6. ESTIMACION DE LA RESISTENCIA BAJO FUERZAS CORTANTES
7. REVISION DE UNIONES VIGA-COLUMNA

8. REVISION DE ZAPATAS
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RESISTENCIA ESTIMADA DE LOS MATERIALES

[is necesario conocer la resistencia y las caracteristicas de deformacion de los miembros de la subestructura. Asi se
oblicne una mejor estimacion del comportamiento esperado. Se recurre a pruebas no destructivas en sitio,
incluyendo pruebas de compresion en corazones de concrelo 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. 'os . uientes valores de resistencia :

fa=151,
fa =111
donde: f , y f,, son los valores estimados de la resistencia a la compresian del concreto y la resistencia a la

fluencia del acero, respectivamente ; f ¢ 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 deformacion inelastica que puede ocurrir ¢

- flexion : 0y M, 2 Mrcq.
-cortante : .V, 2V,

donde :

(e = factor de reduccion por flexion
(s = lactlor de reduccion por cortante
M, = resistencia a flexion, estimada
V., =resistencia a cortante, estimada
M .y = resistencia a flexion, requerida
V (. = resistencia a cortante, requerida

Segun AASIITO :
0.9 2(pr=09-2P/f  A;)205

Otros reglamentos :

¢r=1.0  CALTRANS
@r=10  NUEVA ZELANDA
o=1.0  JAPON



RIGIDEZ ELASTICA

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

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

M

cm

bwmE

lcﬂ'

donde M, ¥ $cm 50N €l mamer ~ y curvatura a la fluencia, respectivamente.
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RESISTENCIA A LA FLEXION

Se debe emplear un andlisis momento-curvatura considerando los efectos de confinamiento del nucleo 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  g.= 0.004
b) la deformacidn por tension de la barra extrema del acero de refuerzo &,= 0.005

Concreto : Del analisis momento-curvatura:

_&c
¢= 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 columnas :

1% <p, <8%  USA
08% <p, <8%  NZ
0.5% <p, <8%  JAPON
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RESISTENCIA LATERAL DE LAS COLUMNAS CON EMPALMES DE REFUERZO
LONGITUDINAL

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

i

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, ..

IPara columnas con confinamiento transversal no efectivo, la capacidad de momento residual puede ser llevado por
Ia fuerza de compresion axial (P) 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] .
ey 2

donde a = P/0.85F ,b'; b’ y h' son las dimensiones del niicleo residual de la seccidn, es decir el nucleo 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.

St el empalme es clectivame. ‘e confinado con refuerzo transversal la resistencia residual de la seccion se

incrementard. Una columna civ ular con refuerzo debidamente conlinado serd capaz de desarrollar la resistencia
total a la fTexion. '

L2l refuerzo conlinado puede detallarse con aros soldados o espirales continuos soldados cada vuelta, o con aros o
espirales doblados con ganchos estandar de 135°.
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CAPACIDAD DE DEFORMACION DE ARTICULACIONES PLASTICAS

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

Ecu = 0.004 + (I4 Ps ryl'l Eeu / ':cc )

donde :

Ps = cuantia _

f,1, = esfuerzo de fluencia del acero de los estribos
£, = deformacion maxima i. tenoidn en el acero
fcc = resistencia del concreto confinado

se recomienda emplear un valor de 0.005 para la deformacion ultima 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 nacleo, dado que los empalmes de aros (estribos) en el nicleo 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 analisis momento-curvatura debe ser
desarrollado para determinar la respuesta ineldstica apropiada para incorporarse en el analisis de colapso plastico.

Para secciones pobremente confinadas con €, = 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 Ely =
M,/$,. Cuando se forma la articulacion plastica en el elemento, se utiliza la siguiente rigidez efectiva reducida:

- Mll _MI)
Bl,= "
¢u “¢y

la curvalura de fluencia es independiente de las relaciones de carga axial y de refuerzo, y su magnitud se obtiene
con ;

0, D =2.45c, +15%
o, h=2.14c, £10%

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

Secciones con empalmes de acero de refuerzo. Para secciones donde el empalme falla antes que la resistencia
nominal a flexion sea alcanzad:- 2s necesario una ductilidad de curvatura p, =~ 8 para alcanzar la capacidad residual

M,.. 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.

B4
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RESISTENCIA AL CORTANTE

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

V, =V +V +V,
donde:
V. es la resistencia al cortante del concreto

V. es [a resisiencia al cortante del acero
V, es la resistencia la cortante resultado de la compresion del puntal diagonal

V. =k [leA,

r AT, Dcotf )

columa circular

vV, = 2 5

A f D'cotd

: columna rectangular

5 .

V. =Itana

donde:

Ac=08 A,

0 = dngulo de inclinacion de Iz <rieta de flexion con respecto al eje de la columna (30°)



slgl

Ay, = drea de la seccion (ransversal de uno de los estribos

A, = drea total de una capa de refuerzo transversal en la direccion de la [uerza corlante

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 yi,.

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 y1, = | puede ser adoptado.
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CARACTERISTICAS DE DEFORMACION Y RESISTENCIA DE UNIONES VIGA-
COLUMNA

Sca p, el esfuerzo princip.! de wasion en la union, el cual se calcula con

- 2
lﬁ.:r‘+ﬂ'i £, -1, 41! '
2 \ 2 : |

donde:
fy = esfuerzo promedio en la direccion vertical

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

Si p. = 3.5Vlc (psi) se inicia el agrietamiento de la junta
Si py 2 5Vfc (psi) se desarrolla un patron completo de grietas

Si la articulacidn plastica se desarrolla para esfuerzos en el rango de 3.5VPc < p. < 5¥Fc (psi), la fuerza de ﬂuencna
en la unién incrementa con la ductilidad, y la falla de la unién ocurre eventualimente.



Ny

Si el esfuerzo principal de tension permancce debajo de la envolvente de resistencia, la uniéon no limitara la
capacidad de ductilidad de miembros adyacentes. Sin embargo, si este esfuerzo principal alcanza la resistencia, la
resistencia en la umon se degra 'ara.

Con la degradacion de fa 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,

4



CARACTERISTICAS DE DEFORMACION Y RESISTENCIA DE ZAPATAS
Estabilidad. En primer término se debe revisar el siguiente requisito de estabilidad :
O+ W (—a)22 M+ VO Iy
donde :

¢ = factor de resistencia = 1.0
P = carga axial

M" = mamento [lexionante

V® = fuerza corlante

W = peso total de la zapata
L= loongitud de la zapata
a=(P+Wy)/p, B

hy = peralte de la zapata

pu = presion del suelo

B; = ancho de la zapata

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

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



D, +3d,
bclf =

donde :
D, = diametro de la columna
B, = ancho de la columna

d; = peralte efectivo de la zapat-

La ductilidad de curvatura maxima, y la capacidad de rotacion de una articulacion plistica 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 by 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 :

bjer = 2D para columnas circulares
bier = he + b, para columnas rectangulares

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



th

Viv = VJ\, / bjcl I][
donde :
V= fuerza cortante en la union zapata-columna

Falla del cimiento como un mecanismo de respucsta aceptado. En todos los casos la zapata debe ser capaz de

soportar la carga gravitacional de la columna durante y después del sismo. Cuando ocurre un dafio severo de la

zapata asociado con la formacion de una articulacion plastica, la region central debe ser capaz de soportar la carga
total transferida de la columna.

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

considerable en algunas o todas las coluinnas y considerarlas articuladas durante el anilisis 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 la
zapata, '

"3
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<+ EVALUACION DETALLADA

¢ Fuerza en los apoyos

Y
V(D)
V = Cortante
o PILAS
Formacion de articulaciones plasticas
Modos de falla
Momentos elasticos
Momentos ultimos
a) revisar r =M(C)/ M(D) para el momento
. _la(c), , .
b) revisar r= 1a (D) r' para el anclaje
c) revisar r= AC) para los empalmes
A:r (D)
d) revisar r para confinamiento transversal
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Design Detaila [S. A. Mahin|

1. PRELTMINARY REMARKS

achievement  af satisfactory structural performance in the event of
rare and unusually severe esarthquake ground motions depends on a
wide variety 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 detailing, proportioning and related
design principles incorporated in the design of reinforced concrete
bridge structures located in regions of high selsmic risk in the
United States, with an enmphasis on specifications adopted by the
california Department of Transportations (Caltrans).

The basis for the design of reinforced concrete bridges in the
United States is Standard Specifications for Highway Bridges as
promulgated by the American Association of  State Highway and

Transportation Officials (1987 edition [1]). California bridge
design practice is governed by Bridge Design Specifications (19%0
edition [2]). 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 serjes of memos to
designers ([1-7] have ©been developed by Caltrans to deal with
specialized design details and standards, such as restrainers at
hinges and bearings, abutments, earthguake retrofit of single column
bridges, and so an.

Some o©of these details and guidelines are summarized herein as
applicable to California. Where appropriate, comparisons are also
rade to code recommendations for reinforced concrete tu.ldings [8).

2. MEMBER PROPORTICHIHNG AND DETAILS

2.1 Basic Parameters and Choices for Member Proportioning

The basic U.5. and Caltrans design practice is to design structures
capable of resisting small to moderate earthquakes with little or no
damage and maximum credible events with no serious damage or
collapse [9). Thus, while essentialiy elastic behavior is expected
for moderate level excitations, damage assoclated with inelastic
response is anticipated in the event of a large earthquake. It je
the intent of current Caltrans design practices to limit damage . to
Tepairable levels and to have important interchanges remain operable
following a major earthquake.

To achieve these performance goals Caltrans usually adopts a moment
resisting frame system for resisting earthguake induced 1loads.
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. As
Currently stipulated, design provisions tend to concentrate damage
(flexural plastic hinging) in columns, and to minimize jnelastic
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The current CALTRANS code does not specifically address importance in the

criteria, The assumplion 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 emergency and
economic need to the community

Currentiy CALTRANS 1s developing guidelines for evaluation of bridges for
seitmic retroftt and are proposing a three level importance classification as
folfows :
Category | -- Essantial structures for emergency response
Category 2 -+ Structures necesstary for recovery
(determined by cost-benefit evaluation)
Category 3 -- Structures reeded for normal operastions (others)

1.2 Definition of limit _states and-their probability of occurrence

Both the AASHTO and CALTRANS codes do not specifically address this issue.
Imphcit in both codes s the fact that a yield limit state will occur in column
members AASHTO assumes the probability of the elastic design force levels
not being exceeded in 50 years s in the range of 80 to 95%. However,
AASHTO states that;

"..the destgn earthquake force level by itself does not determine

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

procedures used in connection wrth the design ground motion™.

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

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

This particular consideration in the various US criteria is currently undergoing
change. for example the Transpertation Corrider Agency in Orange County is
building a new privately owned toll {acility 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 also investigating the possibility of increasing the
return period of the design motion.

The recently issved recommendations by the Loma Prieta Investigation Board (3)
requires CALTRANS to perform a comprehgnsive seitmic 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 refation for peak free-field ground acceleration on firm soil and/or
bedrock at the bridge sites.

desl ; structura stems ridge_iypes, Isolation or

dissipation devyices

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

| Workshop on Seismic Design and Retrofitting of R.C. Bridges 9

Internationa

- other parts of the country. AASHTO recen

i ith columns
anerally concrete girder systems wi N
st’he :up:rslructure. Girder/bearing nfstems utilize
bly installed at the superstructure soffit level,
and/for cap beam substructure.

The monelithic systems are
constructed monolithic with
some form of bearing assem
separating it from the column
inti i he US the girder/bearing system
oo facmhu'hi:relnEat:\t:r:ef!Trlr:orl‘JSo,' t‘hee monol!thigc conf'lgu.rati.on is mors .
predomm"”ihw -tem! appear to be approximalely equally seismically resistant,
hovever | Bo‘nlh::‘cue it is generally accepted that l.u'perstructures mudst be
howtei:::n::‘ :s much as possible in order to minimize joint pull apart an
con

"subsequent collapse.

. . ] h‘
The use of base isalation has presently somewhat hmited use in the US, wit

i i i i it measure and a few instailat‘ionl in
about 4 instalialions Calitorhls 370 mtmftlly':dopted a Guide Specification for

base isolation which wifl be available as an option on a Nationwide basis{5)

2. SEISMIC ACTION

of _ground_ motion fqround_acceleration and frequency content)

i ’ e spectra to define elastic
e r“po:l:out 0 to 5 seconds. The
defined for buildings {6).

2.1 Definition

i d accele

th US codes utilize 5% dampe I
IB::nreduccd) design forces over a peruot:.l range of
AASHTO code spectra are based on basic spectra

i d with regional
i d ing were developed to be use ) !
Smosth :I;st;:a;‘l;:l::tfg; f‘:sp;:spe ;pectra for a maximum groeund acceleration

T This represents the maximum level of shaking

of 0.4g is shown in Figure 1.
specified by the criteria.
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Fig 1 AASHTO Ground Motion Spectra for A = 0.4
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The CALTRANS spectra werse developed ;
spectra derived from teveral California l
acFoleration levels vary from 0.1 to D 7
10 Alluvium) is shown in Figure 2

" 1973 and are base 2.3 Assumptions on the qround motion at the base of different plers,

4 on elastic rock

earthaquakes recorded on
9. The CALTRANS rock v, Rock

ock spectra (0 to Al current US design specifications assume equal motions at each support.
Several of the larger California Toll bridges are currently being evaluatad using
state-of-the-art techniques including the consideration of wvariation of support
motions (or coherence) along the length of the structure. Hopefully the results
of these studies will better define the practical limits where such refinement in

analysis is required.

lr--n(--;lwhn-h-,.
T e
s P Rah Acrmier s o

2.4 Treatment of vertical acceleration

Vertical acceleration is currently not directly specified in the two major criteria

"o | in use in the US, Both codes specify hold down requirements for resultant
€ ! - uplift forces obtained from the horizontal loads as follows:
Y - A-R:S SPECTAA "Hold-down devices shall be provided at all supports and

intarmadiate 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
vpward force.”

CALTRANS standard superstructure expansion hinge details provide for uplift,

[T ErTarrarvarm m i The retrofit of portions of the San Francisco Viaducts are being performed
- - using a vertical spectra of 0.67 times the horizontal, It is expected that future

i . . o . T
. eriteria in California will contain vertical load considerations.

Poctod of Structurs [tae) T

Fi 3. PROCEDURES OF ANALYSIS
ig. 2 CALTRANS Rock Spectra

3.1 Linear static

Effacts of soil_conditions
_conditions

. N . . .
Threa 30il types are used to differentiate site cong Both AASHTO and CALTRANS permit the use of a linear static analysis,

Soil Profile T ] - ) itions §n th .
ype Rock or Stiff Soils 1€ AASHTO code: AASHTO specifies a more compiex procedure based on a generalized coordinate

Soil Profile Type 11 - §; .

Soil Profile T‘:se [1E] 'Ssl:)’fft f‘;ﬂ;"'eﬂdf‘ CO';EI’;?"‘E“ Soits #pproach.
Characterization is b tum: sttt Clays and ®and ;
‘on 13 based on ATC-3 s0il types (&) nds This CALTRANS specifies a simple uniform load approach. CALTRANS also requires
CALTRANS utilizes 4 that the static load approach always be used to determine forces in longitudinal
rock-like material . categories to describe various depth f restrainer systems. )

, erial: 0 to 10 fent, 10 to 80 f s 0
150 feet in depth. 4 ect:

alluvium o

B0 to 150 feet ver
- and greater than Both codes restrict the use of the static load approach to simple framed

Both criteria recognize the structures where a single mode of vibration in the direction under consideration

spectra for special sites Tnh“% to permit the development of can accurately replicate the results of a simple modal analysis.

special spectra when s.ite' c PALTRANS criteri ‘

. " site- specific’
. A permets the
onditions and structure impor development of

"Sites adj. ; " an
condilion:Tczrr‘\‘u:z;?c:;:;c:::':S{.y;rel:s th unusuat geologic Y 3.2 Linsar_dynamic (Modal_Analysis)
- . n H

:::g":’;‘ec"::e' Per'md greater than 3.0 secon::ltgrt:i“":: ;';ti; Both AASHTO and CALTRANS permit the use of linear dynamic analysis,

seitmic 'oad:.b n !_QCﬁ cases, structures shall be evalyat ;l"ed AASHTO specifies in greater detail the numl':ner of nodes to be used in the
dvnam: 14 uhlua.hon of approved 10il res on 2ped for model. CALTRANS uses the same numbers in their models, however they have
ynamic analysis techniques.™ ponse and no written specification. Nationally, there is 8 very small percentage of

' bridges being designed using linear dynamic znalysis procedures, however %

usage it slowly growing as a result of the complexity of the AASHTO simplified -
model., the avadability of a simple and easy to use dynamic snalysis tool
(SEISAB), and the recent adoption of the AASHTO Guide Specific: ~3 the
required specification for Nationwide use.
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CALTRANS has automated the linear dynamic preo )
being used on virtualfy. every bridge. The P:’Dg:::”gey&zétgifog"t where “. i
conjunction with an efticient pre-processor call BAG to generat ellng used in
specific model which can be utilized for ah horirontal loads i |e a Bler.al
temperature, and centrifugal forces as well ag seismic 3 including wind,

Uncracked section properties 3ra utihized in the Space  -ame model
A (sl f ]

3.3 Nonlinear

Neither US code currently specifias 3
L J non-linear H
this a1 a method, but no specific guidelines are :rn::::tl:;j Both codes allude to

CALTRANS s currently evaluatin
. . ! q several lar tol i ihzi
ll::g'r :n(tj) rtu:m Irnelar snalysis  Hopefully the g:e::ll,b;[ldlgh:‘, uhllur_\g both
£ 2 better definition of what structure configurations uez::uad';’l“““
. nd force

levels will justify this refinement of analysty

3.4 Foundations (sbutments)_snd_sel structure interaction

Both AASKHTO and CALTRANS rpn i
| ! cegnite the need t i
t":"z’or;]“ks/'m the Ianalyhcal model  CALTRANS a,’umc;:t:l'lT::::r“le abutment
Ksro mb.per' near foot of abutment with a2 maximum fq ] D equivalent
mobitized abutment structural members ree umtation of 7.7

Pier footings, whether Io
. cated on rock or pHes ar
! e i i
u:l:u founded.on very soft materials. Large diame‘::ra“hv fr;o?“d"ed fixed
analyzed assuming soil springs as a lateral support e oundations are

4. DUCTILITY LEVELS

4.1 Bridge types

Both AASHTO and CALTRANS define du

(;pg;cglé'cf,co"(‘;Tf;gh and substructure co:::gﬁt-lte::ls‘ I:FAEEF?TUS'E"? arers of

o 3 AL A-NS re.ducllon values can be ag high as 8 CATET;IAV”Y from

ipecs ;olu:;n ta esbm their commenl?ry that a basic ductility.of 4 s a ns

s colum: em' ers m_-ud then a risk of up to 2 is applied de di eumed for
. ire configuration and sire  AASHTOD i aae ornr e

e e fangs, 5e3 3 single value over the

RE“‘O’I‘ and repla ement an Ysis o e an ranci n
C t alysis of he § ¥ i L4
! t ancisco iaducts ulilizes a

1.2 Cuyryature_ductility

Curvature ductility is not ified in &i
. ' pecified in either US criter i
:\h:reclal cues_ on uveral. f'mporlanl California ret':;:irllil;ro":c:‘“' b"n- utilized
€ prer reviews are utilized to better define the duclilil’y d'er::;z':dmg those
on

existing columns to verify the decision to not retrofit the memb
er.
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4.3 Displacement ductility

Displacement ductility i1 not normally computed. It is assummed that jt is
approximately equal to the force reduction factor. Effort Is currently underway
at CALTRANS to implement displacement ductibity calculations on a routine

basis.

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

Substructure' R Connections R

Wall-Type Prer? t Supetstructure 1o Abutment 0.8
Reinforced Concrete Pite Bents Expansion loints within

s Vertical Pdes Only a Span of the Superstructure 03

b One or more Barter Piles H Columas, Piers or Pile Bents !
Single Columns 3 to Cap Beam or Superstructure’ 1 0
Sieet or Composite Stcel Columns or Piers to Foundations® 1.0

and Concrete Pile Benu

a VYertical Pues Only

b One or more Batter Piles
Mulniple Column Bent

A

' he R Factor 1110 be vued for both orthogonsl ates of the wub Tyre,
34 walk 17pe pars muay be denigned L1 8 column in the weak directn of the pher provded alf th provisius

for eolumas in Chapter B ure followed The R Facior for 3 nngle column con thea be wsed,
vty be detigned for O

TFor brdges clausfied 33 SPCCand D it nded that the
matimum forces eapatie of being developed by plasic hinging of the columa or columa bent as tpecifund is

Sec 485 Thew farces will often be significantty kess than those obidined wiing 45 R Factor of |,

Fig. 3 AASHTO Response Modification Factors (R)

The Force reduction factors used by CALTRANS are shown in Figure 4,

' —
T
' Well cankned ductle
uR-oohemn berts
Well conlined ductde
sngle anlurnn bents {30}
8 ~
=3
o
B
&
- q .
c
o
B
3
k¥
o

(-Pm.mm.mdw(z.m

2
T
/Hing-udawcﬂnh-l.m
|
\ 1
Wall raindorced sonerele shaar heys (2 0 D)
0 t
A 0 02 04 06 09 10 20 ao
* Period of Structure (Sec) T

Fig. 4 CALTRANS Adjustment for Ductility and Risk Asseszment Factors (Z7)
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In both criteria, the adj i f
. Justment i i
moments to abtain desian momentl:’. applied by dividing into the elastic seismyc

earthquake. Load Cave | - Combiney
gﬂ% of the lc‘wces from the other direction

ase 1. This combination accounts for th
earthquake motions ¢

4.5 Maximum displacements

in San Francisco as part of thaeir retrofit evaluatiaon

The AASHTO specification indir

seat widthy to assure s
{ P30 support aft
churrled. Figure 5 shows the AASHTCC'I- ::m“e“:o
'mensions apply lo both low teismic rones (C ll
feismic zones (Category € and D). e
t

[ d
I [ e e T
[ .

L. ] Lol d

ABU
TMENT COLUMN O PrER

ectly considers difierrntial motions by specifying

ngilut.'ilnal movements have
dth dimensions . These
gory A and B) and for high

2

Ll

I |
Ra=

HINGE WITHIN & SPaN

“EXPANSION JOINT OR END OF BRIDGE DECK

Fig 5 AAS"!TO Seat width dimensiony &
‘
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Seat width (N) is specified as follows:

In Categories A and B zones (Low seismic):
N =8 +0.02L « 0 08H (inches)

In Categories C and D zones (High seismic).
N ="12 + 0 03L « 0.12H  (inches)
Where: )
L = Length in Feet between expansion joints and,
H = Height in Feet of the column or pier

CALTRANS does not specify seat width in their specification, howaver the
AASHTO seat width specification is mentioned in commentary and support
material for abutments. This specification s also applied to larger structures.
CALTRANS uses a 24 inch minimum seat on all bridges. Also at CALTRANS,
additional seat width is recommended at abutments on high skew.

4.6 Second order effects {pl| delta)

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. Neither code specifically requires the
consideration of other second order effects, however CALTRANS recommands
maintaining a KL/R ratio of less than 100 on all column members.
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Present Criteria [J. Gates|
INTRODUCTION

The following discussion presents tJS seismic design view from two primary
prrspectives The AASHTO code viewpoint, which refers to the current
version of the AASHTO seismic code (1} which was previously known as the
Seismic Dasign Guideline and earlier known as ATC-6, hereafter referred to as
AASHTO  The second viewpoint, the current CALTRANS code(2), (used by
the State of Californma), is very similar to AASHTO in many respects and
hereaiter will be referred to as CALTRANS. 1t is the intent of this paper to
discuss primarity the above two criteria but there are currently several bridge
designs and retrofits underway in the US which apply a 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 pravent collapsa
under a 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 tha design
details contained in the provisions may suffer damage, but
should have low probability of collapse due to seismically 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:
“Smali to mederate 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 speiled out directly.

1.3 _Evaluation of Importance of the bridgs

The AASHTO code currently defines two importance categories a3s follows:
1. Essential Bridges
2 Other Bridges

AASHTO only requires the application of the importance classification to bridges
located with a sersmic coefficient greater than 0.29. Classification of Essential
Biridges (IC Classification 1} is based on sccial/survival and security/defense
requirements:
“An Importance Classification [IC) shall be assigned for all
bridges with an Acceleration Coefficient greater than 0.29 for
the purpose of determining the Seismic Performance Category
(SPC) in Sec 3.4 as follows:
1. Essential bridges - IC = |
2. Other bridges - 1C - |l

Bridges shall be classified on the basis of Social/Survival and
Security/Defense requirements, guidelines for which are given in
the Commentary.”
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behavior in the bridge decks, bent caps, joints and foundationg,
Localized damage in abutments is anticipated by current Caltrang
provisions.

Monclithic setructures have become the standard of practice [y
california. 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 ultimag,
capacities and the distribution of forces in the structure during
earthquakes, Caltrans stipulates that the earthquake design o
concrete structures and members be performed using strength methods,
The design forces are determined for critical members, typically the
columns, using results of elastic dynanmic analyses based on response
spectrum for the site corresponding to the maximum credible
earthquake. These elastic forces are reduced by a responss
modification (ductility/importance) factor, Z, accounting for the
inelastic deformntions 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 the
structure.

Within these genecral guidelines a wide variety of structural forns
are utilized. 1In california, aesthetic considerations have an
important role in the selection of menber shapes and proportions.
For example, drain pipes and utilities may not be exposed,
necessitating the positioning of these ftems within structural
members. Similarly, rectangular columns are only jinfrequently
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 used in some special cases [(10]. Simple
prismatic¢ columns are only recommended by Caltrans for "multi-colur:
bents, bridges with low public exposure and highly industialized
areas."” Architectural treatments in the form of texturing, insets
and fillets on the «column surfaces are frequently wused where
pedestrian and vehicular densities are signifizznt. In spite of
these complexities, wuse of standardized column sizes and shapes s
encouraged by Caltrans for aesthetic, econonic and practical
reasons.

Pier walls are also utjilized in some situations. These are definel
as vertjcal eclements with hédights less than 2.5 times the width.
Again, tapered or flared geometries are most commonly used (Fig. 1)
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 2
continuous box girder section is typically equal to the span divided
by 18. Vertical deflections due to live load plus jmpact are
limited to the span length divided by B0O!

International Workshop on Seismic Design and Retrofitting of R.C. Bridges 181

; »

l.

_*gx_ _/? O .

- -
Lz 1

-1

m

{b) Pier Ceometries

L2

(a) Column Ceometties

Fig. 1 Typical Column and Pier Geometries

2.2 Foundations

Foundations are either of the spread or pile type. Piles are
constructed from timber, concrete, steel or cast-in-drilled-heole
(CIDH) concrete, Friction and point bearing may be considered as the
load resisting mechanism for pile foundations. FPiles may be spacer:
ho closer on center than twice the largest sectional dimension of
the pile or 3 ft. (910 mwm). 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’ Bridge
Design Specifications stipulates against the allowanceé of--uplift
forces for saturated cohesionless scils, because of the possible
loss of frictional resistance due to the buildup of pore-water
pressures during earthquakes.

Standard details are utilized for piles, With the exception of cast-
1n—glacg piles, details for confinement and shear reinforcement do
hot™ conform to ductile detailing requirements imposed for columns
3bove ground. However, special analysis is required for moment,
shear, axial 1load and stability when piles are embedded in soils
¥ith measured standard penetration resistance values of 10 or less.
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Footings are typically reinforced top and bottom in both directiong
and minimum reintorcement is stipulated for shear. A typical detajy

is s=shown in Fig. 2. Design loads for footings are based g.
capacity desian prancipten, 1.0, the moment and shear iadoced
the supported column 15 taken as the lessor of the lources rc:ut[li

from plastic hinging in the column, or from the elastic respansg
spectrum analysis of the structure plus dead load. The plastic hing
capacity of the column 15 taken as 1.3} times the nominal capacity gor
the critical section. The capacity reduction factor for footings
{and piles) {is taken as unity. Thus, yielding is expected ¢,
initiate in the column and the footing is designed to be able ¢,
develop the full plastic capacity of the column.

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

The need for shear veinforcement in footings 1s computed as for

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

(flexural vs. shear) mode of the footing. MNone the less, a minimuz
amount of shear reinforcement is stipulated for all footings in a
band located near the column. Vertical hooked ties (Mo. 5} are
required at 12 in, {105 mm} spacing In each direction in a band
extending from 6 in. (152 mm) away from the column face to a
distance awvay from the column face equal to the effective depth ¢!
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 column longitudinal reinforcement. It
undoubtedly plays an. important role in resisting the ancheorage
forces developed by the hooked column bars terminating in the
footing.

The connection of the column reinforcement to footing is called out
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 bottem of the footing (Fig.
2). Typical design practices have the hooks turned outward. The
commentary to the Caltrans’ specifications indicates that it 1s
preferable from a performance perspective to turn the hooks inward,
but that outwatrdly turned hooks are used in practice in order to
provide & more stable base for suppoerting the column reinforcement

cage during construction. The adeguacy of this detail remains to be’

evaluated.

In many cases columns are intended to be pin connected to the
footings (see Fig. 2). 1In these cases, a minimum of four bars are

used with a combined area of not les. *han 0.51 of the gross are?,

of the supported column. The required shear capacity of the pin i$
based on the plastic shear demand pr vided by the column or the

f~rece resulting from the elas. '~ (un. duced} earthquake response
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spectrum analysis
passing through
as:

{which ever is less). The shear capacity of dowey,
the center portion of the connection is estimate.

Vo AU’{[:,P (1,

wvhere A is the area of steel provided in excess of that needed f..
compression loading and p is the friction coefficient (p equals 1.t
for wenolithic concrete and 1.0 concrete cast against a rougheneg
but hardened concrete surface. If uplift is developed in a pinnes
connecticn, anp additional area of steel must be provided to resjg:
the full applied tensile force with a capacity reduction factor g
unity for eseismic leoading. The tensile design force is computes
based on eguilibrium considerations for the case where plasti.
hinges oceur in all of the columns (plus dead load). The large shea;
and axial forces associated with plastic hinging in the colump
frequently necessitates the wuse of rlusters of rebar bound in ,
spiral cage, or steel H-beam dr tube sections, instead of th,
traditional grouping of a few unconfired, large diameter, rebar:
near the center of the column.

2.3 Abutments

The selectlon of abutment type depends on the needs for structura!
support, structure movement, drainage, structure approach anp?
earthguake effects. Six privcipal types of abutments are utilized,
but two are the most commen: diaphragm abutments, and short seat
abutments (Fig. 2). Both of these types of abutment are usually
placed at the top of the 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 ¢z
loading and scoil conditions. The majin difference between the tus
types of abutments is that the seat abutment permits relative
movement between the superstructure and the embankment, and the
diaphragm abutment does not.
Joht"'}
Wingwal T Wingwal 1
Pearm Beanng
Barm
Piles (Optional} Pies (Optional)

Monolithlc Abutments Seat Type Abutments

Fig. 3 Common Types of Abutments
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piaphragm abutments monolithically connect the superstructure to the
supporting piles or footing. This integral behavior faclilities
resistance of large seismic loads. wWhile this type of abutment is
economical, it often requires substantial long term maintenance due

to settlement of the approach roadway relative to the abutment and
due to Ppotential erosion of the embankment resulting from water
jntruding in ~the joint between the diaphragm abutment and the

approach roadway. Special details can be employed to alleviate these
roblems. MNone 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
jndependent of the abutment. As such, the abutment is designed as
an independent structural element for relatively low forces. The
road surface wusually rests on top of the abutment, eliminating

problems associated with settlement and water Intrusion in diaphragm
abutments.

caltrans design procedures anticipate earthquake damage to the
abutment. Design forces and detailing provisions are, intended to
limit damage (a Z factor of 2 is employed (see Fig. 4}) and prevent
loss of suppert for the superstructure. Typlcally, the design |{s
done such that the damage is localized in key ways ar in the
aputment backwall so as to minimize damage below grade. o

Well conlined ducide
/-rnulli ~<olumnn bents

o

=~

N

\wcu tmfm‘z.d ductle

ringle column benii™, ] 6o
Y Piert Abuument Walls, and Wingwalls (2 « 2.0)

ADJUSTMENT FACTOR (Z)

2 t
# Hinge reininer cables (z=1.0)
' ]
! 1]
R Well reindorced concrete ShearKeys (120 %)
0 t 1
0D 0204060310 20 30

PERIOD OF STRUCTURE (Sec) (T)

Fig. 4 Response Modificatien 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 joints in order to limit relative displacements

and
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minimize the possibility of unscating., In the transverse directijop
keys are generally utilized. Restraint in the longitudinal direct,op
is generally provided hy flexible, wunidirectional devices which cay
limit superstructure displacement. longitudinal restraint at the
abutments is optional depending on site conditions, abutment type
and the need to limit overall displacements of the structure.

Often multiple post-tension strands arc¢ --*{lized by Caltrans for the
longitudinal restrainers. A minimum of ¢wo restraining units are
required at an expansion joint, one ne r each sidc of the deck, 3
minimum of four and a maximum of -~ven bles per restraining unge
are recommended on the basis of practical considerations, the likely
strength of the deck and test results.

The design critervion for restrainers and keys at intermediate hinges
requires them to remain elastic. ¥Xeys at sbutments are permitted tg
yield to limit damage in the abutment and foundation.

J. REINFORCEMENT DETAILS

3.1 Typical Material Properties and Reinforcement Ratios

Bridge structures are designed using Grade 60 deformed bars. Plain
bars and smooth wire may be used for column spirals and ties.

Prestressing steel is permitted, but hot as a part of the critical
earthquake load resisting systém that is allowed to yield.

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

Concrete with a minimum strength of 3250 psl (2310 kg/cm2) s
stipulated by Caltrans. Special quality assurance measures are
required for strengths equal to or greater than &000psi (420 kg/m2).
Hormal weight and light weight concrete may be used. Ho 1limit is
apparently placed on the strength of light weight concrete, wunlike
the ACI which stipulates a maximum strength of 4000 psi {280kg/cn2)
for lightweight concrete.

3.1.1 Flexural Members .

The maximum reinforcement ratio permitted In flexural elements is
limited to 75% of the balance ratio considering the beneficial
effects of any compression steel. Since it is not expected that
flexural members will significantly yield for bridge structures,
requirements for flexural elements are far less stringent in
References 1 and 2 than in the ACI code [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 detalling requirements ‘are far less
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demanding than the ACI code with regards to the need for and amount
of continuous reinforcement fin flexural members. However,
requirements for side face crack control reinforcement require that
a minimum of one Ho. 8 bar be placed in the top corners of all
girders with a depth greater than 2 feet (610 mm). Additionally, 1ot
of the tensile steel provided at any section along the length of the
pember must be distributed across the sides of the member. (The 1989
AcI Code has Been revised with regard to the amount of side steel
required. ,

A winimum amount of tensile longitudinal reinforcement is required
at locations in flexural wmembers 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
amount of flexural reinforcement must be continued into the support.
This reinforcement must be anchored to develop the full yjield
capaclity of the bars. :

A minimum amount of shear reinforcement is required in all members
(except slabs and footings) where the computed shear force exceeds
43% of the nominal shear capacity of the concrete. Where this valye
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 sSpacing of shear reinforcement is half of the effective
depth of the member or 24 inches ({610 nmn) which ever isg less. In the
lateral load resisting system,. shears are computed considering
equilibrium for plastic hinging in the columns.

3.1.2 Columns

In columns the reinforcement ratio (total area of longi%udinal steel
to effective area of the column} is limited to a range between 1 and
8 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 a 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 0.75 cage
diameters. At 1least 4 longitudinal bars shall be located in the
overlapped reqéon.

The shear capacity in eolumns is estimated identically by the Acy
and  Caltrans’ specifications. Shear capacity of the concrete is
Increased with axial compression and decreased for axial tension. At
the plastic hinge regions Caltrans stipulates that the concrete
shear strength should be be varied linearly from zero to 2 \{I'c as
the axial load increases from zero to 0.1f’cAg, where Ag is the
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{b} Tied Colunns
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(a) Iaterlockinq Spirals

Fig. 5 bDuctile Column Details
gross area of the section. Where the axial stress intensity 1s
greater than 0.1f'cAg the normal shear relation is used for
concrete. The contribution of the steel is based on oanly the
transverse steel in the core and the effective depth of the renber
is ‘taken to be 80% of the dimension of the column in the directior

of the applied shear. The Caltrans specificatisans do no: szy what
should be done in the event of tensile 1loads. 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 AC) being more concervabive for loads 1ess that 0,050 che and
less so for larger loads. However, given the limited amount ot
experimental data on this range of behavior, greater refinement mav
be unwarranted at this time. \
In pier walls the minimum reinforcement ratio s 0.25 percent
Spacing of bars on each face shall s 1] ted to 12 1n. {jonm:e)
More stringent requirements are placeu on the plastic hinge :regien

3.2 Critical Regions

3.2.1 Flexural Merbers _
As indicated previously,

bridge design philosophies in
envision

yielding to take place primarily in the columns,

the U.S.
As such,

it
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earthquake provisions are stipulated
detailing eof flexural members. The Bridge Design Specifications
indicate that transverse reinforcement wmust be provided for
compression reinforcement used to increase the flexural strength of
members (Mo. 4 stirrups for No. 10 and larger bars, spaced no mare
than 16 bar diameters on center}.

feu special for ductile

However, the maximum 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
longitudinal reinforcement or 8 inches (200 mm). The maximum spacing
petwéen longitudinal reinforcement in compression members is limited
to 8 inches (200 mm). The application of these regquirements to bent

caps and other flexural members that develop axial compression
forces as a result of seismic leading is uncertain. There is npo
formal definition of the axial load necessary in an element to

qualify it as a compression member in the Caltrans’ specifications.

The Bridge Design Specifications (2] indicate that "in seismice
areas, where an earthquake that could cause major damage to
construction has a high probability ot cCcCcurrence, lateral
reinforcement shall be designed and detailed to provide adeguate
strength and ductility to resist expected seismic movements."
However, no guidance is provided regarding the application of this
ptovision. :

Closed ties 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 develeop in a critical region.

J.2.2 Compression Members

Special lateral reinforcement is required in columns in
develop the required ductility during seismic events. This consists
generally of spiral reinforcement, but circular hoops and B
combination of perimeter and cross ties may be used where spirals
are nel Jeasibhl)e

order .o

Lateral reinforcement is continued over the full height of the
column and continues into the footing and bent cap connection. 1In
the footing it must continue te the beginning of the hook. In a bent
cap connection it must continue into the cap for a distance egual
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 colunn reinforcement, if the bars are straight: and (¢)
the straight portion of the column reinforcement, {f the bars are
hooked {see Fig. 6). This later provision may have significantly
adverse effects with regard to joint confinement and shear, i{f the
lateral reinforcerent 1is actually terminated within the Jjoint.
Practical considerations normally dictate that the reinforcement
continue-gover the full extent of the jeint.

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

reinforcement is the lessor of 1/5th of the least dimansion of the -

column, 6 times the diameter o‘ the ngitudinal bar or @ 1inches
(200 mm). This is in excess of s,..cing requirements in the ACI Code
which limits 5p1rals to a 3 inch (76 mm) clear Spac1ng and a center
to center spacing in tied columns to 1/74th the minimum colunr
dimension or 4 inches (100 mm){or he lessor of six har diameters or
- 6 inches {150 mm) away from the plastic hinge region).

For spirally reinforced columns the ratio of spiral reinforcemen: 1s
given by:

P = 0.45(Ag/Ac - 1)f'c/fy (2

where Ag is the gross area of the section, Ac is the area of the
confined core, f’c is the specified strenqth of the concrete and fy
in thc yicld stirngth of the spital. Hheere architectural or others
features result in large covers, the value of A9 may be bascd on an
assumed 2 inch (50 mm) cover over the spirals.

[nternational Workshop on Seismic Design and Retrofitting of R.C. Bridges 191
I

In the plastic hinge region it may be necessary to increa§e the
amount of lateral reinforcement. The length of the plas?lc h}nge is
gpechIEd to be npot less than the maximun horizontgl dimension of
the column, 1/6th the length of the column, or 24 inches (610 mm).
in these regiens, the ratio of spiral reinforcement may not be taken
less than spectfled by the previous expression or the greater of:

(a) for columns 3 feet (910 mm) or less in diameter:

pe = 0.45(Ag/Ac - 1)f'c/fy [0.5 + 1.25Pe/f'cAg]) : (3{
and (b) for columns ) feet (910 mm) or more in diameter:

p, = 0.12f°c/fy (0.5 + 1.25Pe/f’chg) (4)

These later provisions, based on research in New Zealand, reguire
larger amounts of cenfinement than stipulated by the ACI Code for
columns when Pe/f’cAg exceeds 40%. Current practices do not normally
result in such large axial load intensities.

¥here longitudinal bars are provided outslde 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 (No. 4 ties for No, 10 longitudinal bars or greater) and
spacing (the lesser of 1/5th of the least dimension of the column, &
times the diameter of the longitudinal bar or 8 inches (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 as,
columns about the weak axis. oOverlapping spirals or closely spacea,
tier and cross ties are used as lateral reinforcement when a 2
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PIER WALL EXAMPLE REINFORCEMENT FOR LIGHTLY LOADED WALLS
DESIGNED FOR DUCTILITY/RISK FACTOR EQUAL TO 2
FOOTING REINFORCEMENT NOT SHOWN

i

Fig. 8 Pier Wall Derails
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gactor corresponding to column 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 load and a Z-
factor of 2 or less is used, less stringent criteria may be
enployed (see Fig. #8). In this case, vertical spacing of horizontal
ties <=hall not excred the smaller cross-secticnal dimension eor 12
jnches (300 mm) whichever is less. 1n a possable plactic hinge zone,
the maximum spacing 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 longitudinal and transverse
reinforcement.

3.3 Anchorages

pevelopment length requirements 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 ACI Code are
not reflected in the Bridge Design Specifications. The main
difference is that the basic development length of HNo. 18 bars is
increased in the new ACI specifications by about 14%. The ACI has
more definitive descriptions for cases where bar spacing and
transverse reinforcement modify the basic development length.
Relatively severe penalties are Imposed by the new ACI code for
close bar spacing. These new ACI modification factors could give
substantially different - development 1length requirements than
computed using the Caltrans’ Bridge Design Specifications, depending
on the particular situvation. Reqguirements for bundled bars and
hooked hars are virtually identical for the ACI Code and the Bri:ge
Design Specification. As a practical matter the Caltrans’ Division
of Structures is wusing the 198% ACI Code development length
prqvisions 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 expected
deterioration of anchorage due to cyclic load reversals. The
Caltrans’ Bridge Design Specifications contain ne such special
anchorage requirements for seismic loading conditions.

3.4 Joints

Column to bent cap joints are designed through a combination of
nominal detailing and limitations on ultimate shear stresses at the
jeint. Lateral reinforcement in the columns is continued into the
jeint (at least partially) and column and bent cap steel are (with
exceptions) to be fully developed into the joint region (see Fig.
6). The shear stress for the joint may not exceed 12 f’c for normal
veight concrete and 75% of this value for lightweight concrete.
Thece wvalues are the same as provided by the ACI Code for a jeint
vith members framing into fewer than two of 'its transverse sides.
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However, it should be noted that the design philosophy adopted 3

the ACI Code tends to force plastic hinging into the beams. Sing,
the column reinforcement is expected to remain elastic an.
additional lateral ruinforcement (Spirals or ties) is provided .

joints, a joint is confined horizontally and vertically by close],
spaced reinforcement that remains essentially elastic. In the cane
where column longitudinal steel is expected to yield significantly,

as is the case with bridges designed in accordance with Refs. 1 an
2, it is doubtful that the column flexural reinforcement ca:
contribute effectively to the required confinement and shea:

resistance. Consequently, the adequacy of these types of Jjoin
details remains unclear. Elementary calculations can be carried oy
to demonstrate that vertically oriented stirrups may be required ;;
typical cases on the basis of joint equilibrium. Furthermore,
vertical ties may be needed to help confine the joint when th,
calumn cteel §- yiclding Ablitional investigations are reguired ta
assess this situation.

4. CAPACITY DESIGH PPINCITLES
4.1 General

Capacity design is a intvinsic part of U.S§, bridge design
preocedures. As adopted by Caltrans [2) this consistc of postulating
plastic hinges in the colunns,” making a realistic assessment of the
maximum likely flexural capacity ©f the critical plastic hinges, and
distributing the effects of these plastic capacities te other
elements in the structure on the basis of equilibrium. 1In additicn,
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 some 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 computed
moments may be used directly (without reduction) eor may be reduced
by the ductility and importance factor, Z. The column plastic hinge
is then designed (or 83t of this moment, as a moment capacity
reduction factor of 1.2 is specified for earthquake loading. The
prortable plastic moment capacity of the plastic hinge is then taken
2as 1.1 times the nominal moment capacity of the actual section
selected. The 1.3 factor 1is used to account approximately for
increases in strength due to overstrength material propertiss
resulting f(rom as-built conditions, aqge strengthening of concrote.
confinement effects on concrete and strain hardening in the
reinforcement, and an anticipated ultimate concrete compressive
strain in excess of 0.003 at failure. The code stipulates that more
refined analyses are warranted to determine probabtle capacity in
some cases, such as when axial leads exceed the balanced load.

The column axial load specified for seismic design consists of the
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dead load plus or minus the axial forces resglting from an analysis
of the distribution of forces due to plastic hinging in the bent.
The dependence of flexural capacity on axial load makes design of
the column an iterative process. In addition, it is intgrest1ng to
pote that the capacity reduction factor for axial loads in columns
15 1.0. The difference between this value and (1.2, utilized for
flexure, tends to promote a flexural, over an axial, failure mode.

column shear forces are based on statics considering the probable
plastic moment capacity of the column and the distance between
hinges {Fig. 9). W¥hen columns are flared, plastic hinges are
conservatively assumed (for shear) to occur outside of the flared
regions. The length of the plastic hinge is estimated as the greater
of: (a) the maximum horizontal dimension of the prismatic portion of
the celumn: (b) 1/6th of the length of the column: or (c¢) 24 inches
(61 cm) . ' Special provisions are stipulated for shear design of the
flared portions of the column as well as for cases where the column
is the extension af a CIM concrete plle. The capacity reduction
factor wutilized for shear design is 0.85, which further mitigates
against a shear failure in the columns.
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Fig. 9 Potential Plastic Hinge Locations and Column Shears.

The design of other elements of the lateral load resisting system is
stiputated in terms of developing the forces obtained from the
elastic dynamic analysis of the structure (unreduced) or the forces
consistent with plastic hinging in the columns. The intent of these
provisions is clear, though their location in the specifications and
the manner in which they are written may confuse the inexperienced
designer.

The caltrans‘ Bridge Design Specification st!pulates lateral loac
conditions combining 100t of the design load in one direction’ with
30t of the load associated with the orthogonal direction. This
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criterion is applied about both principal axes of the structure. i-
implication of this criterion is that whenever Z values greater tha-
1/0.3 = 3.1 are employed in design, bidirectional yielding must Yo
anticipated in columns. This can be easily accounted for 1n circula.
or other types of columns. It may necessitate, houwever, spo-
considerations when applying capacity design methods to the deg
of bent caps and, especially, outrigqgers.

2
2
.
2

4.2 Columns

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

4.3 Soil-Foundation 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 reductio-
tactor of wunity for both shear and flexure. The adequacy of pl=
connection details where theyplastic shear capacity of the colurr
must be transferred by shear friction may be questicned. However, ss
long ac  the column s adequately confined, slippage at  the pi-
connection would not be cnprcted to Le a lite safely 1ssure.

In areas supported on soft soil, special ductile detailips
provisions should be incorporated in + le {foundations. Betailing
these elements on the basis { s_-ength and pile driving
considerations may not be sufficient considering the uncertainties
in predicting pile response.

4.4 Connections between Deck and Columps

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

4.5 Abutments

The lateral load resisting elements of the abutment system are
designed using the strength method consistent with the assumptions
utilized in seismic analysis. The response modification facror
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 than that in the  colur:
bents. The design of the abutments is directed towvards prevention ¢f
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 tﬁe abutment engages the
packfill immediately. As such, it {s impracticable to proportion the
diaphragm just below the level of the roadway t? be stronger than
the capacity of the backfill. Damage to the diaphragm would be
expected. The analytical model utilized is modified (softened) when
this overstress is detected.

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

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

N= (12 + 0.03L + 0.12 H)(52/8000 + 1} {5)

where L is the length of the bridge deck in feet from the abutmept
to the first expansion joint, H is the average height in feet of the
columns supporting the deck, S.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 AASHTO guideline to account for skew,

4.6 Deck

The deck 1is not wusually considered part of the lateral lcad
resisting system. However, consistent with the objective o:
maintaining the operability of the structure following a major
earthquake, it is desired to maintain elastic behavior in the deck.

Provisions are not specified for cases where the deck is to
actively participate in the lateral load resisting system, as might
b the case for the longitudinal direction of the roadway. Detailing
requirements and lecad transfer mechanisms are developed on a case by
case basis.

4.7 peck Joint Restraining Devices

Longitudinal restraining devices at expansion joints and hinges are
intended to remain elastic under the earthguake induced 1oadinqa in
order to prevent unseating of adjacent sections of the deck. ,The
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equivalent static method of analysis is recommended fo i
the . longitudinal forces {in the restralners. This ;rgzzngéni?’
helieved to be conservative and avoids problems in estimating
openings that occur vith dynamic analysis methods as a result
trytng to superimpose the deflections of incompatible made
Friction forces developed on the geat eurface may nat be consideri
as contributing to the required restraining force, e
The static wmethod of design isclates.a emall segqment of ty
structure located between expansion joints. Lateral displacements N
the expansion joint in question are initially estimated by app1y1At
unre@uged static earthquake loads to a deck segment on onae side ?
the joint. Two separate analyses are required. One analysis for eac;
segment adjacent to the joint. Any vrestraining effect of th
restr§iners is ignored In these initial calculations. The
contr:putlon of cne additional adjacent segment may be considered ﬁ
the direction of deck motjon, it the computed displacements arn
sufficient to close the gap separating the two’ segments. If the
computed displacements exceed the seat width provided (minus a 4 1ne

(?0 cm) safety marq!n), Testrainers are provided to reduce the
displacements. The displacement of the restrained system is thep
checked (assuming the restrainers are fi. '' at the end away from the

direction of motion). Because the weaker of the two segments will be
forced to move along with the stronger s ament by the restrainers
the smaller number of restrainers "mpul. . for each segment is useé
at the joint. Clearly, .this: process is complex and jterative
involving modifications in number, size and length (i.e. stiffness)
of restrainers, initial slack 4in the restrainer systcé the ga
width between segments, scat width and segment (column) séiftness. °

wWhen vertical seismlc forces are computed at a hinge that exceed 50t
of the dead lcad reaction, hold down devices are required. These

devices are intended to minipize the potential effects of vertical
motions.

Nhep rigid restraining devices, 1like keys, are wused, they are
derntagoed  for  amplificd loadings relative to the elastic response
gpectrum analysis results (f.e., & I factor of o.y js. employed) .
However, keys at abutments are most often intentionatlly designed to
have a smaller capacity than than the plles, footings and soil in
order to limit damage to these subgrade elepments,

5. CONCLUDING REMARKS '

The earthquake resistant design provisions utilized in the U.s. for
areas of high seismic risk are based on absorbing a significant
amount of the energy imparted by the earthquake through ductile
y:el@lqg. Satisfactory performance is regulated though the used of
ductl!xty/importance factors which control the degree of yielding
capacxgy Qesign concepts that control the distribution of damaqé
(plastic hinging), and local details that insure adeguate ductility
capacity at the critical plastic hinges.

Due to the limited research that hag been carried out on the seisnmic
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Perfo:mahCE of bridge structures, bridge design specifications are
not as refined as those promulgated for buildings. While the overall
earthquake design procedures stipulated by Caltrans for bridges -is
conceptually . sound, the format makes {its implementation by
{nexperienced designers problematic. In additien, significant areas
exist which npeed additional research wupon which improved code
rovisions might - be based. These areas include joint shear and
confinement, fgundation design, built-in pins, hinge restrainers,
abutment design details, 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-monolithic
bridge construction alsc need to he addressed. Such structural types
are common In the U.5. in areas of lessor seismic hazard. The
relationshlip of seismic hazard, required details and expected
performance needs to be carefully assessed for areas of moderate
selsmic risk.
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1.1 INTRODUCTION

Nighways in Japan consist of Expressways (3,721 km), National Highways
(46,661 km}, Prefectural Roads (128,202 km), and Municipal Roads (925,138 km).
Along 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 steel
bridges with a length of 15 m or longer.

Design of highway bridges with span lengths less than 200 m is made in
accordance with the "Design Specifications of Highway Bridges® issued by the
Ministry of Construction. The Design Specifications of Highway Bridges consist
of "Part [ Common Part”, *Part ] Steel Bridges”, "Part HI 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 [1-1] .

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

This paper summarizes the current seismic design philosophy of highway'
bridges with span lengths less than 200 m in Japan.

1.2 DAMAGES OF HIGHWAY BRIDGES IN THE PAST FARTHQUAKES

Located along the Pacific 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 {1-21 . It is recognized that the earthquakes with
magnitude over B have occurred with rather short recurrent peried in and
around Japan in the past. It should be noted that seismicity, is especially high
along the Pacific coast. Cities large in population and industrial products
such as Tokyo, Osaka and Nagoya are located in this region.
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Fig 1-1largest Magnitude of Earthquakes in the Past

Table 1-1 shows the highway bridges which suffered damage in the past
enrthquakes since the Kanto Farthquake of 1923 It should bLe unted that
although there were many bridges which sulfered damage due to earlhquakes,
the number of bridges which fell down was only 15

Rased on surveys of Lhe damaged bridges, it is pointed out that the three
major factors which contributed to the damage of bridges are [1-3]

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

From such factors, the following types of damages were most often
developed in the past .
at substructure  Glting, settlement, slidhng, cracks, and overturning
b} superstructure  movement, bucklhing and cracks near the supporis, and

falling of girder
c) bearing supports : Mailure of supports, and pull.out or rupture of
anchor bolls
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Table 1-1 Damage of Righway Bridges In the I'ast since Kanto Earthgquake of

1923
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Although these kinds of damage are the ones commonly observed in past
vearthquakes, the damage types have been changing in accordance with the
progress of seismic design methods and improvements in construction practice.
Seismic damage since the 1923 Kanto Earthguake may be classified into three
stages from their significance [1-4] (refer to Table 1.2).

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

After experiencing the destructive damage of the 1923 Kanto Earthquake
the first requirements for seismic design of highway bridges were included in
the "Details of Road Structures (Draflt)” issued by the Ministry of Internal
Affairs in 1926. No scismic effects were considerad for design ol highway
bridges prior to the Kanto Earthquake. Even after the first stipulations issucd
in 1926, seismic design was not adequate because the stipulations only
describad design Torce levels without providing a detailed design method or
design details  Therefore,  seismic safety of bridge substructures was
inadequate  until  the 1950°s when  seismic design for [foundations and
substructures came to be wmidely adopted

{n those days, when seismic effects were either disregarded or inadequately
considered, seismic damage was characterized by failure of loundations and

substructures as-ahown 1n Photos 1.1 and 1-2. |n most cases, foundations
i
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tilted, moved or even overturned due to inadequate atrength of the foundations
and the surrounding subsoils This led to Ialling-off of the superstructures.

Damage of Sakawa-gawa lirldge on Natlonal Nighway No. | by the Kanto

Earthquake of 1923

Photo 1-1

Photo 1-2 Damage of Nakazuno Aridge by the Fukul Farthquake of 1943
- Stage 2 -

(2) Damage due ta Soil Liguelaction

ent of seismic design apd construction

adequate strength of foundatjona became less

Although the damage due to in
frequent in accordance with the improvem

d wns soil failure during the 1964

methods, the next stage of damage encountere
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Niigata Earthquake. Soil liquefaction, which tock place extengively around
sites, caused destruclive damage to bridges, Photos 1-3 and 1-4 shows the
falling-off of the decks of the Showa Bridge and the Higashi Overcrossing
Extensive soil movement associated with higquefaction [ 1-5] cavsed large
Interal movements of bent pile foundations, which caused the deck to [all. Fig.
1-2 shows the damage of Yachiyo Bridge due to such liguefaction induced lateral
movement of soils

Photo 1-4 Damage of lltgashl-Kosen dicidge by Lhe Nilgala Earthquake of 1964

fnternational Workshop on Seismic Design and Retrofitting of R.C. Bridges 91
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(a3) Residual Displaccment of piers {b) Damage of Bearing Seat

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

Through the damage, it was learned that it is important to take account of
liquefaction in design of bridges, and various studies for assessing and
evaluating the effects of liquelaction were initiated. Through such studies, the
first stipulations .for assessment of liquefaction were introduced in the
"Seismic Design Specifications of Highway Bridges™ in 19701 (1-6} .

One more important lesson gained [rom the Niigata Earthquake was that
devices [or preventing superstructures from falling [lrom 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 lailures of soils such as soil liquefaction, critical failure
causing the deck to fall could be prevented if such devices were provided.
Various devices were Lhen developed, and design recommendations were included
in the Seismic Design Specifications of Highway Bridges issued in 1971,

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

In recent earthquakes including the Miyagi-ken-oki Earthquake (M7.4) of
1978 and the Nihon-kai-chubu Earthquake (M7.7) of 1983, substantial damage due
to inadequate strength of foundations and effects of soil liquelaction did not
develop in those bridges designed and constructed in accordance with Lhe
recent design specifications. However, damage to reinforced concrete piers and
bearing supports did develop extensively as shown in Photes 1.5, 1-6 and 1.7
This is due Lp the fuct that other modes of Mailures such as tilting or movement
of the loundations, soil liquefaction. and Malling-off of superstructures were
prevented by the new design recommendations

The new strengthening and earthquake resistant countermeasures brought
damage at the next weak points such as the reinforced concrete piers and the
bearing supports. This obviously shows thal countermeasures aiming only at
minimizing Lhe damage observed in past earthquakes do not necessarily
contribute Lo avoiding new types of damage in future earthquakes 't is now
required to take account of the total seismic safety of highwa es, and’
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this was the muin scope ol the lutest rev"Jon of the seismic design
specifications i 1990

Photo 1-5 Dnaage to Reinforced Concrete Piers of Sendal Bridge by the
Miyagi-Kon okl Earthguake of 1978

Photo 1-6 Dhamage Lo Bearing Supports of Da te Bridge by the Miyagi-ken-okl
Earthquake ol 1978

It should be noted here that the dammre shown in Photo 1-7 was developed
by shear at the mid-height of the renforced concrete piers where main
reinforcement was terminated. In the design specifications issued prior to 1980,
the main reinforcement was terminated with the bond length of 20 times the
diameter of the main reinforcement Through the dimage, such as that shown in
Photo 1-7, the bond length was revised 1o the 1950 specitieations to 20 times the
diameter of the main reinforcement plus the ¢ffective depth of the pier,

s

ar
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Photo 1-7 Damnge to Reinforeed Conerete Plers of Shlzunal Bridee by the
Urnkawa-oki Enrthquake of 1932

1 3 HISTORY OF SEISMIC DESIGN OF HICHRAY BRIDGES

Seismic design wos initiated for highway bridges in 1926 after the
expericnce of the Kaanto Earthquake in 1923, The importance of considering
seismic ellects in design of highway bridger was recognized [rom the extensive
damage resuiting from the Kanto Farthquake. The first stipulations requiring
seismic ellects for highwny bridges were included in "Details of Road
StrucLures (Mealt)” issued by the Ministry of Internal Affairs in 1926, It was
stipulated in the dralt details that the maximum lateral force -.pected to
develop at the site shall be considered in seismic design. 1L was also
recommended in the deaft details that the 30 % of gravity force shall be
adopted for the reconstrnction of the bridges damaged by the Kanto Earthquake
at Tokyo and Yokohmana

After esperiencing significant damage during strong earthquakes seismic
regalations were reviewed and amended several times as sliown in Table 1-3.
"Design Specifications of Steel Highway Bridges (Deaft)” were issued in 1939, and
Design Specifications of Steel Highway Bridges™ and the revised version were
issued i 1956 md 19, respectively. A scismic lateral force of 20 4 of the
gravity force was stipalated in these specifications. The 20 % gravity lorce was
considered For o long time ax a basie design Toree for highway bridges.

The Tival comprehensive seismic design stipulations were issued by the
Mimistry of Construction in 1970 in a separate volume exclusively for seismic
design as  “Speaifications for Seismic Design of lghway Bridges™. It was
described in the specifientions that lateral force shall be determined
depending on zone. importance aid pground condition in the ﬂ'tatic lateral force

2
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method (seismic coefficient method) and structural response shall be further
considered in the modified static lateral force mothod (modilied seismic
coefficient method) Evaluation of sml hiquefaction was Nirstly incarporated in
view of the damage caused in the 134 Nigata Earthquake Design details Lo
increase the seismic salety such as devices tp prevent the superstructure
falling from substructures were newly inteoduced, Design methods  (or
substructures were also issued between 1964 and 1971 in the form of “Design
Specifications of Substrurtures™. Therefore, it is considered that considerable
increases in seismic safety were made for those bridges designed and
constructed 1n accordance with the 1971 Specifications.

Table ] 3 Nistory of esign Sciseic Loads for ltighway liridges In Japan
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The 1971 specifications were revised by the Ministry of Construction in Lhe
form of "Part V Seismic Design™ of the "Design Specifications ol Highway
Bridges® in 1980 Although the Part V was essentially the same as the 1971
Specifications, a rational evaluation method for predicting soil Hyuefaction as
well as practical design methods at the time when liguefaction is judged to
occur [1:6} were ineluded in the Part V Selsmic Design.
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The latest epeciflications were issued by the Ministry of Construction in
February 1990 in the form of "Part V Seismic Design " for the " Design
Specnflcatlcnm of Highway Reidges™ [1-1,1-8] . Major revisions introduced in the
1900 Specifications were umfication of static lateral force method (seismic
coeffNeient method) and the modified static lateral force method {modified
geismic coeflicient methody including the revision of the seismic design force, a
new method for computing inertia [orce for multi-span continuous bridges, a
new ductility check lor reinforced concrete piers, and detailed stipulations
for dynamic response analysis. These revisions were incorporated based on the
recent studies for predlctmg earthquake ground motions and strength of
reinforced concrete piers [1-9~1-27]) .

ol the

The "Part Y Seismic Design® "Design Specifications of Highway

Bridges” has the lollowing contents

Chapter 1 General
1 1 Scope and Application
1.2 Definition of Terms
Chapter 2 Basic Principles of Seismic Design
Chapter 3 Loads and Design Conditions in Seismic Design
3.1 Loads and Combinations for Seismic Design
3.2 Effects of Earthquakes
3 3 Inertia Force
3.3.1 General
3 3 2 Computation Method of Natural Pcrlod
3.3.3 Computation Method of Inertia Force
3 4 Dynamic Earth Pressure
3.5 Hydrodynamic Pressure
3 6 Grouml Conditions for Seismic Design
3.7 Soil Layers of Which Bearing Capacity Shall be Decreased in Seismic
Design
37.1 General
3.7.2 Sandy Layers Yulnerable to Liquefaction
3.7.3 Very Loose Clayey and Silty Soil Layers
3.7.4 Soil Layers of Which Bearing Capacity Shall be Decreased and
Treatment of the Lavers
3.8 Ground Surflace Assumed in Seismic Design T
Chapter 4 Seismic Coefficient :
4 | General :
1 2 Standard Horizontal Seismic Coelficient
4 3 Modification Factors lor Standard Horizontal Seismic Coelfictent
Chapter 5 Check of Bearing Capacity of Reinforced Concrete Piers for
Lateral Force
5.1 General
5 2 Check of Safety
5.3 Horizontal Seismic CoelTicient for Check of Bearing Capacity
of Reinforced Concrete Piers for Lateral Force

5.3.1 Equivalent Horizontal Scismi¢ Coefficient for Check of
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Bearing Capacity of Reinforced Concrete Piers for Lateral Force
532 lorizontal Seismic  Coefflicient for Check of Bearing
Capacity of Reinlorced Concrete Piers for Lateral Force
54 Bearing Capacity of Reinforeed Concrete Piers lor lLateral Force
541 Bearing  Capacity  of Reinforced Conerete Piers  for
lateral Force, Allowable Ductility Factor, and Equivalent
Natural Period
5.4.2 Bearing Capacity, Yielding Force, Ultimate Displacement
and Yielding Displacement
543 Bearing Capacity of Reinforced Concrete Piers for Shear
Chapter 6§ Dynamic Response Analysis
6 1 General
G 2 Dynamic Response Analysis Method and Analytical Models
6 2 | Method of Dynamic Respouse Analysis
6 2 2 Analytical Models
6.3 Input Ground Motions for Dynamic Response Analysis
G631 Acceleration Response Spectra for Modal Response Spectral
Analysis
6 3.2 Accelerations Tor Time History Analysis
6.4 Check of Seismic Safety
Chapter 7 Structural Details in Seismic Design
7.1 General )
7.2 Device for Preventing Falling-qff of Superstructure fromSubstructures
7.2.1 General ’
7.2.2 Devices for Preventing Falling-off of Superstructure
7.2.3 Nistance between Edge of Crest of Sub.tructure and Edge of Deck
7 2.4 Devices for Fall of Deck
7 3 Design Details for Seismic Design & "~ariu, jupports
Chapter 8 Devices for Reducing Lateral Force

tAppendiv)
I References on Liquefaction
. Examples of Classification of Ground Condition
it Relerences on Design Ground Motion
Iv . Example of Computation of Natural Period and Inertia Force
V. Reference on Bearing Capacity of Reinforced Concrete Piers for
Lateral Force
\1. Practices of Design Details for Seismic Design

1.4 SEISMIC DESIGN PHILOSOPHY OF HICHWAY BRIDGFS

Fig 1-3 shows Lhe llow of seismic design of highway bridges. Basic concepls
for seismic design are as:

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

U
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specified in the "Part V Seismic Design” of the "Design Specifications of Highway
Bridges™. Structural characteristics, topographical, geological and soil
conditions at the site, past experience of seismic damage and importance of
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Fig. 1-3 Flow of Scismic Design of Highway Bridge
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the bridge have to be taken into account in seismic design, Highway bindges
shall not suffer structural damage to avoid suspension of tralfic against small
to moderate earthquakes which have a high possibility of accuring at the site,
and shall be designed not to eause eatastrophie damage such as falhing of [ of
superstructure from the sobhstructure even for large earthquakes such as the
Kanto Earthquake in 1921

b) Design shall be made based &n the allowabte stress design method The load
combination for seismic design ia of the principal load (P) + &eismic effects
(EQ). The principal load (P) includes dead weight (I, prestressing lorce (PS),
effects of creep (CR), effects of eshrinkage (SH), earth pressure (B,
hydropressure (HP) and uplift force (U} The seismic effects anclude inertia
force, increase ol earth pressure during earthquakes and hydrodynamic
pressure. Effects of unstability of subsails such as failure of weak cohesive
soils and liquefaction of saturated sandy suils has to be considered in seismic
deaign Allowable stress can be increased 50 % for toad combunation of P+ FQ

¢) Lateral force shall be computed by the static lateral foree method, in which
the lateral force is determined by multiplying v weight W of the strocture
with the lateral force coefficient k. Lateral force in vertinal direction may be
grneratly neglected in design calcule on e ot for design at hearing
supports, where the vertical force coefficient of 0.1 is considered

d) Scismic lateral force shall be .'lppﬂed to structures, soils and water above
the “ground surface assumed in seismic design™. Seismic lateral force for
structural members, soils and water below the ground surfluce assumed 10 seismic
design shall be considered as 2ero. The ground surface assumed n seismic
design is taken at the upper level of stable soils, and is generally assumeel as
the base of footing for pile foundations When the surface soils are vulnerable
to fiquefaction or unstahitity of weak cohestve saits, the ground surface
assumed in seismic design has to be assumed below such unstable soils

e) Lateral force coeflicient k. shall be determined 1n sccoddance with region,

ground condition, importance and natural period. The lateral lovce coefficient
k. shall not be less than 0 1.

N A Check of the bearing capacity is recommended for reinflorced concrete piers
to avoiding brittle Tailure. Check of bearing capacity of remltoreed concrete
piers shall be made based on the dateral foree coefficient k.. which is

exclusively specified in the specifications for this purpose,

g) Dynamic response analysis 1s reconmended for new types of hridges and those
which have complex structural response characteristics

h) devices for preventing the superstructure from falling must be installed.
1.5 SEISNIC LATERAL. FORCE FOR STATIC LATERAL FORCE METHOD

1.5.1 Seismic Lateral Force Coefficient
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Fig. 1-4 Seisaic Zonlog Map and Modiflcatlon Cocfflelent oz

Table 1-4 Cround Conditlon Factor ca

Ground Group 4 " [h}]
Cq 08 10 1.2
Table 1-5 TImportance Factor ¢,
Group c, Definition
Bridges on ecpressway (limited accesy highways),
It clasg 1.0 genenl  navonal road and pnncipal prefecoaral
road, Imporunt bridges on general prefecturat
road and municipal road.
2nit class a8 Other than the above

Table 1-6 Structural Response Factor or
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In the static lateral Torce method (geismic coelficient method), the design
goismic lateral force coefficient shall be determined by Fq (1-1), bul no less
than 0.1.

kn=c¢'ca'cl'cr'kh0 (1-1)
where . o

k. : design seismic Iateral Torce coeflicient,

kno : standard design seismic lateral force coefficient ( 0.2),

¢, : madification Tactor lfor zone (refer to Fig. 1-4},

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

¢y : modification factor for importance (refer to Table 1.5, and

cr : modification factor for structural response (refer to Table 1.6).
For computing inertia force associated with weight of soils and
dynamic earth pressure, cr shalt*he 10

Fx (1-1} was determined based on the statistical analyres of 394 components
of strong motion records aobtained on ground surface in Japan (1.9) . Effects
of composition of two horizontal components were studied. It should be noted in
Fq.f1-1) that although k., was derived from the acceleration response spectra,
considerable modifications were incorporated into k., based on the past
experience of seismic damage and bridge response characteristics. Special
attention was paid to determine the selsmic [ateral forcy level at the natural
period over | second.

Fig 1-5 shows the seismic lateral force coefficient kn assuming cz = cr =

10

.

x
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Fig 1.5 Seiemic Lateral Farce Coelficient k,, for Static Lateral Force Method
(cz=e,=10)

1 52 Classification of Ground Condition

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

dh, (1-2)

To= &
OI:V

-
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Table 1-7 Classiflcatlon of Ground Condition

GROUND CONDITION QEFINITION APPROXIMATE ESTIMATION

GROUP | Te<025EC

GAOUP 1 02= Ty <06 SEC ALLUVIUM AND DILUVIUM

TEATIALY OA OLOEA

GROUP 11 06z T, SOFT ALLUVIUM

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

1.5.3 Earth Pressure During Earthquakes

Earth pressure during earthquakes, which shall be applied to structures
below the ground surface, is specified based on the Mononobe-Okabe formutae
as a distributed load as

(1) Active earth pressure

Puoasr 5 K20 'VKIA’Q"KM
as*($-84-0)

sin( 4+8 Jsinl $ra-8,) ]'
oos{ @+8a+ 85 )oos(0~-a)

Keaz

(-3

cnso.-ws'o-ms(a'ﬂ.'h)[h

(2) Passgive earth pressure

Pormr -0 Kert2¢ o/ Kertq - Kar
Ko ont(d-04-8) (1-4)

sin(é-8 Jsinl dta-84) }'
cos( @-04+8adons(8-a)

0sf e s -os(F-04+8 |)[|“J\/

If $+ta-0o¢ 0, sin{4+a-¢) shall be zero.
where
Pra and Pge: aclive and passive earth pressure at depth x (m) lrom the
ground surface (tF/m?}
Kea and Kar: coefficient of active and passive earth pressure
v : unit - weight of soils (1f/m?)
«C, cohesion of soils (t[/m*)

q': surcharge on the ground surface (Lf/m?)
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8 : angle between the back wall and vertical plane

% angle of friction between the back wall and back soils
0o = tan™' ka

kn' geimmic lateral lorce eoellicient

1.5.4 Hydrodynamic Pressure

{1} Hydrodynamic pressure on walls

Hydrodynamic pressure P (i) acting on one side of a wall- lype structures
and the height h, (m} of the pressure I' from the bottom of the water shall be
determined (rom

-1 2
P = o knwobh (1.5)
hg= 0.5 h : (1-6)
where, kn = lateral force corflicient, wy = unit weight of ‘water (tf/m™), h =

depth of water (m) and b = width of wall (m).
(2) Hydrodynamic pressure on columng

Hydrodynamic presaure P (tD acting on colwnn-type structures surrounded

by water and the haight h, {m) of the pressure P from the bottom of the water
shall be determined as '

2 K wooh 2 (1. ) 2 520

Pz kot 2 (07. o) 20< 2 540 (1D
:,% knwoAoh -l:; 4y < II:‘

he = 0.5h 1.8

where, kn = Interal force coefficient, wy = unit weight of water (U{/m™, h
depth of water (m), a = depth of column {m}), b = width of column tm) and A,
sectional area of column (m?).

1.6 TREATMENT OF VERY LOOSE COIESIVE SOILS AND L.._JEFACTION
1.6.1 Sandy Soil Layers Vulnerable to Liqu ‘e-tio..
(D) Sandy Soil Layers to be Checked lor Liquelaction

Saturated alluvial sandy layers which have the water takle within 10 m from
the ground surface and have Dso-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 en the grain size accumulation curve
between 0.02 and 20, mm are vulnerable to liquefaction up to a depth of 20 m
below the ground surface, and liquefaction potential of these layers shall be
estimated according to item (2).

(2) Estimation of Liquefaction _ )

For those soil layers which are judged to be vulnerable to liguefaction,
liquefaction potential shall be checked based on the liquefaction resistance
factor Fo defined as

F.=R/L (1-9
where

F. : liquefaction resistance [actor
R . resistance of soil elements against dynamic load defined as

R = R], + Rz + R:I
N

R, = 00882 P

0.19 (0.02 mm 5 Dys 50.05 num)
Ry = { 0.25Log,(0.35/D.,) (0.05mm< Do s 0.6 mm)

-0.05 (0.6 mn<Dsp £2.0 mm)
R = { 00 O% SF.540T)

? 0.004F-0.16 (0% <Fcs100%)

N : N-vglue of standard penetrnt:on test .
Dao : averaged grain size on grain size nccumulatlon curve
Fc : Tine sand (grain size less than 74 . m) content

L : dynamic load induced in soil elements during an earthquake defined
as

[T
LL=rq-k, :

Qv
ra= 1.0-0.015x
x : depth from the ground surface (m)
ko : bseismic coelficient [or evaluating [iquefaction, and shall be
determined as
ka= cz-ca-t: ko
¢z, co and c; : modification factors for zone, ground condition, and
importance {refer to Fig. 1-4, Table 1-4 and Tablé 1-5)
kao * standard design horizontal seismic coellicient for check of
liquefaction ( =0.15)
o v: total overburden pressure (kgffem?), and
av= IV;:h-‘ng(X'h.‘H /10
a': gflective overburden pressure (kgf/em?), and
av' s tyohet vy 2 (x-h.) /10

Soil layers having liquefaction resistance factors, Fy, smaller than 1.0
shall be judged to liquefy during earthquakes, and treatment of these soils
shall be made in accordance with 1 6.2,
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1 62 Very Soft Cohrsive Soils and Silty Soils

.Cohesive soil Yayers and silty soil layers which are within 3 meters of  the
ground surface, and have a compression strength estimated by unconfined
compression tests or field tests, fess than 0 2 kgl/em?, shall be defined as very
solt soils in seismic design, Treatment of these soils in seismic design shall be
made in accordance with 1 6.3

1 6.3 Soils Whose Soil Constants are Reduced in Seismic Design

(1) For those soi! lavers which were judged to hquefy in the ahove estimation
and which are within 20 m lrom the ground surface, the spring stiffness and
other soil constants shall be cither neglected ¢ . educed in seismic design as
shown in Fig. 1-6, by multiplying the original spring stiffness and other soil
constants by the reduction factor D which is ¢ ‘ermined in accordance with
F.-value and tabulated sn Table -9

SUPERSTRUCTURE

£

INERTIA
FORCE

VERY LDOSE Safo] 2|
F<06 f=
B

LOOSE SAND '
06 <F <10 '

STIFF GRAVEL- -~ -
Fo>10 "=

Fig. 1-6 Trcaiscnt of Soll Layers Vulnerable to Liquelaction

Table 1-9 Decreasing Rale De of Soll Constants Depending on Fo Value

T DEPTH FROM
FUVALVE | cagyng SURFACE O
T B Om == 10m 0
F =06 g s =
10m < ¢ = 20m 113 i
0m=x=0m 173 I
pE<F =08
)m < 1 Xm 1
0m =23 10m F 2
0B« F <0 |- E i
Iﬂm{xsmm 1

™
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(2 Spring stiffness and other soil constants shall be zero lor those soil
layers which were defined as "very soft cohesive soils”.

(3) For those soil layers whose spring stiflness and other soil constants are
assumed zero in seismic design, the “ground surface assumed in seismic design”
shall be assumed to be at the bottom of these layers. It should be noted that
because the inertia force is to be applied to the structures, soils and water
above the ground surface assumed in seismic design, larger lateral 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 is taken
lower. .

(4) The surcharge effect of the weight of soil layers where soil springs and
other soil constants are nssumed to be either reduced or zero must be
considered on the lower soi!l tayers.

1.7 EVALUATION OF INERTIA FORCE

lnertia forces in the static lateral force method shall 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.

Natural period and the inertia force shall be determined from:

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

Natural period and inertia force shall be determined from

th =anRI
(1-10}
T=201 .6
(1-11)
where

Fa. : inertia force associated with dead weight of superstructure for
design of i-th substructure
k., : seignic coellicient considered for i-th structural segment

R, : reaction force developed at i-th substructure due Lo dead weight
of the part of superstructure supported by the i-th
substructure.

T : natural period, in second, of the seismic design structural unit
: lateral displacement, in meter, of the substructure subjected to a
lateral force equivalent to 80 % of the dead weight of a
substructure abave the ground surface assumed in seismic design
and the dead weight of a part of the superatructure supported
" by the substructure

o

Because soil-struclure interaction is important for evaluating the seismic
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ateral force, it is generalty idealized by a set of soil springs. The atiffnesses
— I . g y . *
T |9 of soil springs are dietermined based on k-values, which represents the spring
3 & E_ g t gtiffness per unit area, as follow
E B R ii:, |
H RS Sty k=35 B (1-12)
= 4 L £ T Pz I
R E 2E7%2 Eo = 2(1+ v5) 0o (-13
} 3 2 33t is " Y 2 .
2 : HEEE Go 10 g Va (1-14)
- i - Ve = 08 x Voo Veo < 300 m/sec (1-15)
4 ) IR Ve Voo 300 m/sec
;4/: _,", T i . i where
I Ihe : i ' k : stiffness of s0il spring per unit area (kgf/cm®)
: 1 1 A ' V=== ! G, and Eo : shear modulus and elastic modulus of soils depending
2t ! T 2. ' K ! on shear strain induced during earthquakes
i<l i1 ! ] v o: poisson’s ratio
- é Is§ H X ‘ i : J ! V, : shear wave velocity ansumed in seismic design (m/gec)
;E : !_’:5 ! ] ! J ! Voo : Bhear wave velocity measured at the site (m/sec)
— ElloEh 7 I3 g ’ '
: ;El 21 | N i (2)Seismic design structural unit consisting of several substructures and the
-3 < . - : ! part of superstructure supported vertically by the substructures.
& : ,_,_f], .S . W Inertia force shall be evaluated in accordance with Fig. 1.7, i.e.,
[ ! ' e, adpe) ]
by oo M TS - iVidealize the bridge by a linear elastic [rame wodel. Soil-structure
£ o L interaction effects are idealized by the same way with (1).
v - Rt iapply a lateral force equivalent with the dead weight of superstructure and
E 7 T : K substructures above the ground surface assumed in seismic design, and compute
3 s ,rr’___ -, "\l ! . the natural period as
' . "= : = N 1
' N == ] ﬂ:ﬁl | '
o H IS | R o i T=201 % (1-16)
— ! * i N 1] ! )
] By I ~, ] 3 1
@ ! AN ' ~ o { wia)u(s)?ds
A . - ) T o ————— -
o173 xll‘ ' :-:G' W ! 6 § w(s)u(s)ds 1-1n
Lol I == {1y .7 = i i
¥ H 1 | " ! where
3 ' \‘ - F ! w(a) : dead weight of the seismic design structural unit (superstructure
| 3 ne=—=(]; fof ] ! and substructure above the ground surface assumed in seismic
i i =" = ,’, \ design) at point "s” (Lf/m)
| | ; - T u(s) : lateral displacement developed in the seismic design structural
1 | VST - o unit at point *s™ (m) when subjected to w(s) in the direction con
4-:‘___\]; LETEY B YT R LR TXAT B ] -—u--lwlrn, spliign gy ar pul‘-_ sidered 'lﬂ deslgn'
T e Sl | TR iy ) o e prpean ) Desdod g iii)determine th seimic coefficienl’. kh dr:pendirlg on the natural period T
A S ivicompute inertia force as
RS H c
2= = L]
Pt i3 2 Fa=knxF (-18)
DAY iE E
¥
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where

kn
F

: sh.cnr. force (1D or bending moment (t{m) due to inertia force
: seismic coollicient

!'orcn: developed in the seismic design structural unit when sub
Jected to a lateral force equivalent Lo the dead weight of the g

eimmic desiginstructural unit above the ground surf i
- - . ace
seignie design (tf/tlm) . assuned i

® ® ® ®

- s

F

M/ B / B S
1 -
! ! wis) N @ w(s) / ufs) ;
[}
'
i
Al

a) Design in Transverse Dhreetion

wis) D_ead weight of super. and sub structure at point s ({#m)
u(s} * Displacement at poiln s developed when subjected to lateral force

] :

4
1] '
]
! r,

b} Design in Longitudinal Direction

equivalent with dead weight of superstructure and substructure above
ground suiface assumed In teismic design

H Fo:_ce developed when subjected to lateral force equivalent with dead
weight of superstructure and substructure above ground surface
assumed in seismic design {if or ¢f -m)

I

b fiw(s)u(sfds
Jw(shu(s)ds

!

T-2M3

|

Seismlc Coefficient : k,

— !

Inertia Force : Fymk,» F

v

Fig. 1-7 Calculation of Inertia Force
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For subatructures supporting girder bridges, the shear force developed at
the center of gravity of the superstructure shall be regarded as the lateral
force for seismic design of substructurcs. However, when the inertia force
computed by Fq.(1-18) is smaller than the inertia force computed by Eq.(1-10),
the latter shall be adopted lor design. This needs 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
stiffness distribution of subslructures, the inertia force carried by piers with
lower stiffness tnkes even negative values, However, if [ailure of the
structure, such as at a bearing support, occurs, the contribution of load
carried by each substructure will be changed from the distribution computed by
Eq (1-18). Based on such considcrations, n lower limit [or the inertia force
evaluated by Eq.(1-18) is included.

For substructures which support the superstructure with movable bearings,
friction 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 multiplying the coelficient of [riction with the
dead weight at the bearing supports. The coefficient of friction depends on
the type of bearing supports, and the value of 0.05 ~ 0.15 is generally
adopted.

1.8 CHECK OF BEARING CAPACITY OF REINFORCED CONCRETE PIERS FOR LATERAL
FORCE

1.8.1 Judgement of Bearing Capacity ol Reinforced Concrete Piers for Lateral
Force

To prevent reinforced concrete piers from failing in a brittle miwaner, it is
recommended that the bearing capacity of the reinforced concr-te piers be
checked in accordance with the llow-chart presented in Fig. 1-8.

Bearing capacity of reinforced concrete piers for lateral force shall be
checked using

P. > knW . (1-19)
where
P. : bearing capacity of the reintorced concrete piers for lateral
force(tD
k.. : equivalent horizontal seismic coefficient for check of bearing
capacity of the reinforced concrete piers for lateral load
W equivalent dead weight (tf), and shall be determined as
W=W,+ccW, (1-20)
on = 05 P.sP.
= 4 R
L0 PL>P, . (-2
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R.: dead weight of a part of superstructure su
concrete piers (th)

»i dead weight of the reinforced concrete piers (t0)
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1.8 2 Equivalent Seismic Lateral Force Coefficient for Check of Bearing
Capacity of Reinforced Concrete Piers for Lateral Force

Equivalent seismic lateral force coefficient for check of bearing capacity
of reinfarced concrete piers for lateral force shall be determined according to
the equal encrgy assumption as

K ,
- ‘na 1-
kna 7o (1-22)
Kno= €z -, *Ca*Knoa & 03 (1-23)
where

ne : equivalent seismic lateral farce coeflicient for check of bearing
capacity ol reinforced concrete piers for lateral force
kno : sersmic lateral force coefficient for check of bearing capacity of
reinforced concrete piers for lateral force

u 1 altowable ductility factor

¢z - modification Factor for zone (refer to Fig. 1-4)

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

cx : modification facter for structural response (refer to Table 1-10)
Kneo: slandard seismic Iateral force coefficient for check of bearing capa-
city of reinforced concrete piers for lateral force

Table 1-10  Structual Response Factor ce

Ground  Group Suwtiral Response  Coeflicient ¢,
T g 14 14 < Ty
Group 1 ¢, = 07 & = 0BI6T,™
T, < 018 D18 5TLSI6 | 16 < T,
Group 11 e, = 151 Tgr2or| ¢ = 085 |[c = LIET,™
) T, <o lowsTes20] 20 € Tg
Growp W} o Lysiran20r | 6 = 10 fe = 139TG"

The standard seismic lateral force coeflicient knoo wos determined based on
the statistica! analysis of 391 components of strong motion records (1-9] to
represent a realistic ground motion developed during significant earthquakes
with magmtude as large a5 8 Similar modification to the seismic lateral force
coeflicient k, given by Fq (1-0) was incorporated in determining the design
force level pver ) second It should he noted that the natural period where the
coefficient k, .. docresses with increasing natural period is assumed larger
than that for the seismic lateral force coefficient kn given by Eq.(1-1) duc to
congiderations lor long period ground motions [1-12] .

*
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Fig 1-9 shows the geismic lateral Torce coed cient koo for the check of

bearing capacity of reinforced concrete piers fo- lateral force when ¢y = ¢, =
n

- —_—

] F G 1 1GTIFF)

2 10 . GC s 2IMEQIUMY

re GC = 3 1S0F 1)

]

wr

o]

& 09

2

-

=T

[- 3

=
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0 1 2 3 [ 5

PERIOD rSECS)

Fig. 1-9 Secismic lateral Force Coelficient k., for Check of Bearing Capacity
ol Reinforced Concrete Piers for lateral Force (Cy = ¢, = 1.0)

1.8 3 Bearing Capacity of Reinforced Concrete Piers for Lateral Foree and
Allowable Ductility Factor

Bearing capacity of reinforced conerete piers for lateral force P, and the

allowable ductility factor u &hall be determined based on the failure mode as :
»

()Flexural failure

P.-P,

P.=P, + - (1-24)
- § u_ 7 & v
u =11 . (1-25)
where
P., &, : bearing capacity {(tD and ultimate displacement {m) for flexural
(ailure
P.. 8. : yielding florce (t) and yielding displacement (m) for flexural
failure
a : saflety factor (=15

in seismic design, Pu, Py, &, and &, are computed lor each reinforced
conc¢rete pier assuming the stress vs strain relation presented in Fig 1-10.
The "yield” and "ultimate” is deflined as the delformation of pier when the strain
of main reinforcement yiclds at the bottom and when the strain of concrete at
the extreme compression fiber reaches 0.0035, respectively.

It was confirmed from the comparison with the dynamic loading tests of
model specimens that the ultimate displacement &, approximately corresponds
to the point on hysteresis loops where rupture of main reinforcements was
initiated to be developed at the bottom. The seismit safety factor o of 1.5 was
determined so that the allowable ductility factor given by Eq (1-25)

v
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corresponds to the point on hysteresis loops where decrease of the load was
initiated due to falling-off of cover concrete [1-14,1-15] .

o,

a -
DA s i
a =050, S X
paub-ollc curve \ 0 .
[
0 @ =085 o <5552 o)
Qoq2 00013 '
185w,
&} concrece bt gainforcement

e Ch Standard design strength of concreta
¢ £y 1 Yiald strength of reinfoccemant
. Strass of concrata

' c straln of concrata
e Sersln of reinforcemant
L1 Coeffliciaent of slastlic sodulus

E
s : Stress of ralnlocrcement
1
Fig. 1-10 Stresas va. Strain Relation of Reinforcement and Concrete Assumed to
Compute 8,, &, P, and P, of Reinforced Conerete Piers

Thiz may lead to a conservative estimation associated closely with the
loading procedure adopted for the model tests. Although various loading
procedures are proposed [1-19~1.241, the number of alternative loading
cycle per each loanding step (loading displacement) in the displacement
controlled loading tests, as shown in Photo 1-8, was assumed as 10 in the
Public Works Research Institute. Rupture of main reinforcement depends on the
number of loading cycles, and it was found from the shaking tuble test, as
shown in Photo 1-9, that the failure at a specific ductility factur developed
during the earthquake excitation teats is much smaller than that developed
during the loading test under displacement control with loading cycle of 10
1-151 . It was however pointed out that piers subjected to larger ground
acceleration tend to cause larger residual deformation. Such effects may be
significant for those piers which are subjected to eccentric bending moment due
to dead weight of the superstructure. Although such residual deformation of
reinforced concrete piers subjected to signiflicant earthquake ground motions
iz still being studied, it seems important to keep enough safety in determining
the allowable ductility factor.

(2)Shear failure

p. =P, (1-26)
w =1 (1-27)
where
P. : bearing capacity (tT) for shear failure, and shall be deterimned as
Y
P. = 5. +85, r (129

wh
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e = o.hil (1-29
A... o ,.,(l |_10)
R A (-
whero

S.  shear foree suppnrted by concrete (1D

S. @ shear furce supported by tie remnforcement (L0
t ¢ averaped shear stress of cancrete (U[/m?)

A.  seclional area of Lie reinforcement (m™)

aay ytelsstress of tie remmforcement (Lf/m™)

a: interval of tee remnforcement (m)

d  elfecuve width of pier (d)

Photn 1.8 Dynanic Loading Tests of Reinforced Concrete Pler Madels

Photo 1-9  Shaking Tahle Tests of Relnfareed Concrete Mer Supporting Two
L]
Span Skogly Supporled Glrders { Welght = 40 LT}
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1.9 DYNANIC RESPONSE ANALYSIS

For bridges with complicated dynamic response and for new types of
pridges, dynamic response analysis is recommended to check seismic safety of
the design made by means of the static lateral force method.

In principle, dynamic response analysis shall be made by means of modal
response speciral analysis with use of an analytical model which simulates
dynamic characteristics of the bridge. Acceleration response spectrum for the
modal response gpectrum analysis shall he determined as .

S=cze¢ -8 (1-31)

where .

S : response spectrum for modal response spectrum analysis (gal(=cm/sec?))

¢z : medification factor for zone (refer to Fig. 1-4)

c; : modification factor for importance (reler to Table 1-5)

co: modification factor for damping, and shall be determined based on mode}
damping ratio h; as

Y .
Co T iR 105 (1-32)

So: standard response spectrum for modal respanse analysis method (gal)}

(refer to Table 1-11)

.

Table 1-11 Standard Response Spectra)’ ¥atue So for Modal Dynamlc Response

Analysls
Ground Condition 5, (=)
T, <01 01ST S0 LT,
Group 1 S, = ANTY 2160 5, = 20 $, = 20T
T <02 02ST 519 Ve,
Group 11 so - ‘zrrlm 2 5, * 250 S5, = 325:’!"
u T <0n 0M 5T, 515 I.S<T‘
Grop U $, = 40T 220 5, = 30 S, = 4SOV,

Fig. 1-11 shows the design response spectra assuming ¢, = ¢, = 1.0 and ¢ =
1.0 (h, =5 %). Fig. 1-12 shows Lhe modilication faclor co.

When a time history anralysis is required, strong motion records which have
the similar characteristics with S by Eq (1-31) shall be used with the
consideration on site condition and structural response of the bridge. Three
ground acceleration records, as shown in Fig. 1-13, which were modified in
frequency domain so that their response characteriatics match with Sy in
Eq (1.31) are provided in the Specifications.
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2.1, Total Bridge System and Connectlions
2.1.1 Seismic capacity of total bridge structure

(1) Seismic damages to brulpe structure

In order Lo examine seismic capacity ol a system, il 18 necessary to consider
a bridge as a total structural system composed of superstructure, ground and
gubstructure. Although deformation or displacement due to a large earthquake
is inevilable to a certan extent, it is essential to maintain the bridge
function.

Past seismic experiences indicate that loss of the basic bridge function
generally resulted from;

1} Falling down of girders

2) Movement of footings caused by (low of soflt ground and slope

3) Horizontal movement of abutments

As mentioned in Section 1, a large earthquake may cause ground failure.
Especially when ground layer near ground surface collapses, it would damage
foundations located in the layer, and finally lead to the damage of the whole
bridge structures

There is a prominent correlation hetween bridge damages by earthquakes
and ground conditions where the damoge has developed in longitudinal
direction, especially when the bridge spans over valleys, or is built on soft
ground near embankments. Damages to the substructures were sometimes caused
by falling of girders :

Photo 2.1 Earthquake Dimage to a Bridge over a Balley



154

—_—

Photo 2.2 Falling off of Girders due to 1948 Fukui Earthquake

Phato 2.2 ghows the damage to Nakazuno Bridge duc to Fukui Farthquake in
1948 Inadequate strength of foundation nnd connection hetween footings and
piers are considered man reason of a‘uch destructive damage. Seismic design al
those days was inadequate. '

In Niigata Earthquake in 1964, abutmeats sond pier foundalions of Yachiyo
Bridge were displaced toward the river center eaused by aoil movement due to
liquefaction. As shown in Fig 2-1 the pier P2 cluser to the left bank inclined
On pier P4, the girders were pushed by the displaced piers , slhipping beyond
the normal limite of the movable support, thereby pushing the adju: ent girder.
As a result, edge of the pier close to the lixed support sheared off and the
girders were about to fall as shown in Fig. 2.2

composite girder
-

W [
W ¢y _Sinano river moreal
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wovahle bearlng fived bearing
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]

lefr bank *fiaht bank

Fig. 2-1 Damage to P, and P of Yachiyo Bridge Fig. 2-2 Damage to P, of Yachiyo Bridp
due to 1961 Niigata Earthquake due to 1964 Nligata Earthquak

s
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Fig. 2-3 Damage of Pier due to Liquefaction of Sandy Soil Layer
due to 1964 Niigata Earthquake

Fig.2-3 shows the most severe damage to caisson foundation in Japan, which
was pushed townrd the river center due to elfect of failure of river banks.

Settlement of foundation is one of typical damages to Ffoundation
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 factors for
their normal dead load was studied. The servey revealed that those bridge pier
foundations with safety factor ranging from 1.5 to 2.4 settled several ten of
centimeters, whereas those foundations with salety factor larger than 3 did not

make appreciable settlements.
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Fig. 2-4 Residual Displacements of Piers of Sinano-gawa Bridge
due to 1964 Niigata Farthquake
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(2) Seismic countermeasures of total bridge system

It is not easy to design Tontings, located in layers voloerable to collapse
and lateral to develop lateral displacement It s
appropriate to adopt longer spans instead of constructing footings on those
layers Reimnforcement or improsement of the soil layers vulnerable to lateral
movement are to be considered as alternate  Arch bridges are stronger for the
soil movement due to liquefaction or instabilily of very weak cohesive soil.
For ewample, Bandai Bridge, which conststs of 6 span continuous rigid arches
with caisson foundations and is located at 3w down stream from Yachiyo
Bridge, suffered only slight damage during the Niigata Earthquake in 1964,
Although some eettlrments of the foundation occurred, no remarkable lateral
movement of the bridge was developed

When there is embankment between adymning piers, it may be effective to
tie the two foundations together to prevent outward desplacement

Embankment on soft soil deposit tends to cause failure during a destructive
earthquake In the case of a llyover on soft sail depnsit, 1t is recommended to
keep the tength ol the embhankment as short as posaible,

Fhoto 2.3 shows the damnge to an abulment caused by failure of embankment
constructed on very solt cohesive soils with S-value of 2 Lo 5. Because seismie
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 ol soft ground, a box itype [ramed bridge 15 preferable from the
view point of seismic design

mosvement, so as not

Photo 2.3 Farthquake Damege to Abutment on Soft Ground due to
the Great Kanto Earthquake in 1923
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2.1.2 Devices for preventing superstructures from falling, and bearings

(1} Devices for Preventing Superstructure from Falling

Since connections hetween superstructure and substructure or between two
adjacent superstructures are quite susceplible to earthquake damage, special
structural considerations are required to prevent the superstructure from
falling-off due to damnge of those sections For such a purpose, the following
pneasures are adopled as shown in Fig. 2-5. .

- .
I3 '

] .:'/44‘7

' [y

L L R s ,
'\ SEAT LENGTH / STOPPER AT MOVABLE  CONNECTION OF DECK
“ASg AND S| -T “~BEARINGS. - WITH_SUBSTRUCTURES

Fig. 2-5 Devices for Preventing Superstructure from Falling

i} At movable bearings, devices to prevent disiodgement of upper-bearings from
the lower-bearinga (stopper) are provided. .

ii} At both ends of the superstructure, either of the following measures are
used to prevent the superstructure from dislodging from the support of the

Bubstructures-
a) The distance from the edge of superstructure to the edge of substructure

{Seat Length)  should be ionger than the value as

T0+0.5« 1 for' | 5 I00m

S = . Ve
80+04x1 for | > 10m

in which S¢ and | represent the seat length in cm and the span length in m,

respectively. :
b) Installation of devices for preventing the superstructure from lalling off

substructures

The design horizontal seismic coefficient for the devices should be equal to
more than double the value specified in Sectien 1.5
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(2) Bearings

Bearings shall be designed to support lateral inertial force of the
superstructure Design of supports should consider, in addition to latera
forces, uplift forece equivalent to vertical reaction force due to dead load
multiplied hy the design vertical seismic coellicient of 0.1, However, latera)
inertial force and uplift force nced not be applied simultaneously. The uplify
force is required for preventing separation of superstructures [rom
substructures
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~L ' A \l \
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b} eonnection of adjacent end diaphragm
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with ateel bar or stecl wire
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*

Fig. 2-6 Yarious Types of Devices for Preventing Supestructure from Falling
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2.1 3 Measures for reducing concentration of longitudinal lateral force

Various devices have been developed in Japan since the 1960's to reduce
concentration of longitudinal lateral force acting at piers with fixed
supports. Most of them are to distribute longitudinal force to other piers and
have functioned successfully during strong earthquakes.

B e

H ﬂEJ M ﬂ_f’ F ﬂ_ L]—l‘]-ﬁ iiju” M Movahble

F  Fixed

Viscous Damper Stopper

[ O I

Flexible Support

—i}- : Viscous damper stopper

#N—  Spring

Fig. é-? Measures to Destribute Lateral Force

Such devices can be categorized into viscous damper stopper and the
flexible support as shown in Fig.2-7.

Viscous damper stopper is lo behave as a Ffixed support during an -
earthquake, while it allows lateral displacement without restriction for
movement with low velocity, such as those caused by temperature change.
Various types of viscous damper stoppers have been developed as shown in
Figs.2-8 and 2-9.

GRIF ICE OIL TANK
L J'::I‘—l
| =
i - 9
/ EYE
BELLOWS PISTON ROD
BEARING CYLINOER
PISTOMN
I_100

Fig. 2-8 Cylinder Type Viscous Damper Stopper
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—_ e

Yarious attm:pla have also been made for the Flexible supports. Most 10 600
common way 15 to support deck by rubber hearings. One of the interesting r 10 oco
devices is the SU Damper, which consiste of movalile bearing and prestressed '
strand as shown in 2-10,

By elongation of natural period of the deck ns well ag }_ — ]__ i
energy digsipation at the movable bearing, struc .re response of the hridge i e L_\C.‘\"“_*' ]
expected to be reduced Fig 2 11 shows an cxamnle of bridge where SU- Damper - AT
was installed ) PREATRGS T g ]

STEEL PRISMATIC BAR

0
4 \ TanoLy \ SLEEVE Seefatng
T iy 1
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? SUFERSTAUC TURE / X\\“I\.\(& ‘\\3 :::'t
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Fig 2-10 SU Damper
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Fig. 2-11 Kita-lkebukuro Viaduct where SU Damper is installed
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Fig. 2.%(b) Plate Type Damper Stopper
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22 Piers

221 Bridge seat

To protect hrulge geats from damage by seiamic Iateral

lorces, it is

requiredd to take the distanee from hearing edge to the edge of substructure

mare than the following vatues

S=20+05«1 ! 5 100m
§=30+04x1 I > 100m
where

S : distance lrom bearing edge to the edge of substructure(em),
refler to Fig 2.5

{ - bridge span (m)

For important hridges located in soils of Group HHSoflt soil site), S should
he more than 5em

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 the hridge seat shall be derived from Fq. {(2-1) and
shall not exceed Tkgf/cm?

1 =

i (2-
A /2% 02¢ +2a ¢ b Ol ’

where
v shear stress tkglfcm?®)

A+ : area cut off by shear caused by horizontal force (cm?)
it. : lateral force at bearing {kgh

a i depth of stopper beneath bearing(cm)
+ width of hearing in transverse direction (cm)
v . distance from center of bearing to edge of pier cre~* {(cm)
u
Fal
=
. H E
womin i,
- Py A FALN ]
A B A R 3
o 7 . 4 —
\‘} 7% T of . :
surface of . A ld\‘,' e Ju. @
shear failure ,-; e !
1. As,
@ Asg

Fig 2-12 Reinforcement at Bridge Seat

in this

depth

provided
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At bridge seats, regardless of shear stress at the seat reinforcement shatl
pe arranged according to Eqs. (2-2) and (2-3).

AL, = e (2-2)
Taa

where

Ao, : amount of reinforcement {cm?) for lateral force

o as: 0llowable tensile stress (kgf/em?}

H, : lateral force (kgh

As = f‘- (2.3
where

Aoz : amount of reinforcement {cm?) at front of bearing ribs
r aa: 'nllowable shear astress (kgl/cm?)

It should be noted that the allowable shear stress specified in the
Standard is 1150kgf/cm?®.

2.2.2 Coluwsn member {pier)

(1) Bending moment

In design of single column type piers, it is generally assumed that the .
bending moments caused by an earthquake varies linearly in accordance with
height (refer to Fig. 2-13).

top of pier

(. assumed variation

@ dynamic response analysis

M  Bending moment at
intermediate section of pier

M, . Bending moment at

bottom of pier

4 seismuc -

cofficient method

bottom of pier ——---— — . ' EREE

Fig. 2-13 Variation of Bending Moment Assumed in Seismic Design
for Single Column Piers
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The allowable stress of structural members for seismic design by means of
geisme coefhicient method 18 derived multiplying o ca and o a. shown in Table

2.1by 15
Table 2-1 Allowable Stresses for Conerele and Reinforcement

a) Allowable suresves of concrere (kgf/cu?)

Sprcitied Strcageh L2 T 140 tn 100
Allavible compressive stress 0 e 1 1] 90 100
T 36 1.9 {1 L}

Allowsble shear ttress b— — -
LI 15 17 13 13

b) Allowable tiresses of reinforcement {kgl/cn?)

SRU S030A.5D308 5015
Allowable tessale 107ty l ¢ e 1400 1800 1neo

(2) Shear "
In the setsmic coelficient method, ., shall he calculated as
S
tem = BT {2-4)
where
b : width of the cross section (cm)
d : effective depth of the cross section “-m)

In the case when shear force is to be resisted by only conerete

tm < Ty

On the other hand, where shear force is resisted by conerete and stirrups

tm < faz

When ¢ > 14, . diagonal reinforcements shall be provided as

115-¢5.8.) a =~

A., = — - ‘—1—— (2'5)
Sec—subd 2-6)
where

A. : area of diagonal reinforcement (cm?)
o oa:3llowable shear stress of reinforce!nenl
(1.5 times o ., spelcified in Table 2:1 (b))
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Further, ., can be increased by o Limes according to Eqs.(2-7),(2-8) and (2-9)

t1Z et a 2-T
a =1+ gﬁ— £20 (2-8)
N-l
Mn = _AT (2‘9)
where

M.N : bending moment (kgf-em) and nxial compressive force (kgh
l. : moment of inertia{cm*)

Ao : sectional area(em?®) -

y : distance between center of section to the tensile edge(em)

(3) Hoop

Hloope shall have a diameter equal to or more than 13mm, and their spacing
shall be lers 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 joints of column and footing, 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 Hoops Required at Jointa

Pt (%) P 505 0.5 <Pt 51,0 1.0 < "
Pe (%) 0.15 0.20 0,15
As '
Pe = x 100
b-a

Pr : Loagitadinal refaforcencat ratie

P. may be considered as 1/2 of longitudinal reinforcement ratio at column
base. .

(4) Intermediate Anchoring

In the Miyagi-ken-oki Earthquake in 1978 and the Urakawa-oki Earthquake in
1982, damage was developed at the intermediate anchorage of the main
reinforcements of the bridge piers
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{1) Cracks of pier (D) Yield and subjected moment

Fig. 2-14 Seismic Damage ol Natori Bridge due to inadequate Anchoring Length of
Main Reinforcement at Mid-hight(1978 Miyagi-ken-oki Earthquake)

Fig.2-14 shows nn example of the damage developed at reinforced concrete
piers with termination of main reinforeement at mid-hesght By comparing “Type
a” and “Type ¢” damage. 1L 15 apparent that the damage was significant where the
main reinforcement was terminated at mid-height  Anchoring length specifed
in the specifications was |n'|r|cr|u1lr- at those days. It is also interesting to
compare "Type b” and "Type ¢ damage. Redundancy of bending moment M relative
to the yield bending moment My, t.e.. My/M. was smaller in the "Type ¢”. This
developed more considnrahle damage 1n "Type ¢” than "Type b™.

Based on these evperiences the stipulations for the anchoring length was
revised in 1980. When st is inevitahle to anchor the main reinforcement in the
tensile zone, the fotlowing measure must be taken,

The reinforcement Lo be anchored shall be extended from the section where
the reinforcement is calculated Lo he not necessary by a length equal to the
effective depth, plus a length of not less than 20 times the diameter of
reinforcement and he stopped. However, in this case, the shear gtrecs between
the height where main reinforcement is calculated Lo be nol necessary and the
height of the stop shall be 2/3 or less of the value « ...
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2.2.3 Rigid-Frame

(1) Members of Rigid-Frame

In the vicimty of the upper and lower ends of the rigid frame columns and
both ends of beams at the junction with the columns, hoops and stirrups shall
be provided at shorter spacings than in the intermediate sections of columns
(Fig.2-15) to prevent brittle failure as

| section: more than 0.002b-a and more than 1.2 times reinforcement
required for lateral force
Il section: more than 0 0025b-a
Il section: more than 0 002h-a
iV section: more than 0.0015h-a
in which b and a represent beam width (cm) and stirrup or tie spacing (cm).

() ()
1 src'llnn

| 5N

1ection
(20

@
m

I¥ section

T T T A TOIE T
l

&
1

. section .
(¥

Fig. 2-15 Reinlorcement drrangement at Intermediate Joint
of Rigid Frame and Bridge Pier
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Photo 2.0 Enrthquake Damege to the Column of Rarlw v blevated Bridge
by BATS My agn-ken oki Barthguake

hi

Fhoto 24 shows an exwmplte of damage doe to inwlequate amount of tie
reinforcement  Special attention was not paid Tor the mportance of the tie
reinforcement in those days Tins damage was cansed by the 1978 Miyagi -ken-ok)
earthquake at columns of a rigub-frame tailway viaduer B should be noted
here that the dwnage teads to be developed at the <t near the stream
grossing the hradge  Althomgh ot was as<wned fu design th the Toundation was
rigidly suppurtedl by sobsotls whioe b consist of graved iy s, flexibility
associnted with loose gravel Iavers resuited o larger Lendings moment at the
upper portion ol the [rawne. This ix considered 2 put of prenson of the
destructive bamage as shown on photo 2210 Frg 2200 abao shows the similar
damage of colams due to madequate tie remlorcement

+
Cor——=—=
Wkl
b maimated
E

*.
T -,
«
T " ‘]

1

Fig 2.16 Dumage to Yokoyama Railway Vi vl
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¢ Joints of Rigid Frame

A haunch shall be in principls provided at the joint of & rigid frame.
feinforcement shall be arranged along the haunch as illustrated in Fig.2-17.
The radius of curveture, r, of external reinforcement shall be more than 10
times of the diameter of reinforcement ’

At end 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 acte on the end joint as shown in Fig.2-1%b), tensile
atress develops in the diagonal cross section. I this tensile stress exceeds a
certain values, additional reinforcement shall be placed as shown in Fig.2-17.

On the other hand, in ¢ase of Fig 2-17(b), 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
. A%/2 or more tensile stress
Hooks — As e T 4 )
— Hoops
~ ——sr=r
SR Y \
bt o M T
AR Y g
b | 3 M
b — Additional reinforcements for the (b)
] bending moment shown in Fig b
T .
T
H a o{tensile  stress)
t = 4
; ["]| Additional rewnforcements for the )"
L bending moment shown in Fig.a N
1 h .y
_q

Fig. 2-17 Arrangement of Reinforcements at End Joint of Rigid Frame Members

2.2 4 Footing
Footings shall have enough thickness so that it can behave as a rigid body.
Thickness shall be computed by
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g1 s IAQ_"_* (2-10
3k
Y tm?
/] Eohe m-')
where
h -+ averape thickness of Tootingim)

E. elastic modulus of concrete{tf/m”)
1 equivalent projecting length of footing(m)
k. : coellicient of subsoil reaction{tf/m?)

Main reinforcement at the lower end of the column shall be extended into
the footing over the anchorage length heyond one hall of the height of the
elfuctive height of the footing or the column, whichever is less

The amount of reinforecement to he placed on the topside of the footing
shall lie more than one third of the amount of the reinforcement placed on the
downside -

Il tensile force is 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 effective width may he increased to the sum of the column
width t; and the effective footing height d. The effective width to be used in
stress calculations for main reinforcements at the downside of footing shall be
to + 2d. The euntire footing width shall be taken as the eflective width in
relation to shear force b

2.3 Foundations
2.3.1 Foundations

(1} General

Foundations shall be designed using static lateral force method (seismic
coellicient method) Lo meet the following reguirements.

Id Foundations shall be sale against bearing capacity of soils, overturning and
sliding.

2} Disptacement of [oundations shall not exceed allowable displacement.
Table 2-3 indicates basic eriteria for salety.

For elastic foundations with &1 > 1. the allowable horizontal displacement
is’ such so that the horizontal displacement shall not exceed the elastic limit
of soils. The hmit values are assumed as 15 of foundation width, but for
foundations whose width exceed Sm the allowable displacement is limited to Sem.
For pile foundations, avoiding harmlu! residual displacement, the minimum
allowable displacement shall be | 5ecm  For rigid foundations with 8 1< L, no
allowable displacement limit is prescribed because the horizontal stablity is
checked against the passive earth pressure.
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Table 2-3 Check Items {or Stability of Foundation

Chech item Bcaring capacity Horizannal
Over- Stid- | displace-
Fosadavion Yeru- Horizos- | 1urn izg arat
type cal 1al
-~
Direct fowpdation (§] {O) 0] Q -
Caisson gRsl 0 Q - O -
.foendation 1< p <l o] o] - O O
Short plle 1< B § <3 &) - - - O
File
Loog pile g2l ] - - ~ O
{ } meawy that the item must be checked when Lhe peneirated parv

partly bears the load

QR : Elfective penetration deprh of Towndation (cm)
Bt Characterisitic valwe of [owndatloe (te™1)

For those foundations with [,/B < /2 they should he considered as direct
foundations and for thouse with D./B > 1/2 they should he considered as caisson
foundations, in which D¢ iz the elfcctive embeddment depth and B is the shorter
side width of the footing. But il the passive earth pressure can not be
expected, the foundation shall be assumed as 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 is used on the
aseumption that displacement within the limits of the allowable displacement is
linear as

3
B,V *
k., = k.o (*.3'0—) 2-1n
kvo = B"Ewg_/ (2- 12)
B, =/JAC
where

k. : coefficient of vertical subgrade reaction (kgf/cm®)

k.o : standard coefficient of vertical subgrade reaction (kgf/em”)
A. : loading area in vertical direction {cm™)

Fo : equivalent linialized elastic modulus of soils (kgf/em?)
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For ohtaining Fo from N-values in standard penetration tests, assumptiong
shn.ll be made that Fu = 28N and that the value of & is | for static load and 2
for seismic load.

The coefficient of horizontal subgrade reaction, ky, shall be determined in
the same way as f"f,'i- The equivalent loading width B, of a rigid Toundation
shall be taken as{A, (A, 15 the area of sudes of foundation) and this value
ghall be [0/ 8 in the case of elastic foundations, is which D represents diameter
of pile.  Where an elnatic foundation is used, a subgrade associated with
horizontal resistance is assumed to be developed within the depth of 1/8 below
the design ground level.

2.3.2 Direct toundation

(1) Allowable Vertical Bearing Capacity R

The-ulllmnlc bearing capacity can be computed taking account of the
eccentricity of bottom reaction and the gradient of the reaction

The allowable bearing capacity of the gro. ' shall be derived by dividing
the ultimate bearing capacity by the safety factor of 2.

The eccentricity of the resultant Inad on t -~ direct foundation should be
rili&in 1/3 of the bottom width from the _.nter of foundation against seismic
oad.

(2) Shear Force
The atlowable subgrade shear resistance shall be derived thviding the shear
resistance H, by the salety factor of 1.2. H, shall be evaluated as

Ho=CaA® ¢+ Viané , ) 2-13
Where
Ce : adhesion between foundation bottom and groundtkgf/em?)
¢ s : angle of friction hetween foundation bottom and ground(degren)
A’ : effective loading area(em?)
V :effective vertical load acting on foundation hottomtkgl)

Generally, it is assumed that tané s = 06 or ¢ = ¢ (angle of shear
resistance of ground), whichever is smaller, and C,=0.

Harizontal loads are in principle assumed to be resisted only hy Lhe
subgrade shear reaction of the bottom. However, il a stable bearing stratum is
found in the embedment, the latter may be allowed to carry horizontal bearing
force which shall be derived hy dividing the passive earth pressure by a safety
factor of 1.1 '

2 3.3 Caisson foundation

(1) Calculation of ground reaction

As D./B increases, most of lateral force tends to be suported not at the
basement but at the side wall of caisson foundation. To derive apportion ratio
of embedded portion and the base of the caisson , the enleulation is made
assuming the caisson ns a rigid body, and using the vertical ground rem:tiot;
coefficient k, at the base of Lhe caisson, horﬁzontal shear reaction coefficient
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at the base and the horizental ground reaction cnel'l'icient_ ky at the front of
footing. Considering the effect of the shear ground reaction at Lhe embedded
portion, ky 18 multiplied by 1.2, _ ' o

k. values for shallow portion are decided, considering lhat_the' ground
reaction can nut he more than the passive earth pressure, as shown in Fig.2-18.

deslgn ground surface

Ry ity

CR

hor lzontal horlzontel coafflclants of
ground displacessnt horlzontal
reaction ground reactlion

Fig. 2-18 Distribution of Ground Reaction and Displacement

'
. f .

(2) Base of caisson )
Because the lateral force and the overturning moment developed at the base

is emall, the ultimate bearing capacity is computed assuming that the effect of
the inclination and eccentricity of the reaction force be disregarded.
Allowable bearing capacity for seismic force is derived by dividing the value
of ultimate bearing capacity by salety Tactor 2.

Allowabie shear resistance of graund under the footing is derived following

the same procedure of 2.3.2.

(3) Side of caisson ) . . .
The allowable horizontal bearing capacity of the side of caisson is obtained

by dividing the strength of passive earth pressure developed at the_ ground‘nt
the side of the foundation by a safety factor 1.2. In order to derive passive
earth pressure during an earthquake, friction angle betweet.l caisson sid_e and
ground shall be - & /6 - /3 for static lead), in which ¢ is shear registant
angle of the ground. ) )

In this ease; the ground reactipn foree for the caisson side is assumed to
be derived hy multiplying the ground reaction force by 0.8,
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{4) Caisson

The hending moment nlong the axis of the raisson due to earthquake force
shall be computed hy the ground reaction force in Figure 2-18, then required
amount of reinforcement shall he dacided

Stresses ain the perpendicular direction of the caisson avis shall be
calculated asswming the caisson as a rigid body supported by a side wall or
partition (at outer edge for circular cross sectinny receiving ground reaction
force from one direction  In this calculation, static earth pressure and water
pressure have to be considered (refer to Fig 2-19 by,

The support for the top slab shall be examined against uplift, bearing and
sliding  The resnforcement ratio required to resist the uphift shall be more
than 0 2%, and bar «ith a diameter longer than 16mm must be used. I necessary,
shear keya shall be provided against shiding (refer to Fig 2-19 ),

- -

I l o
. palapet
ST I

Tav

J“t?:_
[
' h connectinn with

I e Oy

) " ‘
.t l
direct lon

of sarthquake

teansile y=inforcenent

additional reinforcement Pmax - maximum ground teaction
Ps * static eacth pressgure
Pw : seatic hydraulic pressure

Fig. 2-19 Reinforcement of Caisson Foundation and Design Earthquake Loadings

234 Pile Foundation
(1) Pile Reaction and Displacement
Calculations of the pile reaction and the digplacement are made by the

elastic analysia method assuming a rigad footing and displacementsa (vertical,
horizontal and rotational) of footing.
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Reler to 2.3.1 for the method of determining the coefficient ol: horizontal
subgrade reaction of piles Effect oI" group ;?ilea i's important issue to be
considered in design. However, taking into consideration t.he complexity of the
actual ground conditions and insuflicient test data, it is generally assumed
that if the center-to.center spacing is about 2 5 times diameter of pile, the
value of ky lor single piles can be used.

The coefficient of pile head reaction in the vertical direction k, (vertical
gpring constant of a pile) is delined based on numerous loading tests as

kv = B‘iﬁg" (2-149
Where

a : coefficients depending on type of pile (Table 2-4)

A, : sectional area of a pile {(cm?)

E, : Yang's modulus of a pile (kgf/cm®)

1 = pile length (cm)

Tahle 2-4 Coefficient "a" in Eq.(2-14)

coelflcient “a”
0.014 (/D) + 0. 73
0,011 (g /D) + 0,61

Conttractico methods

Steel pipe pile

Prestressed Concrete pile
Presteessed Highe streagth Pile

6011 (2/D) - 015
b.083 (/D) + 0,39
b.o1tt (p/D) + 0.36

Cast-fa-place Coacrete pile

*

Eabedded Steel pipe pile

Eubedded presiressed Comcrene pile

Pre-baring pile 0,009 (2. 7D) » 0,81
(2) Allowsble bearing capacity of piles ‘
Allowable bearing capacity of pile shall be given as
R. = —:- (R,-W)+W, -W (2-15

where
R. : allowable bearing capacily in axial direction at the pile head(kgf)

n - safety factor (refer to Table 2.5}

: modification conefficient for safety factor according to method
ndopted for estimating ultimate bearing capacitly (refer to Table
2-6)

R, : ultimate bearing capacity of piletkgh

: effective weight of earth to be replaced by the pile(kgh

: effective weight of pile and earth in piletkgh



176 International Workshop on Seismic Design and Retrofitting of R C, Bridges

Table 2-5 Safety Faclor

: Pile tppe

- Bearang pile Friction pite
Loadior type
Static Lead b) 4
Seitmic lead 1 3

Table 2-6 Modification Coefficient Accoarding to Method
Adopted for Estimating Ultimate Bearing Capacity

Esvimation method for

sltimate bearing capaciny Wodilicerion coffycient
Bearing copacity formnls 1.00
Vervical leading test 1. 20

The allowable pull out capacity P, of a pile at the top of pier is given by
hi

Pus P +¥W (2-16)
in which P, representa ultimate pull out capacity.
{3) Stress 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.

reinforcements installed

top of '0-?”"‘ in the pile secilon ;.F
#dditional cef -—1
cast In place concrets - teinforcemant ingm
ralnforcemant of tooting J«—L—-

bottom of footing 3 :

relntorcement of fooring FES L.
al

NN B 315

a4 tle bag -4 f-

DIY oo # 150 e [[fEE})

vortos of footing |1 | Qs

2 =]

b} Method B

al Method A

Fig. 2-20 Connection 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 DE'TORSION 16GR*/ 3

GIRO DE FLEXION

8GR?/ 3(1-v)

G = mddulo de rigidez al corte del semi-espacio

v = moédulo de Poisson del semi-espacio

R = radio de la zapata




CIMENTACIONES RECTANGULARES

Kr = U.BK
donde :

a = factor de forma

B = factor de desplante

K = coeficiente de rigidez para una cimentacién
circular
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Sistema puente~cimentacidn Equivalente Equivalente Equivalente
moDEle DT MoDElLe P Medile DE
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[ ]
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RADIOS EQUIVALENTES

TRASLACION

RQ = 4BL1’T[

ROTACION
(FLEXICN ALREDEDOR DE X)

f
i
H
1
|
L
[
!
|
'

t
1

114
{431. (482 + 4L2) |
Ry = _TE

'ROTACION
(FLEXION ALREDEDOR DE Y)

o _fespeen]”
2 - 3n J

TORSION

31/4
(2B) (2L)
R1 ={ 3-71 :l
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DISENO ESTRUCTURAL ' ' R

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 (sensac:on de robustez ° fragilidad, de tranquilidad o de
intranquilidad

* soponar las cargas de disefio sin sobre esforzar algunos de sus componentes

e evitar deformaciones excesivas -

s ser “economicas” de construir y de operar durante su vida Gtil

PRINCIPIOS DEL DISENO ESTRUCTURAL DE PUENTES

e necesidad de un puente:salvar un obstaculo (atravezar un rio, cruzar una carretera, etc.) *
¢ evaluacion economica; la via impone sus condiciones (ancho, alturas, peraltes, trazo en -

planta, etc.) ' '
¢ propuestas iniciales; tomar en cuenta las condiciones funcionales:

¢ impuestas por €l movil que utilizaran el puente (peatones, autos y camiones,
trenes etc.)

« nigidez (control de vibraciones)

» materializacion del puente (piedra, madera, acero, concreto reforzado, etc),
(vigas, arcos, armaduras, atirantado, colgante, cimentacion, problemas de
socavacion, etc.) -

» diseno:planos detallados v especificaciones para construccion

En resumen;

SEGURIDAD. FUNCIONALIDAD Y ECONOMIA




Y

TIPOS DE PUENTES DE ACERO

PUENTES CORTOS

e inicialmente menos de 30 m de longitud y formados por vigas con seccién 1
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)

i1i) pernos de alta resistencia (taller o ‘¢ampo) conexiones resistentes a cargas
ciclicas

v) disefio compuesto (losa de concreto-vigas de acero)

%‘bﬁ%ﬁ\%}%’@@w
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%7
é
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Componentes:
* vigas armadas o roladas
®  Vvigas en ¢ajon




PUENTES PARA CLAROS MEDIANOS

¢ de hasta 50 m de longitud y formados por secciones I armadas, secciones en cajon,
armaduras, arcos y atirantados .

e estructuras con relativo peso propio bajo

s las vigas armadas pueden construirse para verse atractivas

* ¢l transpone de vigas armadas de mas de 35 m de longitud puede llegar a representar un
problema .

¢ también se fabrican de vigas en cajon 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
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Bracmyg o :uppor\ i // 1 _“\\\4\\ J
Mcondary gwoer = = = A
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Componentes:

vigas armadas, vigas en cajon, elementos a tension, elementos a compresion



. PUENTES LARGOS

e para claros de 50 a.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
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PUENTES PARA GRANDES CLAROS

Pu

para lengitudes superieres 2 150 m

puentes atirantades o ealgantes (bajo pese propie) ‘
principal elemento de transmisién de las cargas a las torres de soporte es el cable

flexible trabajando a tension

tir

{a)

< C— firantes en qbﬁn;‘cp

(v)

Firanfes en arpa

Firantes en semi-abahico

Algunas caracteristicas:

cables rectos

todos ios cables son mas conos que la longitud total u.. puente

no se han observado problemas aerodinamicos en estas estructuras
economicos en claros de 100 2 350 m



Puentes colgantes

Algunas caracteristicas:

» cables curvos y rectos

* los anclajes de los cables pueden ser costosos si la capacidad de carga del suelo para la
cimentacion no es buena

o se requieren armaduras o vigas para dar rigidez vertical al soporte de cargas

e serequieren armaduras o vigas para dar rigidez lateral a la estructura y evitar problemas
dinamicos .

» para claros superiores a 600 m son la Unica alternativa, sin embargo se han construido
para puentes peatonales

chbles
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Componentes: -
cables flexibles, torres (concreto)
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RESUMEN

e)

b).

c)

e

e

d)

TABLE 23 Span Lengths for Variaus Types of Superstructure

Range of Maximum Span
Siruciural Spuns in Service
Type Material (m) {m)
Siab Concrete 0-12
Girder Concrele 12-250 240, Hamana-Ko Lane
Sicel 30-260 261, Sava |
Cable-siayed girder Cunurete =250 235, Maracaibo
Treel £H 0 856, Normandy
Truss Sieet 90-350 550. Quebec (rail)
480, Greater New Orleans,
Nos. | and 2 (ruad)
Arch Concrere 90300 305, Gladesville }
Stee! vuss 240-500 510, New River Gorge'
Stiecl rip 120=360 365, Pont Mann
Suspension Steel 300-1400 1410. Humber




FILOSOFIAS DE DISENO DE ESTRUCTURAS DE ACERO

Cargas y resistenciasiinciertas =  reglamentos de disefio
= evitar la falla estructural

CONSIDERACIONES GENERALES DEL DISENO ESTRUCTURAL

[}

Condicién fundamental:

resistencia = efecto de las cargas

Si la desigualdad anterior no se cumple = falla (estado limite)

condicion mas alld de la cual la estructura o sus componentes dejan de

Estado limite:
funcionar adecuadamente para lo que fueron disefiados

Estados Limite:
agrietamientos

deflexiones
fatiga
hundimientos
pandeo

ete.

Objetivo importante del disefio estructural: prevenir la formacion de un estado limite

Antieconomico disefiar un puente para que ninguno de sus elementos estructurales falle

pero:

( Cuadl es el riesgo aceptable ?

; Como establecerio ?
¢ Es suficiente la experiencia individual y colectiva ?

U

procedimientos de disefio
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DISENO POR ESFUERZOS PERMISIBLES
e primeros procedimientos de disefio aplicados a estructuras de acero

R (resistencia)

factor de seguridad =
C (efecto de cargas)

En los primeros puentes de armaduras

[y

efecto de carga axial

area necesaria
esfuerzo permisible

Factor de segunidad = f (longitud del elemento, cafga, comportamiento, etc.)

¢ suposiciones iniciales:
* no existen esfuerzos antes de aplicar las cargas
* o existen esfuerzos residuales

« los conceptos de resistencia estan basados en el comportamiento elastico no en
ta resistencia de los materiales

* no existe variabilidad en las cargas ni en las reststencias

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.}

Al

DISENO PLASTICO

Condicion iimite = 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 de las cI:argas (C)
se transforma en; |
@ Rn = efectoTy, C;
donde &, v; son los factores de resistencia y de—t‘:arga respectivamente

estadisticamente @< 1.0
v > 1.0

El factor & toma en cuenta las incertidumbres e

¢ propiedades de los mateniales
e ecuaciones para calcular la resistencia

. e calidad de la mano de obra

e control de calidad de 1a obra
e consecuencias de la falla

El factor v toma en cuenta las incertidumbres en:

» magnitud de las cargas
e variabilidad espacial de las cargas
e posibles combinaciones

FACTOR DE SEGURIDAD
Para una estructura segura se requtere que

C<R

st C = R = s¢ alcanza un estado iimite, en este caso;

F=R/C=10

suponiendo ahorz una sobre carga AC, vy una disminucion de la resistencia AR se tendra:

C+AC = R-AR



&

o también:

C(1+AC/C) & R (1-AR/R)

‘-..-—v-—‘ \W—-’
Y %)
yCs OR

el factor de carga requerido sera:

R/C = (1+AC/CY( 1-ARR) =FSR  (focor dle Segurided 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.

I.a probabilidad de que ocurran simultaneamente es:
(1/1000) (1/1000) = 1x10%
el factor de seguridad requerido es:
FSR =(1+0.4)/( 1-0.15) =1.40/0.85=165 = R/C

Sea ahora AR/R =0.25 | ocurrencia de 1/1000
ACI/IC =040 ‘

se tiene -
FSR =(1+04)/(1-025) = 14/075=187

Al no considerar las variaciones AR y AC, el factor de seguridad caiculado por esfuerzos
pernusibles tendra el mismo valor en ambos casos.
Asi las variaciones en la resistencia estan dadas por:

R=Q@Rn



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=2ZFy
donde Mp es el mto. plastico; Z es el modulo 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.

11 »

Yi C:

Carga de disefio = C = f (CM, CV, sismo, etc.)
. 1 .

W

entonces:

I o=

Yic: S@Rﬂ

—

INDICE DE CONFIABILIDAD
St CzR = falla
ahora
F=R-C = fallassF= 0
considerando Ry C pormalmente distribuidas:
O-F: = o;z + 0’:‘

F=R-C ;

entonces la probabiiidad de {alia es =

Q
Pf=Pr[F<0)] =fP(f)df
p

d -0
Tero



)

sustituyendo:

F=F- Bor=0 porlotantop= F/ or = indice de confiabilidad

B =R -C)YVcr +or)
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Epempto : calerls ool facfor oo Yestsitnaa pan cars akja

Eesistenaa media. : B = En 4 A P

 dbude: M & b veniaies., do (os mathyats
A variacsl, oel dree fumsvesel g
P Hachr Je vaviacon de meno e obia

esthdishramente .
M=108 | Om=0.10
A=10 , 0a =005

p-:/vaz- J. FP:0.0S

Z

Oz T
2 - Ag fy (1.08) (10) (l02) = 140 Bn
e = Jo.12+0.05+0.05% = 0.123

z
+ 04 +0p

parm, ﬂ;éa.o (p/—.—. 145107 %) b Sabreudo éye.'
A= L

17
& =090 +-€Sﬂ€Q']4@ab;1 LEFD
FACTDEES pE CARSA
o< g

= exp (p ‘/'@zig-cz )

lnealzawds b ec. A TP
- apl

CY-,OquQ.'

e ¢l (¢, Cu CH+ dy Coy CV)
douda : _apl, |
&1’ = € 2B = eror en o anliss etnetvmd

Fem = 1tach L

ev = et Jig+ 02,0
G,U'g aproXximacol, al hansfyrmas L carga 6w 505 e,éwbs
CM,CCU CO?%'C,:?MJ% cﬁ ,'n#ym

. l10 R
p. € (—O-w/’?GTe) = Eo " exp (055 (3)(0u23)) = D.aC



epulan(es : . :
Po (Hay Cn CH+ H,C, CV ) £ B R
L\ _ -0

fipo de carga
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Resistance Factors for the Strenyth Limit States”

Descnption of Mode

Flexure

Shear

Axial compression, steel only

Axial compression, composile

Tension, fracture in nel section

Tension, yiclding in gross section

Beanng on pins, in reamed, drilled or bolied holu &nd
milled surfaces

Bolu bearing oo malerial

+ Shear connectons

AJ25M and A490MN boits in tension
A3TT bolis 1n tention
A3I2SM and A490M bolt in shear
Block shear
Weid metwal in camplete penetrauon welds:
+ Shear on effective ares
+ Tenion or compression normal 1o effective arce
* Tension or compression paraliel to axis of the weld
Weld meaal b partal penetriuon welds:
« Shear panrallel to axis of weld
+ Tenuion or comprexsion paraliel to axis of weld
« Tersion compression normal to the effective arca
« Tension normal 10 the effective area
Weld metal in fillet welds:
* Tension or compression parailel 10 sait of the weld
* Shear in throat of weld mewl

&, = 0.80
é. = 0R5
6, = 0.30
&, = 067
¢, - 0.B0
6. = 0.30

é, = 0.85
¢ = base metal ¢
¢ = base metal ¢

‘ol-o‘w
¢ = base metal ¢
¢ = baze metal ¢
4., = O.R0

& = hase mewl ¢
4,; = 0.80

“In {AAS41] [From AASHTI) LRFD Bndpe Denign Specificanons, Copynght © 1994 by the
Amencan Asaciauon of Suie Highwey snd Transponanon Officuals, Washingloa, DC. Uscd by

perrusuon |

-



PILAS DE ACERO




EFECTOS NO LINEALES
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DISENO DE ELEMENTOS A TENSION

Sea un elementoe 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 factorizada del angulo mosirado
enla figura. Usar acero cslrucmra! M270 grado 250 con F'u = 400 MPa (4078 kg 7 cim”)
Fy= 250 MPa (2550 kg / cn’) (Pa = newton {n:n: = (Kg/em™)/9.807) :

Gussat
Pl.m

j P, %
: mmm ! 1524102127 |

Resitencia a la tension esta definida por la menor de:

e resistencia a fluencia de la seccion transversal bruta.
e resisiencia @ rupiura de la seccion transversal reducida

De acucrdo con AASHTO LRDI Bridge Design Specifications, 1994

Resustencia a la fluencia faciorizada

&y Pry = & I'y Ag
donde: =
2 =095
Fy = esfzo. de fluencia fA1Pa)
Py = resistencia nonnal a la fiuencia en la seccion bruta
Ag = area transversal bruta ( mor )

Resistencia a la ruptura:

e Prnuw = S Fu Ae



donde:
&= 080

Prnu = resistencia nominal a la ruptura de la seccion neta

Fu = e.sj'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 L5SW <L <2W

U=075si W=<L <l5W

L = long. de ia soldadura

W = separacion de la soldadura
en esie caso L=200 mm; W=152 mm, enionces:

LW =2000/152 . L=13W= U=0.75
Entonces, con Ag = 3060 mm’

Ae = UAg = 0.75(3060) = 2295 mny’
La resistencia de fluencia es:

& Pny = &y Fy Ag = 0.95(250)3060 = 727x/0° N RIGE

la resistencia a la ruptura es:

S P = O Fu Ae = 0.8(400)2295 = 743x10° N

(1 Newton= 1Kg / 9.807)



Ejemplo
* Determinar el drea neta y la resistencia a tension del angulo conectado con pernos

mostrado en la figura. Los agujeros son de 22 mm de diametro. Usar acero grado A250

40mm, 70,70 70, , 40mm

%—I ~al _é_é__fﬂmm (L.___-:{‘.F T

I°
B0mm P,

o 0 {40mm

. I- P }Z ik
L152x102212.7

70 l 01 78
mm mm' mm

el ancho total de la seccion es: ‘
w,=f53'*102-}2. 7=241.3mm

el didmetro efectivo de los agujeros es:
d=¢+3.2=22+3.2=252mm

peralte ncto para una linea de falla

w,=w,-Xd~ 5s'/4g

linea de falla a-b-c-d:
W,=241.3-2(25.2)~357/(4)(60; = 196.0 mm RIGE
linea dv falla a-b-c:
Wo=2A]5-0025.2)=216.10 mm
cnionees

A,=tw, =12.7(196)=2489 mm’



LY

Debido a que sélo un lado del angulo esta cane'ctiydo, el drea neta se debe reducir por el
. factor U. Para ello se usa la siguiente ecuacion:

U=1-(x/L)
Six=25.2mm; L=3x70=210 mm, entonces
Ae=U A4,=0.88(2489)=2910 mm’

la resistencia factorizada a la fluencia es:

& Py=8, T, Ag=0.95(250)(3060)=725c10° KN -

la resistencia factorizada a la ruptura es:

S Pu=¢. I A.=0.80(400)(2190)=701x10° KN RIGE



CONSIDERACIONES PARA EL DISENO DE CABLES

dead loads
&1 1YY
zis
,;%255‘51' ¢

TizRjcosecd, fR‘

AAAAAAAAAAAA

bending moment

cds : geqgd [pads

i< 1]
A AAAAAA DA mcfm
bending moment Lending moment
{a) {b)

Q-_Lé_/h_

1\\' lim




Tohis 3-7 Propiudade mecinices de e pare pusnk hicvtas de
- st

Normas artedlacida por le "Wire Rope Technical Boerd™”

Rasistancu minima de rupture )
m toneladay médtricas

P Chawe "~ Ol =4~ dree mrediive
o ova - aprmsmade Ped aproabmp
i pig. Civee "l ":'...‘:' L) ol-:bn . emt de on Kgjw
nthiad [T o Claw ¢
rompine Fabr s ¢ PR irabe
on los siambrsy o lou plambres
FIST amral, swpvhare,,
172 136 13.2 12.9 097 077
9/16 172 16.7 16.4 1.23 098
L%} s 21.) 7 1.51 1.22
11416 263 - 255 249 181 147
174 R 99 193 2.18 176
13716 36.3 352 34.5 2.5% 207
178 41.7 403 19.6 196 2.40
15416 §0.0 473 46.5 3.40 1.7
1 §5.3 5§37 513 3187 113
1 11 [ 34 60.7 §9.4 . 437 153
[Tl 708 687 67.2 490 3.96
1 e 78.0 757 . 5.46 440
1 i LY 5.4 816 .05 488
y §718 082 .3 9.5 6.65 5.59
[ T2} 105.2 1034 1007 7.9 59
1 318 114.3 1116 109.8 B 00 646
112 125.2 1225 1198 8.71 7.04
1 9716 1360 [BRX] 130.6 9.48 7.63
1 38 147.0 1442 140.6 10.28 526
111718 158.7 156 0 1533 11.03 890
1 34 170 6 1669 163.3 11.87 9.57
115416 1813 179.6 176.0 nn 10.77
1 M 196.0 192.3 187.8 1161 11 00
1 15716 208.7 2050 100.§ 14,52 11.74
M 1223 118.6 2159 1545 12.50
MERVAL 1638 2332 119.§ 16 45 1330
Y] 1513 1477 1440 17,48 14,52
7 Wb 2658 2623 1576 18,52 1495
NP b1 276 7 273 19.61 1583
MR Y, L1PN] 1N 030 21 81 17,63
NELYAT 1967 921 876 WnN 16.73
M1 166 21 Ve h PR Y13 1857
Y 11 il 3357 1311 14.20 19.54
HER-TA1.) Y] 3502 3447 1544 20.53
Y4 1781 i 166 ¢ 16 65 21.5%
RETFaL) 1919 1856 330.0 27.94 2.56
RTE] 4101 4037 93 2929 1163
T B 4482 4409 a4 5 1200 25.83
3 465 | 450 6 4735 34 84 28.12

18 5:9% 316 S13 4 37.81 30.52



DISENO DE ELEMENTOS A COMPRESION
lP

ip

Carga critica; Pcr = * EI/L? . Esfuerzo critico: o= Pa/A=n E/(I\L/r)

donde L / r = re]acion de esbeltez.

Esfuerzo de pandeo:

O - ' E
(KL /)"

pandeo inelastico (columnas cortas)

LSCATRRN

K=1.0 | K=0.%

Stroight

I
1
1
1
*
1
1
|
1
1

K oo

I LLd

(6)

=2 Er
{KL /1)

OTr.

)

ar
o=P/A . o dk
qon¥= En

f inglowtic __J:l;

e & —

Flgshe

m

‘
' ¥ Ciastic oy |

Bucklin
Ly v

i i

€

a/L,



Resistencia a la compresion. Carga de fluencia Py
Py=AsFy

As = area total
Fy = esfuerzo de fluencia

Para columnas largas:

Pcr - W’ EAs_ - Oq As
(KL /1)y

L ¥ ]

A = coeficiente o factor de esbeltez

Resistencia nomingl a 1a compresion

Columnas largas. Az
n

2.25
Pn=

0.88 Fy As /A

el factor 0.88 toma en cuenta la curvatura inicial de la columna

Columnas intermedias: A <2.25
Pn=066" Fy As

Resistencia a la compresion’

l Inlarmediole

' r
. . 18

Long

Coiumne

Columns



Limiting Width-Thicknes: Ratios*

Plales Supported Along One Edge

k

b

Flanges and projecung begs of plaes

Stems of rolled tees
Other projecuing elements

0.56

0.75
045

* Half-fange width of |-sections

+ Fuli-fange width of channels

¢ Ditance berween frec edge and
first bne of bolls or welds in
plates '

+ Full-width of an outstanding leg

for pair of anglcs in continuous
contact

Full-depth of wee

Full-width of ouwstanding leg for
single angle strut or double an-
§le sirat with scparator |

Full projecung width for wthers

Plates Supported Along Two Edges

b

Box flanges and cover pluies

Webs and other plate elemenix

Perforstcd cover plaies

149

1.86

Cleur distance between webs
minys inside corner radius on
cach side for box flanges
Dustance between unes of welds
or bolis for flange cover plaies
Clear duunce berween flanges
rmunus fillel edii for webs of
rolled beams

Clear distance between edge
supports for all nthen

Clear distance beiween cdge
suppons

AASHTO Tabie 6.94.2.1, |From AASHTO LAFD Brdge Desym Specipcanoar, Copynght ©
1994 by 1he Amencan Arwociauon of Sute Highway and Transporaton Officials, Washungion,

DC Used by permusuinn |



. Relacion ancho-espesor maxima para la seccion transversal:

bs k [/E
ot Fy .
Relacion de esbeltez maxima:

elementos principales KL /r = 120
elementos de contraventeoc KL /r < 140

'Ejemplo: , -

Calcular la resistencia a compresion & Pn de una columna con Iongrtud de 610 mm y

extremos articulados y las siguientes caracteristicas: As=14100 mm”; d=360 mm; nv=11.4
mm; bf = 256 mm; 1f = 19.9mm; he /tw = 25.3; rx = 153 mm; ry = 62.9 nm (Seccm]q I)

62.9
ancho _bf 256 64< k /L . 056 /200000 _ 158
espesor 2{[ 2(19.9) Fy 250

he. 233 < k fE _149. /200000 42.1

tw Fy 250

Jactor de esbeltez:

2 /KI, / 250 L 1.]9<22
r _) 200000

columna ir .cr.. :dia:

' (KL_ L 1(6100) _ 97< 120
max

Pr- 0.66° Fy As = (0.66)"'° (2505 (14100) = 2.15 x10° KN

resisiencia a compresion.

Ce Pe=09(2.15x10°)7100 = 1935 KN




-FLEXO-COMPRESION

Ecuaciones de interaccion

P
Pn

Para Pu/ @ Pn =02

Pu+

I%IZI

b/rsoss h/ieg 1. u

b/l 0.56 [..E__ a/) 5 1.40 'I
s /v

Miegrae [T "iegray L
I Py Iy

L Mx . My s 10

Mnx Mny

8Mu 1.0

@Pn

9bNm



Para Pu/Pn <0.2

Pu_, Mu_ 1O (b)
@Pn | @bNm
| c.(a)
r GE!
isl.

Ejemplo:
Diseiiar la columna de la figura. Usar una seccion W8x24 con las siguientes propicdades
geométricas: A = 7.08 i, riry=2.12; rx=3.42in; Ix=82.8 in’; KLx = KLy = § pies

|
|

ot

M =TT
) { — M2 Pt
Beuce Y ‘
1 —_— ] ——— Mzt
3 )
IS B S S

Tt

Loading M
dagram
(b}

Para esia seccion ©Pn = 180 Kips > 29.1 Kips
My =61.0K1 5., jeialb=8pies

Pe . 7 El £ (20000)(82.8) _ 257) Kips
KL 1812))" '

Cim = 0.6-04 (b, ) = 0.6 0.4 (-0.5 = 0.8
M;

By, Cm =210
I-Pu/Pe

[



N

B, . __08 . 08/<10
1-(29.1/2571)

se requiere B, = [.0, entonces:

Mu, =B Mx=1x37.7=2377
Pu/Pn= 291/180= 0.16<0.2

entonces:

Pu " Mu _05¢0.16) +37.7 =0.7<1.0
EPn, £bMn &1.0



DISENO DE SECCIONES ‘I EN FLEXION

r——‘lr‘—l @

f/—\

(v}

Straln Slr-n Cress S-cllon
\T' S&_"I*
€, =€, fam Fy
(<)
N -_-E__-_E:u-m
€, >€, te ,
’ (C)]
£rrn
~ {] B uzw

Para una seccion sometida a flexion

f .M

=

1

f = esfuerzo a flexion

M = momento flexionante

] = momento de inercia

y = distancia del eje neutro al punto de interés

o .M
S

fb = esfuerzo en la fibra extrema =

Al aumentar la carga:
Mn = Mp =ZFy

Z = modulo plastico de la seccién
Fy = esfuerzo de fluencia

Segun LRFD, el momento resistente es’



@Mn=0.9 Mn

w

Cempact
by \
Yy Noncompact
3
=
T
E Slenager
Q
3

Curvature (V)



Ejemplo:
Determinar la capacidad a flexion y cortante de una viga de seccion I Suponer acero 436,

longitud de 120 pies, longitud sin ariiostrar 20 pies, Cb = 1.0 y suponer un espesor de 3/8
iny Y inen el alma y las siguientes propiedades geométricas:

a)tw=0.375in b)tw=0.25in"
A =635 A=575in"
Ix = 17039 in* Ix = 15887 in’
Ly = 2563 in’ Ly =2563in’
Sx = 685 in’ Sx = 639 in’
Zx = 1328w’ rt= 7.4
ry=035in ry=2635in

Para la seccion a)

- Alma: he = 48 =128 > 640 = 106.7
w0375 AT

& 970 = 1617

Y30

por lo tanto la seccion del alma es no compacia

Pandeo local de los patines:

bf = _26 = 1486 >

65 =108
2f  2(0.785) /36

<__[06 = 24.0
¥36-16.5
La seccion de los patines es no compacta, entonces:

Mp = Zxfy = 1328 x 36 = 3984 kip-pic
12 {2

Mr

(Fy-16.5)8 = (36-16.5) 685 ' {2 = 113 kip-pic .




M,=F,2Z

M, [mmmmmeene

- e g e

A-A
"-'“,-W,‘“.)m’;

u.-sm.zooh‘

p—{"ompa

— ,-__--_-l..---_----

Slender———e

»
-

Ambit
Mo=(F,=-163)8
1.:63[4?';

P 10/ VF, = 165

Para los patines:

para el alma:
A= 640 /VFy: Ar= 970/ VFy

_
3

’
entonces.
Mn = 3984 - (3984 113) 14.86-10.8 = 3101 kip-pic
24.0 - 10.8
Pandeo local del alma
M= FZ

he——C 011, pa 1 — +—r— N CO Pt —— e

A=
MymM, - (M- M) ﬁ

L Not applicable

Slender pinte peder
1 -

2y

As Mt

MxFS,
A, = GIOIVF,

hox 9IWVF,

‘Al



Mr = 36x 685 = 2055 kip-pre

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 estd arriostrada adecuadamente. Entonces:
Mn = Mp = 3984 kip-pic
El menor valor Mn rige, en este caso

Mn = 3101 kip-pie

Cortantec:
' Sih/tw s 187Yk/Fy = &Vn =206 Fy Aw :
Sih/tw > 187V k/Fy = OVn=206FyAw 187 ¥k /Fy

h /iw
Sih/tw > 234 Vk/Fy = Vi = JAw 20400k
v (h /)’

he = 128 > 234/k = 87.2

w Fy

V=18 [ 26400 {8)] = 145 kip
128

Para la seccton b):

hw = 487025 =192 970 = 1617
V36

entonces ¢l alma es compacta
Pandeo lateral por torsion

Ih/rt=20x]2 = 333 <

300 =350
7.2 V36

_entonces:!

Frer =Fy=36Ksi



\

Rog = 1-0.0005ar ( e - 970) S 1.0
w Fer

Rpg = factor de reduccion por pandeo del alma
ar = relacién del drea del alma y el drea a compresién del patin
Fer = esfuerzo de pandeo critico:

SiAl=<Aip=>Fcr =Fy
SiA< A sir=Fcr =CbFy[1- A=-Ap]<Fy
2(Ar-Ap)
si A > ir = Fer = Cpg

/12

Para el estado limise de pandeo laieral-torsional:
A=Lb :ip=300//Fy ; ar=756/YFy }Cpc= 286,000 Cp

rf

Fara el pandeo local de los patines:

A=bf/2af ; Ap=65WTy : ar=1504Fy ; Cpc-11200 ; Cb =10

M- Hac £, M, 2SR F,
r Aol ] "My 1. 'i
I L A‘s,-.u,,;r.r,h .th_—l_k ”S-“rcf. u,-n.cc.r,[I 1 [k. %] 15 SRy 1,
-’ . . 1] - -
: e
R . :
: M- Sigaraomn ; - Mo Mo G, (2000
SR / e N
i : :
l ! ’
L | ;
ry - ) ”
" PR ~
Aow BN T,
smA Ry, 1 - b0, P4 ﬂ’]snc
e WV, o
) L SAJA,
Rpc - SceFig 88 R
.\,-'.'VJ!T,
Asi:

Rpg.= 1 - 0.0005 [ 48(0.25)](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) [ I 1486-10.8 ] = 30.85
2(25-10.8)
Rpg = 1-0.0005 [ 48 (0.25) ] (192- 970 = 0.995 |
26 (0.875) Y30.85 .
Mn = 639 (0.995) (36) = 1907 kip-pie

12
enfonces.”

Mn = 1902 kip-pic

Cortante:
he /1w = 192 > 234 Vk/Fy = 87

Vi = 48 (0.25) [ 26400 (5)] = 43 kips
192°




CONEXIONES

Ejemplo
Determinar el tamario 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.

Fumuuoo 1£3 -
P o wit kpe
|- S— w
A= < \‘—1413:“
e [ S iz
e _—l -
t wmus:m(t:O.SGSaq)
Cantro de gravedad
N O8é Grupi 8 pemos
/ \"Cou-nmw
Femaches de 7/8 1 0€ didmetro :
num. de remaches = I - 143 - 48 =5 remaches
2df A 2(075)(33)(0.s01)
Pes:s?%na-. a/ a)a&ﬂflmmnrﬁ

425 075 d=7/8 i ' t=0.5%5iu (espesor mensvia )
v=58ksi ; Bu= 2.‘2’*dt F = 68.8 _krps
nim. oe remaches = _fv__ 27¢5 V7
gLy
Conexisu (ou pevros mensvla-olumna.,

Suponieudo que & core a /em:ou, pasa por el centho de gravedad & los pernos, os
Componen?""f JP Tlpnswu Sou <

Fensou 7= P@s 30‘_ [0 x 0.866= 9% 3 k;}os
corfante l'= Pspu 30" = 0Kk 0.5 =55 kips

Yemaches com d= 7/8in; Ay = 0,601 5 F, = 21 Ksj s g0 Tp= 19 Aips (P"" Fonsion)

Fara B/wrno: ey corfaute

Ro=8FF Ay (1 - L. ) = 764 Fips
8T,

pLy = 76 4 Kips > S5 /ﬁpf v’



CONEXIONES

Ejemplo
Diseflar la conexion usando soldadura de filete de 7/16 in y electrodos E70. Restslenaa de

disefio de la soldadura qa=9.73 kips/in
&
A

N o r 7= 143 kips

+Ts / a- z:g "

] . - n

q “ Giaom

5in
, \ Randnj

A1)

J ’
N 8

Longitud ok /b soldadvrm :
9= P/g, = 143/2/9.73 = 7.35‘/},‘
£,
ya

C, £/c =133¢235/4=2.44ju X 2.5

i

C0/c =267x735/4=49iux 500



CONEXIONES

Ejemplo , g
Calcular el nimero y tamaiio de pernos A325 de la mensula de la figura
| 1789 1 I ‘ .
| A
"|\, 10N -
| ]
" i: A‘u.s. -8}
J- IR -
= L t
- LT T
1 t x
° :I\_:c.u. I
- ] [ 2
Y+ 4 Pinoas
RSRE
)
| v -— Wik 193
— ;

In 6n In !

50p0n:‘eud'o 7loermas espaa'adas a cada 3 pdéaéf eu tads liuea vedhcal

fe=0, F, = 200/2 =100 Kips
=0, fy= .
M= Joox 17.83 = 1783 H:}os-in} neadap/aa\

ne=7x4+ 28 pernos

E/pemo A es e mas esforeado . 1or e.sfa’z{‘ca., /qs Cbm;:onpnﬁ’s 501)79 e/,aemo sou .,
Ly = 10.56 /%:'ps /Ppmo |
By = 10.05 £ips /pemo
B VEE+RE _ /4.5 Sips /pema

s pernos oo /% i ;

P Ay = 0.75(48)(0.442) = 159 hips/ perna > By v
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Suvogth Limil State—Nmoawnpuslie 7.Sections in Pasliive sad Neguiive Flexove X, = 10

Compact Noncompect Sicnder
Nomiaal Beaural re M =M, f,=RF_ Fos RF,
web . E%: . 3.76\;';5-: . ‘. Withuut kongauchinal :.nl'lm i > L,
EFI.')‘ ® mv’i e NE
With loagitudinal siffesers {Sex Eq. 8.1 Tor Y
%’t = 63\5
—
Comprean fanse -2{% = 0382 va—i ‘ i—: =138 F——E—: % £232 | T
‘ = ¢£\’T; \’r"y_;__
(See [AL.1035 61
- e
Com::ou fange L [0.;24 _ o.mn(:{—"‘)](%{) LSl = |_7&-JFE: L= “!__i's'.’-"’ é
L<t,3d,
. ' Use Eq. B 153
L=
tsc Ey 8 110

Nominal Shear Resislance of SUflened Webs

Compact Noncompact
Nomuinaj If M, s 05¢0,M, Iff, = 0.75¢,F,
shear
feanlunce Voey [C* 0.8701 - CJ]
B V1 + (&/D)
If M, > 0.54,M, IS > 0.954,F,
0871 - )
V,»RY, |C+——=12CV
o, [o- SO oy,
Reduction (M, - M) F. -1
R=06+ 04 ———"— 5] =D 4 ——
factor * M. = 0.75¢.M o R -0 (F, - 0.754,F)) =10
© Ratlo of Shear Buckling Stress to Shear Yield Strength
No Buckling Inejasuc Buckling Elasuic Buckbng
Web Slenderness D 1Ek D | £k 5] Ei
== L0 j— -5 |34 — - > 1. —
. VE. o« VF L \/f_
€ o Ceo co Lo [m c. 152 b

Diu_yF, T irp FL




Nominal Shear Resistance of UnsiifTened Webs

No Buckling Lnelastic Buckling Elastic Buckling
Wb siendemess D, 6 [E DssmfE DssmfE
[ Fo i F. . I F_
Nominal shear V.=V, V, = 1482 VEF,_ v o AISLE
resisiance Che 2]
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Loac combinations

Obeclive
rehapility index it

Dread foad = bive doad tor spow doudd

Dead id = Jove Jogd + wind lowd

Dead had = live load = corlhguabe kad

MU e membwrs
45 ton cotieins
IR by memibers
178 hee members

1.9 FACTORS FOR SAFETv—a30 AND LRFD COMPARED

Laag a1 1y etme

LRFD Ec Load combination 150 year: manmum
tAd-1+ 140 Dead boad O during
CORsTruChen: other
oads not present,
{A4-2i 12D+ L6L + 058 Live load L
iAd-}) 1.20 + 1,68 + (0AWor 1} 5L Roof load .1 ¢., spow
ko § or rain K uther
than ponding effect.
(Ad-4) 1.20 + 1.3W + Q5L + 055 Wind load W addirive
10 dead boad,
(Ad-5)* 120 + [LOE + 051 - 028 Farthquake koad L
additive W dead load
1AL-6)* G800 = (L3W or LOE) Wind hoad W or

earthquake oad £
appaule o Jead load.

*Themgnfulloning 12D 0r0.9Dic tohe taken + or = wuch as 10 pros ide for the more

severs effet

More Where ymow 5 1 used in the above equalions, evcept 1a Farmuia 1 44-5), the
meaniag 1c snow $ OR roof live jand L, OR ram R other than porchng



comparison of LRFD with ASD for Tension Members

The comparison of safcty obtained for tension members designed by the two AISC
methods is indicative of the general result expecied. Durect comparisons are more

difficult in design of other types of members becauvse the nominal strengths R, are not
necessarily the same in the two methods,

For tension members acled upon by gravily dead and live louds, the resistance
factor & = 0.90, und using Eq. 1.¥.3 gives for LRFD

1L.2D + 1.6L = 0.50R, [1.8.3]
1.33D + 1.78L = R, LRFD

In ASD the factor of safety FS ="1.67 for axial wnsion. which gives from Eq. 1.8.8
where {7, @ is the factor of safety)

R/I6T=20=D+L [1.8.8]
ar

167D + 1.67L = R, ASD
Newt, disuding Eq. 1.4.3 by Eq 1.8.8 gives

LRFD _ 133D + 1 78L _ 0.8 4 1.07(L/D) .
ASD 1.67D + t.61L 1+ tL/D) {(1.9.6)

Since this s a gravily foad comparisan, LRED tormula (Ad-1){Eq. 1.8.2] must also
he used as L/D approaches sero. Thus, Eq. LE.2 gives

140 = 0.90R, [1.8.2]
1.56D = R LRFD

34 CHAPTEA1 INTRODUCTION

)
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1
F oo A :
asl !
1 : ! :
. B 1 i
| 120 inl ' v
' .
a : i
=7 orR ' 1
Ix N . *‘
[ 1AL i )
“ ' .
st . [
" '
vos !
[T T
L] .
L] A + N
I y '
M 1
" ' 1
_ . e L I
"} ' N ' “ hl L3
Tie boad
Dl bl

Figure 1,91 Colnparsun of kud and [osntsme Laor destpn sl
alhrawalle sbrgss desen (0F lensun wianbers

Dniding LRED by ASD goves

LRCD LD __om o
ASD LRI« 16TL 1+ L o

Equativns 19,6 and 1.9.7 are shown phated m Fig 1901 The dessen ot tenun
miemnbers will be about the same in bah LRFIY and ASD when the Live load 10 dey
toad rato (L) i~ about 3. As ihe LD 1atio becomes lower 1hal s, dead kg
hecomes mofe predominunt) theee will be ceonomy i uvng LRI'D, With L/{Yran
larger than 2. ASD will be shightly mmue economical, but rarcly hy morc tha
about ¥4



DISENO DE TRABES

e Estado limite de servicio = flexibilidad (L/ < 24)
s Estado limite de resistencia = capacidad de carga

Estadcs iimite
UNmoa pars viges :
i } (5 5) XL ﬁ
Flaxdon Cortarte t A
Amd
Mecaniamo Arucutacibn Plastificacion] Pandco
pldstico pldstica Pasidoo del aima ol aima B
} ] -
Foreis 71 Locsd leackisng of & wide Raage Sram is) fhe Comprocenss fnigs sad
Pandno torsional Pandeo kocal Pandes local ot vt
interul (P71} dol patin (PLP) dal alma (PLA)

Figura 11 Tsiados limae pars vigay

Segun AISC:

Si: hty <970/vFy = viga soldada o laminada

Clasificacién de las secciones transversales

Secciones compactas. Perfil capaz de desarrollar una distribucion de esfuerzos Fy en el intervalo de
comportamiento no lineal antes de pandearse. La seccion resiste Mp.

" Secciones no compactas El esfuerzo Fy se alcanza en algunas zonas de su seccién transversal
pero no en toda. La seccidon no resiste Mp.

I > 1
+
—+ T
M
n A .
M, —t
(b
u, Rolled
IS
_j ll-_-l
PR Y S
t
T
{Comoscis § [[Nocompacia ]|  [[Ewera | o
. LA A
o —] e
i
0 i, A |
Huks up
Figura )12 Clasificacion de sevciones transversdles pur pandew lucad do placa. . &) [l

Flgura 7§ The dimentsuns used 10 drhing sloadcrncis & 3



Relacion de esbeltez .
o A=b/2ty, A=h/ty

Pandeo local del patin (PLP)

M,=2F,

A=
Hn=”,'tu|-“r)1r——xl'
H, ;
Ma : 520000123
M, mmreeeee dromesmormien o e ;
Compact i! Noooormapact =i Slender
A, A
Aabit
Mm$SF MeSIR-F) fr= promedio de esfzos. residvates
P T g hume. o o Fr= 16.5 Ks; secc. soldadas
Fre 0 Ksi secc. @mipadas
Pandeo local del alma (PLA)
M=l F
' Mon My - {Hy~M) %‘-’—;2
redp

M,
M, ;T TTTTmmemsssosossosss \
: 1 Notapplicable
i i plale girder
Compact i Noacompact i
A M
ANt
by = S4UVF,
A= 91F, .
Figure 7.90  Web local buckling
My=5.F, . . flexure

Tabis 3.1 ParAmetzof para deermnar |a capacidad A, a Mewion 0o wgal | no hibndas,

TAME 71 LOCAL BUCKLING RAES FOR COMMON SHAPES " - rcas, s, o sctan y esoellas

Elemem X 1, A,
Sccritm Paudime e Fatmba
vwmareral ke estckern i A i M, Fo [
s N L] '
" , m ——
b 43 i 20,000
Raded . T " - ! -
' . ) W ‘7: "Fp-_Tﬁ (F, =108, EE rLP
i Lamasin
s (1] 105 b w4 LA 20,000
H — . or - —— = PLP
s g e | '_'{ i 7 N £S5, P
whined o

R
RIS

H L] L3 L} 16,200
- - —p——— b - £ ™M
Iy 1..n", ,\m",,-mj);'lv F.5. A P
I E ! =1 i
etz - by
W

(Gl LY.L e

r. :
!
13
iz
e
"
>
it

~NF -
. s, O
e [ F. F, ra wrinada.
T‘- M 5. G




Proceso de decisién para determinar la capacidad a flexién de trabes para los estados limite PLP o
PLA

Si e M,
Ne
St A-3
Mo = My ~ (M, M,)Ar -).‘:,
No
M, = SF,

Figura 3,13 Diagrama de flyjo para deierminar A, cuando loy estados Jimite son PLP o PLA

" Reguerimientos de disefo para vigas lateralmente soportadas (pandeo torsional lateral, PTL)
A=Ly/ry

donde L, = distancia entre arriostramientos laterales

—_— :E_ 5ﬂ;ﬂf' me”*

L ror (Torsion pum)
———-f p 40
- 1 Flgurs 7.4 mmmm ; ~ dT
" o ::::m n .
“‘( s Y Tortion por alabeo
s "7 (G g cte.db aledes)
"1-_LthlHHHli.’ummLu Mo dmgram ﬂm_ d@
Mismo Hm. tar ) dr’
misro esfao. Y <, T
l

Hloxion ? m '

w Momen dmgram

b L
'
(" '
‘ T } ~ l [
Figwwra T8 Meiniance w0 Inc Mo 1 1y
o - T JHTTE Motara dugiar
wadert thrce diflerent
loadchng <ofbLony 1}



Para secciones I -

Log = (3600+2200(M+/M2)}) ry/ Fy
} Longitud no soportada lateralmente

L, =300r,/Fy

x
Mt N e !lf]’:,c.

M,

i
‘>'
el R

A= Lyr,

P qu»,zzg? M) 1My
300
’v';;:
e N M srvpypaer
Y Y] 4 X, (F =100
xl--g-\ﬂmz
. - Y2
e 3)

Figure 7.11  Laterul-torsionul buckling flexure,

Cp = 1.75 +1.05(M/M2)+0.3(My/M2)* <2.3

-Ma -My -y + My

& =V~ )

HM, = mb. mensr £,

Hz=mb~ mayor My | I h'/"h <0 =5 cunmfum
' 1 simple
MM, 50 = doble -+
cworvetum EEC P e
Revene Lurvadure Singe curvals—e

Fgure 712 Momenl dingrams shawing the eclationships between A, and M.

£/ momeuts dr dsee 5

6”’] = 0-9 Hn

[



lf' ™
'
1
H
|
' )
- - [}
M, H
'
H
1
M e A=-memm e s
i
|
'
1
i
A, Figurs 214 EfMect of inument
gradical,
My
§ Mr
8 Cy» 175
§ Cy=12
& : Cy=14
o ' '
p Q i, &
Longliud no soparlade isermments
Fugurs 3,08 Rensiencia de vigas por pandeo lursonal (skcral
TABLE 7.2 LATERAL-TORSIONAL BUCKLING RULES. Lo TABE 7.3 LATERAL-TORSIONAL BUCKLIMG RULES, L,.
Shaoe i Shape L,
. X,
(I'J—F,.- ,)\h NiatFr-Fp
Y
s — - n g NI
ALY a ’
Cu |3
S

__k,, o A ___________ 57,000¢,VTA
7 ey ‘ LA

TABLE 7.4 LATERAL-TORSICMAL BUCKLING RULES, A,

Shape M,

_ EE_ .
;_%___




Proceso de decision para determinar la capacidad a flexion de trabes para el estado limite PTL

si
M, =M,
No
s lp~L

M, = Co|M, —[M, =M 2| s M

= ol Mo - iy - M) 222 <
No
M, =M,

Figura 3.15  Disgrama de flujo para determinar M, para cl estado limite por pandeo tonional tatcral,

"La maistencia torsional de perfiles W sc explics coq mis dewalle en ¢f capitulo 10

Disefio por cortante
pVn =0.9 Vn

Vn =0.6 Fyw Aw

Qo
é I Shewt irmivwe plomr
[o]
Figurs 77 a) Shear vickdmg of
a M prows srvu of the
web jhy thenr
Prmrurt on Ihe wel
(L)) wrta of Ehe web

&

o/



Proceso de decision para determinar la capacidad a cortante de trabes

St
Vn - O.SF,..A.,
No
418
S ff
Vo = D.6F A, 12
.
No
s V, = 132, 000

)

Flgura }.18 Capacidad de coctante de almas no rigidizadas,

Proceso de decision para determinar |a capacidad a flexion de trabes de seccion I con patines
desiguales para el estado limite PTL

300r,

L, =
o T}ﬂ
M, = (Fow =F;) Sic S Fyr Sy

L, = valor do L, para ol cual M, = M,
Mo ~ T (158, + T+ Bz + BY) 5 M,

2/ I, Lel ! 2
- 2 Nn |1, - e .ﬁ(i}
a8, 2.25[ 7, 1] V7 B; =25 [1 ’r] c\G,

Los 14rminas no detinldos anies son;

Sm = MOdUlo de seccidn eldstico con respecto al patin da tension

S, = mddulo de saccion aldstico con respecto al psatin de compresién

I = momenio de inercia del patin de compresidn respecio al @je y. si ol segmento de viga no soportade
lateraimente esté liexionado en curvatura doble, use gl momento de inaraa del patin menor

h = alturs del alma

El coeficients Cy se debe tomar igual a la undad 31 1/, < 0.1 0 5 bty > 0.9

Figura 3.17  Estado Hmite por pandev tonsional lateral pars perfiles 1 de simetria simple.



TRABES ARMADAS
~ Se usan en claros o para cargas muy grandes (15 a 150 m)

Ventajas:

* mas econdmicas que las armaduras

» mas faciles de montar que las armaduras

* mas rigidas que las armaduras (menos problemas de vibracién e impacto)
s menos peraltadas que las armaduras

¢ menor complicacién para mantenimiento que una armadura

» pueden construirse para verse atractivas

Desventajas:
* sOn mMas pesadas que |as armaduras para el mismo claro
e requieren un gran numero de conexiones entre el alma y los patines

» el transporte de vigas armadas de mas de 35 m de longitud puede llegar 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: ht, >970/vFy = trabe armada

M,aF,Z
MF
My M, e (112000
1
" E :
1 1
[} 1
(] [}
; :
~—Compoc 1 N pact : Slender
X A,
A=dr
My (F,- 1655
A,CWV[F,
A= 10&YF, - 163
Figure B.3  Noncompact plate jurder fleaure, flange local buckling
MHowFy T -
Moa s [u,-(u,- ™ ,'_l_]
L,
M, -
i
Ma i X, ]
i ot
L/} iRl 1
H '
' +
. »
i i
A A
hw Lydry
. My iFp- 1655
P mv’F_,

A T
FoB3NeaYiex e, - 1691
Nl v .Er;M

wa

Figure 88 Noncompact plate guder Benura; latersi-tmsonn] buckling

H “.'Sﬁmﬂ

M,

M

M.-n.-m,-u.);:—:%

M,

)
i : : '
i } Mot applicable
! i Slender pimc girder
- Noncomp
- ! 1
A
' Ru Al l’

M.=F,5,
i, m 640VF,
Ar=970YF,

Flgurs 8.4 Noncompact plate girder Oeaure? web lncal buckimg.

M = SR Fy

u.-sx.\-,c.r,[l -1 [;%%Hsm,.or,

M, w SRpg Gy (ZRO.000WRT

|

'
1
l
i
.
.
I3

o
;

I ol
r

L=Lyry

ar,.,-l-oomh[%-g?]slo
¥

Arw AYAY g
3, = NorVE,
Xz 1300 VF,
Figure 4.5  Slcraler ptare girder fiefure: Laterul<tonenal buckling

My« S Oy F, [; -3 I;T— ;‘:]_] 7

Mym e (112003447

| qalll VSR Y U
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A= 6y,

ko pS¥YF,

Rp-Sec AL 8 6
Figure 87 Slender plats girder Hesure: Nlanae local beckiing,
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Campo de tensién = comportamiento de armadura después de pandearse el aima (grandes
deflexiones)

Loading
S O T I O O I I A P+ ¢+ ¢ 7 F 1 73
Rigi N N, o+, ®, i
o %%"b NS «‘:’\; 4":9 :.f.j
aca[nuq I(u!lm

Fgure .8 1cension Gicld action.

Placa del alma

Fusrza resullanie
. _-«1.-. - Gesbalanceada en e

“"‘w

= palin o8 COMpresidn

Alma ca fa 7abe

Figurs 74  Comprosidn vertical £0 ¢! atow debido & (verzas desbalanceades en kv padincs.

Si hay atiesadores separados a no mas de 1.5d, entonces: A1 <2000/ vFy
Si no se cumple lo anterior, entonces:  h/At < 14000 / Fy)(Fy+16.5)

Ahora ¢Vn2>Vu

Vo = 0.6F, A,

—

418
Vo = 0.6F, A, ——
’ '*‘(nn)\.Fy

S

u 132, 000A,

{hin?

Uisgrama de flujo 7.1

e



Atiesadores intermedios

- trazar diagrama de cortantes
- localizar atiesadores a partir de los extremos de la trabe

8 s
k 5+(—'-z-)1 @ Vo w 0.8AF,

No

1-

’ a = U y v’_‘_"L:
" MA’F[C 1.15"1‘[;)

|
Diagraa de flujs 7.4

s W K TF,

c,-mz

(e} 7y

Diagramas ds uje 73

Interaccion entre la flexion y el cortante en el alma de la trabe (se considera el campo de tension)

Si

06¢Vn <Vu<gVn cong=09
y ademas

0.75 ¢ Mn <Mu <Mn
entonces

Mu/gMn +0.625Vu/ ¢Vn < 1.375

Iz



Dirnign shuas $, VLA, (had)
a -
T T

-
1

1
o 1] 1% b 0 % 400

Wi, Fime pder £ m M be 12
Figure 13 A wubwnmy of Ihe Ursga sbest b mn AN plaie purdes aa y fongion of At
—— . pontrayam Dkl BCHons <o -, lewuon el
Placa de los patines
st
Fa = F,
No
S ’
A, A
Fo -C;,Fyl'l 3L SFr
No
Fo = 22
Eslado limite: PLT ) Eslado imito; PLP
L b
A= —a- = (i
" Ao
Ay = 9,.%9. iy = ES
v vy
| 4, = zﬁ Ay m ,—222_.
+Fr JE Tk,
Crs u 2B6,000C, Crg = 26,2004,
Cp: véase & capitulo 3 Cp - 1.0
[ k: véasa al capitulo 3

Diagrama de fluje 7.2

donde:

035 skc <4/ Vhitw <0.763
r; = radio de giro del patin de compresion + 1/6 del peralte del alma JH



Ejemplo:
Determinar la capacidad a flexion y cortante de una viga de seccion I. Suponer acero A36,

longitud de 120 pies, longitud sin arviostrar 20 pies, Cb = 1.0 y suponer un espesor de 3/8
iny Yinenclalmay las siguientes propiedades geométricas:

a)mw=102375in b)mw=025in
A=635ur A=575i
Ix = 17039 in’ Ix = 15887 in
Ly = 2563 in’ Ly = 2563 in’
Sx =685 in’ Sx = 639 in’
Zx = 1328 ir’ re= 74’
ry=635in ry=035in

Para fa seccion a)

Alma: he = 48 =128 > 640 = ]06.7
w 0.375 V36

€ 970 = [61.7
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 = 240

¥36-16.5

La seccidn de los patines es no compacta, enfonces:

Mp= ZxFy = 1328x 36 = 3984 kip-pie
12 {2

Mr=(y-165)85= (36-16.5) 685/ 12 = 113 kip-pic




Mem F,Z

Moo

SRS, B
T

-3
oty 060 T3
»

M, =5 (11,2000A3

Slender———

r I

Am by
M =(F-1t5) S
ko= 63/YF,
X, = W VF, 165

Para los patines:
A=bf ; Ap=65; Ar=10

2f /Fy Yiy

para el alma:

A= 640 /YTy Ar= 970/ VFy

enfonces:

Mn=3984_(3984—-1/3) 1486-10.8 = 3101 kip-pie
24.0 -10.8

Pandeo local del alma

|
i\

) Siender plate guwrdes
—_ TPt
|-—-Cumpu:t—-~4 Nonco

X,
4 Aw it

MHew Fo S,
l,:bd(YJ?‘;

A= OTVVF,

[



Mr = 36 x 685 = 2055 kip-pie
12

Mn = 3984 — (3984~ 2055 ) 128 —106.7 = 3237 kip-pie
161.7-106.7

Parndeo lateral por torsién:

Lb/ry=20x 12 = 37.8 < 300 =50
6.35 /36

La viga esta arriostrada adecuadamente. Entonces:
Mn = Mp = 3984 kip-pic
El menor valor Mn rige, en este caso

Mn = 3101 kip-pie

Cortante: .
Sih/tw s 187 Vk/Fy = @Vii=@0.6 Fy Aw
Sih/tw > 187VE7 Ty = &Vn = B0.6Fy Aw 187 i/ Ty

h/tw
Sih/mw > 234 ¥Vk/Fy = V= DAw 26400 k
(h /tw)f?

he = 128 > 234 /% = 87.2

mw Iy

Y= 18[ 26400 (5)] = 145 kip
128°

Para la seccion b).

fi/w= 4870.25= 192> 970 = [61.7
Y36
entonces el alma ¢s compacta
Pandeo lateral por torsion
Lh/r=20x]2 = 333 < = 50

300
7.2 V-36
entonces:
fer =Fy=36Ksi



Rpc = 1- 0.0005 ar ( he - 970) = 1.0
w Fer

Rpg = factor de reduccion por pandeo del alma
ar = relacion del drea del alma y el drea a compresion del patin
Fer = esfuerzo de pandeo critico:

SiAsAp=>Fer =Fy
SiA< A sir=Fer =CbFy[Il- A-Ap]<Fy
2(2r-2p)

sid>Ar = Fer=Cpg
A
Para ¢l estado limite de pandeo lateral-torsional:

A=Lb Ap=300Fy ; Air=756/YFy ; Cps= 286,000 Cp
t :

~

Para el pandeo local de los patines:

A=bf/uf ; Ap= 65Ty : Ar=150/Fy ; Cpg-11200 ; Cb = 1.0

Hoe Shx F,y i Mo SR F, ‘1
/ag.-.m.,r.:,(n '![.Wfl]‘“"" u.-m..;c.;,[n -1 lL'-'f.]]“"”"
* 1]
LS .
M, = a1 2000 a0 : My = Sheg (o (286 000)A!
;
PP O AP . s SESIR SR S .
: '
1 ; |
; ) .
' " " -ty A
PO
oM, PPV LI 1113 P
I
LM 9T, !
i L M SAUA
Ko, - %ot Fig b (YT
A.~'.'S(-VT,
Asi:

Rp.= 1 - 0.0005[ 48(0.25)](192-1617) =0.992
26 (0.875)



Mn = Sx Rpg Fy = 639.(0.992)(36) = 1902 kip-pie

12
Pandeo de los patines
bf/21f=1486 > 65 = 10.8
/36
< 130 =25
V36

enionces:
Fer = (1) (36) [ I- 14.86- 10.8 ] = 30.85
2(25-10.8)

Rpg = 1-0.0005 [ 48 (0.25) ] (192- 970 = 0.995
26 (0.875 ) Y30.85

Mn = 639 (0.995) ( 36) = 1907 kip-pie
i2

entonces:
Mn = 1902 kip-pie

Cortante:
he/itw = 192> 234Vik/iFy = &7

Vi =48 (0.25) [ 26400 (3)] = 43 kips
192°




CONEXIONES

Ejemplo
Determinar el tamaflo y mimero de remaches y pernos requeridos en la siguiente conexion.

Usar remaches A502 grado 2 y pernos A490 de alia resistencia y acero A36.

Parnas A490 £3
190 triccidn P-’l-up.
— s i
/_F_‘ ‘\-llxﬂni
Espacion_| """(g) Hﬂnm' AS502 grade 2,
Squaies S didmetro de 78 In
— T .
Fi T Mbmua WT15 %58 (43 0,565 ()
Centro de gravodad
A del Qrupo o8 permas

Columna W

Lemaches de /8 i 0e didgmeto:
nom. de remaches = P . 143 _ 48 % 5 remaches

28F Ap ) 20073)(33) (o 501)

Lesistencia al a,aésﬁmiemé :
B=075;d=78in; t=0565u (c.spesar mensvla )

=58 ksi; Bu=24dt f, = 66.8 Kips
o _27¢5 vV

B Ey

Cenexivu Cou pernos mensvla- columna .

Suponieudo que l caya & fension pasa por ol cento de gravedad o los pernos, Jos
componentes de Yensicn sou:
' Fensiou 7 = Pros 30" = 10 £ 0.866 = 95,3 kips

Corfante "= Pspy 30° = ox0.5=55% ;‘h‘ps

Yemaches cou d=7/Bin; Apa 0600iu® ; F =20 Ksi > gz10; Tp= 19 Aips (pr{-/fnsio:-.)

nom . oe remaches =

-%rd 7 pErNos en corfaute

Bn=B88F A (1 - % )= 76.4 hips
&lp

PBLy = 764 Kips > 55 kips ¥~

20



CONEXIONES

Ejemplo
Calcular el nimero y tamafio de pernos A325 de la mensula de la figura
1 1783 in N 200 kpe
L]
{—
|
5: A5.5,-9)
BSERY
I EBTEEE
] <+ 4 AN + x
o 1] b Fes
- ] -|[ I I : 2 pincas
] |
N
y -_—— Wid 193
L
Jin §in In

Seponiendo 7 pernos espacados a cads 3 plgadas eu cade Luea verpical

/7}(" o p - 200 /Z = /00 kl"p.ﬁ
=0 Fy= .
M= loox 17.83 = 1783 Kips-in } neadap[aa\

n=7x4%= 28 pernes

El pevno A es ef mas esfortadu. /for estahca las Componentes sobre e/ perno sou:
w3

Ly = 10.56 /h'ps /f?pma
E‘y = /0.05 ﬁ.-‘ps //oerna

Bi= VB+ BT - 1456 hips/ perna
;%m pernos oo 3/4 i

Bh Ay = 075(48)(0.4#2) = (59 /s;,os/,aema > By v/

i



y @ L S N
L v | | <| ¥y o 1
W A— M- —
T T
M, Htﬂ
[]H&H, LEH -
Bean mochasion Bolt fathare with prylag actica
(w) (c)

Estado limite de tension en el perno sin accion de palanca

T = Bc (capacidad del perno)

Estado limite de tensidn en el perno considerando la accién de palanca

_ @ Mp+ Bea

T -
a+b

Usar el menor valor de 7 calculado con las ecuaciones anteriores.

Revisidn del espesor del patin

T = Be To = Be :
T 1+ (aS K1+ ad))bla) T+ (/048 a)

donde =M,/ M;
Si T< To el espesorde laplacasera t=(4Tb7/¢Fyp(1+)"”

SiT > To el espesorde laplacasera t=(4[T (a'+b)-Bca’}/¢Fy p**

’Z ?'



CONEXIONES SOLDADAS

—a— ==

L.

D:J( Adpe ﬁ — u) De panetrocidn b) De likele
a 7
l' Lf | \._3 L-! ) \

t:—l Tresiopad
]
Sectidn A=A Seccién A-A
éﬂ L P o ==V o=

¢) Ds romura d) Ds fopon

“rig 5.2.1 Tlpos bislcos de juntas soldadas Fig 5.2.4 Tipos principales de soldaduras

Fatiam cody

{c) Partiad ponetration groove wxld

T 3= =

o (e o, bubdadurd du poinbt rd e

i} i 8 Ny 2. Bubdodures #s Fiis it €2 Bpldndyra S pansirnen
N 3 T 3 ] dumies on 1
T
41, Suidudury 12, Bembaders
‘e ® ] - i ’J :‘::-n-
!
b, Butlidurin du Tisis 2. baidudures dn upin

W A Irosimpudin ) Juriai de tagurn

rig 5.2.5 Distintos tipos de soldadura utilizados para
cada junta



ESPECIFICACIONES

STEELELECTRODE MATCH 14

Sserl Spucificetasn Requaramanis Fiber bhetal Requincasssls
Ml Tensike Sirengih M naswvern Tensike Sireagth
Yoekd Poimt Range Electrnde Yield Poim
Siee] Specificaton ks MP kw MPs Spacificaon ku My &l P
ASTM A6 h ] 159 > 5530 SMAW
AWS ALl or ASS
ES0XX or 30 s &2 men L]
ETOXX 0 itS TMmis 493
ASTM ASIS 42 ™ - 4 GMAW
AWS AS.1
EnS-X 1] a3 72 o 95
ASTM A242 42-50 190- 45 £3-70 min 413405 SMAW
ASTM Addl 42-50  290-343 -0 mis 430-338  AWS AL or ALY
£2015, ETON
E7UIE, EXUS [ a3 Tioua s
ASTM ASEE (4 in. end wader} k] b o) M amn LY Ty SAW
AWS ALIT oo AS 2}
FIX-EXXX ar
FIX-EXXX.X [ 3 0-93 4EX-520
ASTM 314 (over 2w [8) man]) " 0 10816 P02y SAw
AWS A1 T)
FIaX-EXXX-X £ 03 100130 o90-493
ASTM A4 (2im) 150 »h 11 =195 SMAW
AWS A5.13
FLIX-FXXX-X - (13 150 min 160

Resistencia de la soldadura de filete

Equal legged fiket wwid

. 5.

T
L

Poranet Lo gdmy

omeverss beoaing

J_. i =

.

Unequal mgged fillet weid |

E—-t—-—-

[r4]

(o) Typical Hillal wikh

A Sera=agr
'r Theoat
¥ =
L i
001 e —o

1) Unagual lags

(1} Cont v
{00 Alhao! 2F DY - SRCTicr v by
g Crony

A

= 1

Sie=r
Trogt =0 707¢

(21 Egual iegs
{b) Derign cepas —sachen and defimlean of terrm

12t Comves

Fig. 5,43, Filwt wekds

Vn=Fv({0.7071wl) Fv=06 Fpo

Il Unre cuthing



Simbologia de la soldadura de filete

Soldedits de filrie vobre o tado

sercany {ledo de I justa al que

:[/_a apunda la flecha), E] tamadio ( Fplg)
» pone & by leguicrds del simboin de
la soldadura y la ongitud (6 pig) » iz
derecha.

3 14 Fileue de $ plg o of lada bejuno de 2
i3 de ongilud & cada & plg entez
cenwras {saldadura lnlermitentc}

Filete de Lipig en ambos lados y € ply
de longitud, Cooeo ks roldaduras ton
fgunlcs cn ambot lados, no <

_\
|
L~ \ Deccrnic Pero e permite, Indicas sus
\
|
N

dimensiones en ambot lades de Ia
inca Soldadurs de campo

Fileres de i‘ Plg intermitenict,
I des. de 2 plg de loagitud a2 &
blg colre ceniros.

Sokdadura todo alrededor de Ja junta

A-2\ La cola sndica refercncia & una oxria
/ \ especifcacitn © proceso,
Figura 148

Resistencia de la soldadura de penetracién

- penetracidntotal: ¢Pn=¢FyAy,¢=08 .
- penetracion parcial. ¢ Pn = ¢ Fy s (aspesor de la placa) ;| s = espesor de penetracion

Simbologiade la soidadura de penetracién

(o}

{4}
Flg. 6.42. Typical groove welds,

Cary &4
) Botunr
SO /BN SR VAR 20 S VA S
Bisal nencibe ¥ e iy Useraiiie Jsenciile (sberture dslaryly)
I OO T &
(el TR W by [y A~
Baal dobin ¥ dobln U dotsie ' o doble Caru da koo

rig 5.2.9 Tipos da preparacldn en soldaduras a tope



LUNEAIUNES RIGIDAS

De ia figura:

Fr=Msd-t)

brazc de momento efectivo:
Po=P~w-dy/4 .

donde dj es didmetro del pemo, w es el tamaiio del filete o de ia penetracion de la soldadura. El momento
flexionante en ia placa es:

Me=anF P /4

donde an, = C, Cp (Ar/AN)'"? (P, /ds) *; Co = by/ by ; A, = area del patin en tension; A,= area del alma
el momento resistente debe ser:

M=(025b,) 09 Fy porlotantot=(4Me/b,0.9Fy"”

bs = ancho de la placa £ 1.15 patin de la columna

REFUERZO DE LA COLUMNA

,.r/ i ]
7

L1~

;/L’T L

[ =

o



_.l

|

I
-

|
~+t-

I

- - i

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 aima de |la columna: ¢ Rn= (5k+ tf) Fy tw, ¢ = 1.00
2. Pandeo del alma de la columna: ¢ Rn = (3690 tw® (Fyw)** /dc; ¢=0.9

3. Flexion del patin de la columna: g Rn = 5.625 Ry, $=09

il
I

2 ?

e



Conttibutins of web fostenars
le bending resistance usucly ignored

F=?/n

- .
T These boits resist o force
of M “octing «n double shear
dy '
(e} Beam splice

4

-6 -9l
-8
+ -a 9!

Avaiiadle for
verticol shear

. B - 2
s T

v¢_.r_
C

1 Ib) Eoves coannection

Fig. 6. Simple tension splice. Fig. 7. Moment connections with bolts in shear.

H/"s @@q -

08
’ G}r rL"'
i " "
(]
F } F . o ! “
—_— e ,
L -
e vl 5 5
/
L i
4 o M — . /
] L ! 01— O @
[t et — ! -Bolt fnrﬂ dufnbuhor\.\
lal Ib} . I M i 1 " n L i
d T T S S S A R
Relative rotation _ 0, /0,
Flg. 9. Alternative bolt tension distributions assunsed 10 design Fig. 8. Momeni-rotation charactenstics for beam-column
fur moment connechions canneclivn with end plate and bolts in tension.



CONEXIONES

Ejemplo
Diseilar la conexion usando soldadura de filete de 7/16 in y electrodos E70.Resistencia de
diseiio de la soldadura qa=9.73 kips/in

N Cow P2 143 Kips
4 ’f\/' & =267
N / «@ c::l:]hh
Sin \
2L4u3xi
5m
J‘\‘ — ]f IB

/Ohj/'/dc/ ob /o soldadurm
f= P/gq = 123/2/9.73 = 7.35 1,
£
ye

C, /e =133x735/4=2.44/u X 2.5in

1

1/ =267x735/4= 491X 5.0 u

2%
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NOTAS!

1~ACOTACIONES EN MILIMETROS

~EL ESPESOR ¥ LOCALIZACION OE LOS
ATESADORES & d PUEDE CAMPUR
S1EXISTE CONEXION DE OTRA TRaBE.

3+PARA EECUCION OE LAS SOLDADU=
RAS,(EN CAMPO O EN TALLER]VER
DBLIO AL CORRESPON-

J N

DIENTE.
1-12
PLANTA 0 e
o= =R

COLUMNL COLUMNA ‘COLUMNA COLLUMNA COLUMNA COLUNMNA ‘eoLuuNn COLUYNA
PER&LTE 1-1524 1-177.8 1-203.2 1-2266 I-2540 2048 1-304 8¢ 1-38tL
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5 11270 (w8, 4 1953 | 4 193 4 |93 4 i35 ¢ |95! 4 |93 4 jes a4
6 | 124 J33 [ 4 res | e las « 9.5, 4 195 4 85| a |93 } ¢ i9.5 q
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CONEXION TRABE-COLUMNA,
POR MOMENTO "A TOPE™ SECCIONES §




4 Column splice

- /—-—-Cominuily Ple  columm - !

Weid
Girder \

< b

E:

K \Pmlm

=— Doubler Plate

-._4,—_

Base Plate —— N = -

Frame Elevation

Figure 3.1 - Elements of Welded Steel Moment Frame

Table 3-1 - Types of Girder Damage

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

Type Description
Gi | Buckled flange {top or bottom}
G2 | Yielded flange {top or bottom)
G3 | Pange fmacture in HAZ (top or boitom)
G4 | Plange fracture outside HAZ {top or bottom)
G5 | Flange fracture 1op and bottom
G6 | Yielding of buckling of weh
G7 | Fracture of web
G8 | Lateral torsional buckling of section ~

Table 3-2 - Types of Column Damage

.. _ Type

Description

C1

Incipient flange erack

c

Flange tear-out or divot

C3

Pull or partinl flange crack outside HAZ.

Ca

Pull or paruial Mange crack in HAZ

3

Lameltar flange tcaring

—— Cé

Buckled flange

C?
o 2

Column Splice Failure

1 “‘—Cﬁ

Flgure 3.3 - Types of Column Damsge



Table 3-3 - Types of Weld Damage, Defects and Discontinuities
Type Description
Wi Weld root indications
Wla Incipient indicationy- depth <3/16" or t/4;
width < bfd
Wib Root indications larger than that for Wia
W2 Crack through weld metal thickness
w3 Fracture at column interface
W4 Fracture at girder flange interface
W35 UT detectable indication - non-rejectable
L
w2 1. W3S
Nots: Ses Figurs 3-1 for related column damage and Figure 3-3 lor girder damage
Fligure 3-4 - Types of Weld Damage
84 =4 st
Table 3-4 . Types of Shear Tab Damage
— Type Description
51 Partial crack at weld to column
Sl pirder flanges sound
Z ' Sib girder flange cracked
$~ 52 Fracture of supplemental weld
522 grder flanges sound
52b girder flange cracked
{_/ = \ 53 Fracture through 1ab at bolts of severe distortion
&' . \ $2 54 Yielding or buckling of 1ab
S5 Loose, damaged or missing bolts
56 5 56 Full length fracture of weld to column
Figure 3-5 - Types of Shear Tab Damage
~ Table 3-5 - Types of Panel Zone Damage
sl —
" {;. -] n n—-\j.‘ Type Description
Pl Fracture, huckie or yield of continuity plate
¢ P Fracture in continuity plats welds
ol PY___ | Vielding or ductile deformation of web
L] T P4 Fracture of doubler plate welds
. j \ s Partial depth fracture in dossbler plate
f t i) Partial depth racture in web
n P M rre F7 Full or near full depth fraciure in web or doubler
" P8 Web buckling
Figure 3-6 - Types of Panel Zone Damage | Severed column
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T Plasiic I .
: : = Connection
1 reinforcemen
i
' 2
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t
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! .
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Figure 6-13 - Location of Plastic Hinge

Pl g
mge
"\
M, 1 * ) M"

—

L. lt— Vp

'\ aeken ! "
MM, +V X M=M,, +V (x+d2)
Criical Secosn ot Csemn Fare Crauenl hn-:u Coturnn Caiat ne

Figure 6-15 - Calculation of Dernands at Critlcal Sections

Figure 6-17 - Top and Bottom Haunch Modification Delail

Noto: if 2M_ A" is kess
en the gravity thear in
the free body {in this
case P2 + wl.'R2),

than the plastic hinge
location will shify snd L'
must be adjusted,
coondingly

: ‘P v,
ﬁ
Mpr (T ) Mpe

s
th._r—.

taking the sum of moments about “A” =0
Vp =|Mpe+ Mpe+ P L2 + LWL

Figure 6-14 - Sample Cailculation of Shear at Plastic Hinge

-—«n
=1 =
.
L]
»
m o
— |
L] -
Boltom Flangs Not Arached Botiom Plange Attached o
Tep Flange Mot Reinforced " Top Flange Reinforced
Figure 6-16 - Bottom Haunch Connection Medification -

(l‘-vnhm

Fligure &-18 - Cover Plate Conneciion Modification

33



Il

P Potaibie A4 mti
Tyt Tested Configurstion ve

Figurs 6-19 - Upstanding RIb Conasction Modification Figure 6-20 - Side Plate Connection Modification

Now Buildug Configursiion Repair Confliguraton

{G. The information presentad In this figure is PROPRIETARY. US and Foreign Patents have
been agpliod for, Use of this information is sincily prohibiled except as aythorized in writing by the
developer, Violators ahall be proscculed in accordance with US and Burcign Maless Intellectual Property
Laws.

Figure 6-11 - Proprictary Side Plate Connection Modification

Unsymmetncal

NI

Weakened
Seagment

Flgure 7-11 - Reduced Beam Section Connection

34



Frama Column

Top Cover Flate
(Tapered)

Plastic Hinge Region
Shifted From Column

ALTERNATE
CONFIGURATION

h.l/ \' “d
Frame Beam
Bottom Cover Plate Bottom
{Rectangular) Upstanding Aib
{8) Cover Plate (b) Upstanding Rib
Frame Column

Additional
Top Haunch
(Ahemats)

Frame Baam

Frame Beam

{¢) S«da Plata () Haunch

Pigurs 1.2 Examples of moment connections per strengthening strategies. (Courteay
of M.D. Engelhard!, Dept. of Civil Engineering, Univernity of s, Austing

Type “X" bults
3=
: Steel
- Shims
Tee Section Buuis Shims
wialcited holes

Figure 7-12 . Slip Friction Energy Dissipation Connectlon

35
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43 Degrading Bilinear Model

Yieldimg stifiness:
Where, B.p * arc the suffness factor afier yielding.

Unloading stitiness-

d,Y ' dy, \'
Rule 4. K4 =K0 T . RUle.Ks'-KO T

m

m

Hysteresis parameter 1: y, from { to 0.4.
Hysteresis parameter 2: dummy.

Fig.B-Z Dcgrading Bilinear Model

-
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B.6 Takeda-Rule Bilinear Mode!

Rule ;3: Yicldimg pnmary curve
K+=B Ky. Ky =B Kg.- B. B : stiffness factor after yielding.

Rule 4.5: Unloading ¢~ =,

g,Y d, Y
. . . v Y
Unloading of outside loop: Xy =Kg| — | 1 K¢ =Kol — | -

< . dm

Unloading of internal loop: Ky =§- K4, K's -‘:.P,'Ks-

Hysteresis parameter 1.y, from 0 to 0.4.
Hysteresis parameter 2: £, from 0.8 1o 1.0.

Fig.B-6 Takeda-Rule Bilinear Model ’



B.7 Takeda-Rule Trilinear-Model

Rule 2.3: After cracking. K, =’ -Kg. Ky = a- K. a.a :cracking stiffness factor.
Rule 6.7: Yielding. Kg =B -Kg. K1 =B Kg. B. B yielding stiffness factor. -~

Ruie 8.9.12.13. Unloading curve.
Unloading from pnmary curve before yielding: -

Ks |fp|<if91 Ky _ ‘fpi“lfpl
Ky={f,~f : Ke={f,=-f. .
Ul ekl e Wbl

Unloading from primary cur ¢ after yielding:

- \ _ v
KS.Ku:f'y f:[_&) . Kg'K”:fv ft(i) )

z,-d, d,-d \dp,

Unloading of interior loop: K'g=§-Kg; Ko9=§-Ky.

m

Hysteresis parameter 1: y, from 0 t0 0.4,
Hysteresis parameter 2: &, from 0.8 10 1.0

\ A

- Fig.B-7 Takeda-Rule Trilinear Model
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fe =j:vI+Kbdyl _
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Fig. B-13 Double Degrading Bilinear Model



-B.13 Axial Stitfness Model 1
Rule }: Compression clasuc suage. ‘
Rule 2: Tension cracking. K3 - @-Kg (a: about 0.5).
Rule 3: Tension yvielding, K3 - Kg  (B: about 0.001).
Rule 4,9: Tension unloading. K4 = lc_—g"' K¢ = Ky.
¢ " Cm

where, fpn.dp: tensie peak point. f..d,.: onented-pount C for clastic

loading under compression displacement, f, = T-lfyl. d. = f./Ko.-

K3 l'dm'lsldyl
Rule 5: Loading towards compression. K5 = (fe = fmXdc ~d,) Id ! Id !
: , mi > |dy

2 (fc -fy)(dt_' Gm)

Rule 6: Elastic compression. Loading pass through point C.
Rule 7: Loading towards tension. Ky = K.

Rule 8: Tension rcloading towards peak point (f,,.dp ).

Hysteresis parameter 1: yabout 2.0, to define point C.
Hysieresis parameter 2: dummy.

Fp .o F )
N fc— C
/ 6
/
r
5 1
d, 7 509
1 /7 -
, 0
4 /
/.

Fig. B-16 Axial Stiffness Model 1
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(b) Inelastic Element
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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 excitacidn. Se discuten la importancia de considerar
los efectos de las irregularidades laterales en el cdlculo asi 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 trayectorias 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.

INTROD ION

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 cémputo 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 err6neas 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



hipétesis 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 teorfa de rayos en una forma analitica,
y se encontré que para dngulos del estratocufia iguales a /2N (N = impar) no se presenta el
fenémeno de la difraccién. En un estudio posterior Sdnchez-Sesma et al (1988) extendieron esta
solucién para calcular la respuesta de valles triangulares simétricos con base eldstica, en donde
la difraccidén 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 Sdnchez-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 Paoluccti

et al (1992).

En este trabajo se usa un método de cdlculo rdpido para obtener la respuesta sismica de depésitos
sedimentarios de forma triangular ante incidencia de ondas SH (Paolucci er al, (1992)) con el
propésito de identificar los fenémenos de amplificacidn que se presentan. Este método hace uso
éptimo de las propiedades de las soluciones para el estrato-cufia. 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 varias frecuencias en sitios ubicados a lo largo de la superficie del
depésito que en todos los casos se consideré 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 Jos cdlculos fueron de § = 200y 2000 m/s y p = 1.2 y 2.0 g/cm?, respectivamente (fig 1).
El amortiguamiento se considerd del 0.1% (Q=500). En la fig 2 se presentan los diagramas de
contormos f-x resultado del andlisis de un valle triangular simétrico somero con dngulos de cuna
iguales a 18 (N = 5), sometido a una excitacién que incide con un dngulo de 0°. En las
abscisas se grafican los sitos para los que se calculé la respuesta, y en las ordenadas las
frecuencias. Para facilitar la interpretacién de los contornos, tnicamente se dibujaron aquellos
que 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 gréficas de frecuencia-amplitud, fué de 195, 325 y 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 vanas frecuencias es debida



a 1a interferencia constructiva o destructiva de las ondas ocasionada por la otra cuiia que cierra

el valle y por la inclinacién de la base donde se apoya el estrato. En las grdficas 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 dngulo 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 dngulos de incidencia de 00, 300
y 600, Se observa que la respuesta mdxima se presenta en todos los casos para el sitio de mayor
espesor del estrato (la parte mds 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 ia
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 maximas “dibujan” la geometria del valle. En la fig 4 se
graficaron lnicamente los contomnos correspondientes a 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 mdxima amplitud y dependenden de la frecuencia analizada. La respuesta esperada para
un estrato-cuiia con este ngulo (180) 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 del otro estrato-cufia que cierra el valle, tienen en el anilisis de la
respuesta sismica. Estas interferencias definen patrones de resonancia en todo el depésito’y
producen los grandes picos del diagrama fx. Generalmente la aparicién simultdnea de los
mdximos se da en ciertas frecuencias que pueden llamarse de resonancia. El patrén de contornos
para incidencia vertical es simétnico (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 mdximos 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 patr6n de respuesta
siendo €sto mds evidente para los contornos que definen la amplitud de 10 veces la incidente,
observdndose solo 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 grdfica para un
angulo de incidencia de 60°. Aqui, las tercera frecuencia resonante se ha corrido de 0.55 Hz que
presentaba para incidencias verticales, a 0.48 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 si es evidente que la ubicacién de las frecuencias pico cambia, ya sea por modificacién de
Su posicidén o porque aparecen ofras 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 8.180 sometido a distintos dngulos de incidencia.
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En la fig 7 se presentan los diagramas f~x calculados para valles con las caracterfsticas descritas
arriba, pero con 4dngulo de vértice de 12.860 (N = 7) para un extremo, haciendo variar el otro
dngulo en 12.86°, 100 y 8,182 (N = 7, 9 y 11, respectinvamente). Los contornos graficados
corresponden a magnitudes de 65 veces (ifnea 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 localizaci6n
de los picos espectrales estd controlada por el modelo unidimensional, las grandes amplitudes
que se alcanzan son consecuencia de resonancias laterales. Por otra parte, la variacién 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 mds profunda del
valle. En estos resultados, la amplificacién méxima 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 mdximos 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 depésito. En la fig 8 se presentan
las trayectonas seguidas por los rayos que entran en un depdsito con dngulos de cufia 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 lateralmente, 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 trayectonias 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.

ONCLUSIO

Para depésitos 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 aquéllas que
contrelan la respuesta unidimensional en la zona mds profunda del valle.



Las amplificaciones mé&ximas ocurren en los bordes y dentro de una porcién que crece con la
frecuencia. Este 1fmite espacial corresponde a la resonancia "local® de un modelo
unidimensional. As{, cuando la propagacién 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 atn-las irregulanidades suaves estimulan la
emisién de ondas superficiales, preferencialmente hacia las partes mds profundas. Las ondas
superficiales pueden generarse virtualmente en cualquier sitio dentro del depésito.

Estos resultados sugieren que a partir de las ondas SH se pueden encontrar aproximaciones
pricticas que describan la respuesta sismica de depdsitos aluviales someros con variaciones
suaves en su topografia para las ondas superficiales de Love (Rodriguez Ziiga, 1992).

Cuando se analiza la asimetria del modelo se observa que ésta induce variaciones significativas
con respecto a lo que se esperaria para problemas simétricos con variacién suave. Elio es una
poderosa motivacién para profundizar en el desarrollo de modelos simplificados de este tipo. Los
resultados hasta ahora obtenidos son prometedores.
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PIES DE FIGURA

Fig 1. Modelo de un depésito sedimentario de forma triangular asimétrica ante de ondas SH con
un 4ngulo de incidencia «.

Fig 2. Contornos de amplitudes de 10 (Iinea delgada) y 65 veces (linea gruesa) la amplitud 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 gréficas de espacio-amplitud.

Fig 3. Contornos de amplitudes para un valle simétrico (N = 5) ante incidencia de ondas SH con
dngulos ¥ = 0o, 30° y 60°. La linea gruesa representa a amplitudes de 65 veces la incidente
y la delgada 10 veces la amplitud incidente.

Fig 4. Contomos de amplitudes de dos veces la amplitud incidente para un valle simétrico (¥
= 5) ante incidencia de ondas SH con 4dngulos y = 0o, 300 y 60°.

Fig 5. Diagrama de contornos para un estrato-cuia con angulo de 18o.

Fig 6. Contornos de amplitudes para un valle con dngulos en los vértices de 100 (N = 9) y
8.18c (N = 11) 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 deigada 10 veces la amplitud incidente..

Fig 7. Contornos de amplitudes para un valle asimétrico ante incidencia vertical de ondas SH
con dngulos en los vértices de 12.86¢ (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 depésito en las posiciones sefialadas con
la flecha.
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Figure 2 showa stress-strain relationships for cables and bars tenaioned to

failure but releasing the load to nearly zero at- approximatcly one inch Iincrements -
of stretching.

Cycling 3/4" cables within the elastic range required more than twice the
.amount of energy than cycling an equivalent number- of 1-1/4" @ bars of the same
length for the same number of cycles, This 1is due to the fact that bars have a
greater modulus of elasticity and the elongation within the g¢lastle limit 15 less

than for cables. Within this range the cables and bars store energy but do not
dissipate any significant amount.

The bars stretched apd cycled he e _ iss
ely 3 times as much energy as_Ehsﬂggy_ alent o e:_aﬁ;;he same ]engt\ ADLCS,

A T e -

If restrainers are permitted to yield, greater joint openings and column de-
flections will be realieed. ' Once either type of restrainer is stretched beyond
its elastic limit it obviously will not assist in closing the joint to its normal
position. Although bars will dissipate more energy than cables when failure oc-
curs, the elongation will also be much greater, This could be an 2xtra factor
of safety in some structures but could be disastrous in structures with relatively
short, stiff columns. When a restrainer is stretched to its ultimate limit, the
structure is vulnerable to any additional shocks.
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- PESO TOTAL: 774.18 ton - -~ ST :”—‘f —To T T ———-—“
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MASA TOTAL 78 92 ton* 2/m

"'E'=14000«!250=2.2135x105kg/cm 22135x106ton/m T T

e e e e o P R I
- - — - Y PR e —

* Rigidez lineal en el sentido de analisis . _ | o

R1g1dez lineal del marco en dzreccmn longitudinal y transversal considerando”
que la columna gira en su’ parte superior ~ - " T e s e e

L Ke=85603. oL l*_,_;

o - K, =35851 - | |

. i . . ' s
- — - — . .- - - - . —— - - v w— - v . ! ! '

i
: R A .
) . H - . . lﬁ_ -

Rigidez lineal del marco en direccion longrtudmal y transversal sin con51derar l J
que glra la parte superior de la columna. ! e ST R A

K, =3500.12 o . .
K, = 1434.04 | - e
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Donde Q= 3 debidoa que la resnstencla alas fuerzas laternles es sum:mstrada por marcos
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Por lo tanto eI valor dela fucrza lateral oqunvalente Cs: o
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METODO UNIMODAL DE ANALISIS o B
La ecuacion que nos perm:te obtener la carga late:l'al :deblda a 31smo qs la -
sxgmente (ec. A).: P 3 | Lo | I ' i f

- ) | ' : l I ' ’ ! N _i N l

L B i AR

. P. (x) CHrErw(x)*v(x) o S R

R N R
‘irég'iéﬁilifll>

donde: o | S T

C; = a/g, ordenada del espectro de disefio correspondlente entrando al
espectro de disefio con el periodo T

B = factor de distribucién de-desplazamientos debldos a la carga umforme-

mente repartida S R ;
' Lo i
v = factor de desplazamlento maximo debldo ala carga umformemente._, J'
repartida : _ : : o : il
o T l
. . . - e iy P R,
w(x) = carga uniformemente repartida : g f o T i
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En primer término se aphcé una c; carga umformemente repartldz_i Po=1 t/m El

~anilisis del ;modelo, construido. con el programa SAP9'0' Pr°P°f°1°na-|1a-
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Antes de proceder con la soluc1én de la ec. A nece31tamos conocer lo

E’Es;gmente'. "i‘sf,?:i

- Peso total (W). Este se obtienecon ;- —+ -~ - - - - e

U SWs=wrLo
| oo e . . Lo L ‘

. donde | I i— _____
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- w(x) carga umformemente repartlda deblda a la superestructura “* e
o j i P

vs(x) dxstrlbucmn de desplazamxentos umtarlos .
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DIAGRAMA DE MOMENTOS, METODO UNIMODAL --

SIN CONSIDERAR EL PESO PROPIO DE LA ESTRUCTURA

389.51 ton*m

DIAGRAMA DE CORTANTES

L

(-)

43.51 ton

58.14 ton "~

12099.26 ton*m -



DIAGRAMA DE FUERZAS AXIALES

921.51¢
1084.62 t
125861t .

144331 ¢

DIAGRAMA DE MOMENTOS TORSIONANTLS

0.84 ton*m

0.84 ton*m
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DIAGRAMA DE MOMENTOS, METQDO UNIMODAL

CONSIDERANDO PESO PROPIO DE LA ESTRUCTURA
1

389.51 ton*m  \)
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DIAGRAMA DE CORTA™'TF’
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DIAGRAMA DE FUERZAS AX1ALES .
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CUADRO COMPARATIVO PARA ANALISIS TRANSVERSAL
SIMPLIFICADO ESTATICO UNIMODAL
o ) SINGIRO | CONGIRO L
PERIODO (seg) 1.17 2.36 0.649 0.649
CARGA EQUIVALENTE (ton/m) 31.45 21.73 6.093 9.18
inouemo FLEXIONANTE EN LA BASE DE LA PILA (ton-m) -1141.98 -1242.96 -2805 -4226.14
. [FUERZA CORTANTE EN LA BASE DE LA PILA (ton) -31.45 -21.73 -58.14 -87.59
DESPLAZAMIENTO MAXIMO (cm) 3.44 6.51 5.04 7.6

g/
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comparisen of LRFD with ASD for Tension Members

34

The comparisan of safety obtained for wnsion members designed by the two AISC ‘
methods is indicative of the general result expecied Direct comparisans are more

difficult 1n design of other ty pes of members because the nominal strengths R, are not
necessarily the same in the two methods.

For tension members acted upon by gravity dead and live Joads, the resistance
factor & = (.90, and using Eq. 1.¥ 3 gives for LRFD

1.2D + 1.6L = 0.9%R, {1.8.3]
133D+ 1 18L = R, LRFD

In ASD the factor of safety F$ = 1.67 for axial tension. which gives from Eq. 1.8.8
where (v:& 15 the factor of safety)

R/167=20=D-1 [1.8.8]
or
1.670 + 1.67L = R, ASD
Neat. divading Eq 1.8.3 by Eq. 1.8.8 gives

LRFD _ 133D « 1.78L _ 0.8 ~ 1.07L/D) R
ASD 167D + 1.67L | —1L/D} (196

Since this 14 2 gravity load comparison. LRFD formutuiAs-1) [Eq

. 1 8.2 must also
be used as L/D approaches svro. Thus, Eg. 1.8.2 gines

14D = 0.90R, [182]
1.56D = R, L.RFD

GHAPTER 1 INTRODUCTION
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Figure 1.9.1 Comparison ot load afu Tostiany bacter design with
ulkowable slress design bor wnsen members
Diuding LRED by ASD gives
LRFD |56 _ 0.91 .

ASD 1670 ~ L67L 1 ~ Lith

Equitions 1 9.6 and 1 9.7 are shown plotted Fig 191 The dewign of teny
members will be about the same 10 both LRFD and ASD when the Tive load 10 dey
bozd ratio (L/D) i about 3, Ax the LD ratio becomes lower {1hat i, dead jog
hecwines more predominartt) there will be ccomomy 10 using LRFD. With L/D ra,
iarger than 3. ASD will be shightly mure economical. bur rarcly by more thy
abuul X%



0.0

1.0

1.28
2.33
310
3.72
425
10.0

Loac combinatons

Otiective
reliatuity index

o

Dead load = Lae load tor snow hoinds

Dead lvad = tive foad = wind loud

Dead hud = hive load = corthyuahe had
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P78 dor members

¥Wis

Pf

5x10™
1.59x10™"
1x10™
1x1072
1x107
1x10™
1x107
2.55x10"¢

actividad

montafismo

viajes aéreos

buceo

viajes en auto

mineria

cbras en construccién
fabricas

accidentes en casa

incendios en casa

fafla de estructuras

causas naturales

hombres menores de 30 afios
mujeres menores de 30 afios
hombres mayores de 50 afios
mujeres mayores de 50 afios

fallecimientos por hora
cada 10° personas

2700
120
59
56
21
7.7
2
2.1
0.1
0.002
129
15
13
54
51



DISENO DE TRABES

e Estado limite de sérvicio = flexibilidad (L/h < 24)
Estado limite de resistencia = capacidad de carga

Estados hmite
ulimos para vigas

— —ITd

Flaxidn Conanle .
Macanismo Artucuacidn astiflcacién; Pandec
pléstico ' plasncaJ ‘ Pandao dal aIle del alma YT
1 J
. Frgura 1. Locdd buching of & wide Mangy feam 101 Ihe comprrvmm Mlange and
Pandeo torsional Pandeo local Pandeo docal R i
. fateral (PTL}* det patin (PLP) o8l aima (PLA) |

Figura 111 Estados limiie para vigas,

Segun AISC:

Si: hftw <970/vFy = viga soldada o laminada

Clasificacion de las secciones transversales

Secciones compactas. Perfil capaz de desarrollar una distribucion de esfuerzos Fy en el intervailo de
comportamiento no lineal antes de pandearse. La seccion resiste Mp.

Secciones no compactas. El esfuerzo Fy se alcanza en algunas zonas de su seccidon transversal
pero no en toda. La seccidn no resiste Mp.

& b
i
T \
v M
n A Iy —o
M, A
-
" Rolled

1 & i

! h ! _L l
] b " E | I

ty [

: 1

[_Compacla—l [ Noeompacln] [ Esbata J ! A
. A
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s
0 Ag A, C— . 1
Huilv-up
Flgurn 3.12  Clasjficacion de seccrones transversales por pandeo focal de placa. {e) idl

Figure 78 The dimcnsions used 19 detine sichdcrmess 4 -



Relacion de esbeltez :
A=b/2f;, A=hA,

Pandeo local del patin (PLP)

M=ZF, ‘s
My= M, - (My— M) ——E
TR,
M, ) ’
:
)
My i 5 20,000}/ A2
1
M, [mommmmm s Rt
L 1
! '
: ;
) 1
Compact i Noncormpact i Siender
)"P k:
A= bt -
A= 65/VF, Mo=S{F-F)
Figure 7.9 Flange local - 14l
buckiing flexure. . NFy-F,
Pandeo local del aima (PLA)
: ~Ap
[ lp
Ll MP
M,
M, ; ‘
; i Notapplicable
i i plate grrder
Compact i Nonconipact i
Ap x,
A=hir
iy = G40,
A= 970/VF,
’ Figure 7.10  Web local buckiing
Mi=3.F, flcxuee.

Tabda 3.1 ParameLtos para oelarmaesar la Capacidad M, a flexion de wigas t no Mibrdas.

TABLE 7.7 LOCAL BUCKLING AULES FOR COMMON SHAPES
dobiemante simélncas, compactas, no compactas y esbelias

Element Iy A A,
Sevcifiy Pardimetzu Ferade
uanveradl  de eshehez, 4 A, a, M, [ himile
L] b3 1l
& b By prRi——
b [ 141 20 000
Rolicd . = - = Fo-10)8 S - e
: I o N tf " T
i Larminads
2 2 Sl '__ { b L) 14) 20,000
i 7, [¥F-16s 1—"' -F 5 £, = PLP
I v il *
Welded o
" hybnd Lamanada
m 65 162 26, 200k
5 = E—e—  (F, - 168, DT PLP
] 190 218 2 JEOR -k v 4 =
- e  —
" vF, VF, ———
Sakdada
Rox
l—‘ 5 o 162 16,200
i 2 __Jbe F.S, 2004, PLP
[ 2i R ORI T _'-”J':
E D] 3 40 570 Soldads
l “ B r —— .
0] 970 ra
e ih' TE A £S5, armada, PLA
) A ¥ Scc G




_ \
Proceso de decision para determinar |la capacidad a flexion de trabes para los estados fimite PLP o N
PLA

Si

M,,=M,
No
sr A-4A
M, =M, —(M, - M 2
No
M, = SF, R

Flgura 3.13 Diagrama de flujo para determinar M, coanda las estados Ifmite son PLP o PLA

Requerimientos de disefio para vigas lateralmente soportadas (pandeo torsional lateral, PTL) \
' A=Lyp/r, A

donde L, = distancia entre arriostramientos laterales

TGl

Figuss T4 The three posttions
of 3 beam cross
secid undergang

lerl-loruonal i
Suzkhng
RN
) -
o (I st e
T
w \
- . . —UEmE 8
1 e " taxt
T 1= T
+ - '
H’;_ | LT W Momem duagram

L
Hgurs 76 Resistance 10 1he Ma N s
T H o Moment diagram

Mutimym mosent
under three diflerent
loading conditions ‘el




Para secciones.]

Loa = (3600+2200(My/M2)) r, / Fy
} Longitud no soportada lateralmente

Lp=300r,/Fy
M,=ZF
’ M= Le-Lp
(= Co | My (- )| 2T ]sM,
M' 1 1 ' p
b
] 1 = !..
M, [ My= G, L, "J EG) + [i%]llyc‘,
e e ——
L |
M Ry A,
v l-LJr,

b = 3600+ 2200 (M, M)
i F
¥
A=

vF,

D= _ﬁll___‘f
F - 1V Y1+ X, (Fy- 107
=B E/A

=5 N

_a G [8)
Xz-df’;{(—;j

Figure 7.1%  Lateral<torsional buckling flexure.

Cp = 1.75 +1.05(My/M2)+0.3(M1/M)? < 2.3

-M,. —-My —M, + My

MiMe My tMn__
M —MA M!'-MA
Reverse curv:mgn;_ . Single curvatue

Flgure 7.32 Momen! diugrams showing the relationships between M| and M,.
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Capacidad de momenlo

>

Ay

Fgure 7.14

Cy=1.75

Cpm 12
Gyl 0

) L, L

Longilud no soportada lateraimante

Figurs 3.16 Resistentia de vigay por pandeo torsional Latzral,

TABLE 7.2 LATERAL-TORSIONAL BUCKLING RULES, L,

Effect of mument
gradieni.

TABLE 7.3 LATERAL-TORSIONAL BUCKLING RULES, t,.

Shape L, Shape L
X,
(r’—r,,,_ ,)Nllnfnx,(f‘,.-r,;’
k!
b _ - -— xy= B ECTA
NFyy St 2

i ]

N\

3750r,
My ! -\NA

\

/
ﬁ__é;___

57.000r,¥JA

M,

TABLE 7.4 LATERAL-TORSIONAL BUCKLING RULES, A1,

Shape M,
”’I'E“ o




Proceso de decision para determinar la capacidad a flexion de trabes para el estado limite PTL

si
M, =M,
No
. Si Ly L

M =C,,[M —{M, -M2 ’]sM

m P { [ ’)L,-Lp P
No
M, =M,

Figura 3.15 Diagrama de flujo para determinar M, para &) estade limite por pandeo iorsionsl lateral,

“La rcsistencia torsional de perfiles W sc caplica con més dewllc en el capitulo 10

Disefio por cortante

pVn =09 Vn

Vn=0.6 Fy, Aw

—— Shecar {rature plane -

Frgues 7.7 L) Shear vividing of
fhe gyess areq of the
weh, {h shear
1ranture un the nel

{b) arca of 1the web

~4



Proceso de decisién para determinar la capacidad a cortante de trabes

Vn = O.GF'.&

F Y
ury
k-]

Si

7l

Va = 0.6F,,A, Y

£

No

s v, = 132{,00(;
[n)
lr..)

Flgura 3.18 Capacidad de cortante de almas no rigidizadas

Proceso de decision para determinar la capacidad a flexidn de trabes de seccidn | con patines

desiguales para el estado limite PTL

300r,
Ly = —
N

Mf =(FW—FI')SKC SFy’ S.ﬂ

L, = valor de L, para el cual My = M,

Ma=%\m{51+ 1+82+B12)SMP
2y Nn I, be) Tye [ Y
=2, _— 2 = S E A
8, 225[1,« JLbYJ B8, = 251 1, C(Lb]

Los lérminos no detmldos ames son:

84 = médulo de seccion eldstico con respecto al patin de tensidn
S, = modulo de seccion eléstico con respecto al patin de compresién

) =momenio de inercia del patin ge compresidn respecio al ¢)e y; si el segmento de viga no soportadgo
lateralmenie estd liexionado en curvatura doble. use el momento de inarcia del patin menor

h = altura del Alma

El coeficiente Cp se debe tomar igual a 1a unidad si f/1, < 0.1 0 8i [/l >09

Flgura 3.17 Estado limite por pandeo torsional lateral para perfiles 1 de simetria simple



TRABES ARMADAS

Se usan en claros o para cargas muy grandes {15 a 150 m)’

Ventajas:

mas economicas 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 complicacién para mantenimiento que una armadura

pueden construirse para verse atractivas

Desventajas:

son mas pesadas que las armaduras para el mismo claro

requieren un gran numero de conexiones entre el alma y los patines \

el transporte de vigas armadas de mas de 35 m de longitud puede llegar a representar ung
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 grua con que se va a montar |a trabe.

-
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DISENO DE TRABES ARMADAS

Si: h#twz2970/vFy = trabe armada

Mu=FyZ

i-h,
My = My = (M- M) T,

M|
MF ] ) P
i
H
1
M, : M,=scl200pn Mo
1
M, [emmmemn s doememmmrmrmomooeees ) M ' !
! L
i l: E ) Not applicable
5 E i E Slender platc grder
~—Compacr~——r‘—-—‘Noﬂwrrmnct——-"T‘—5W‘ﬂﬁ"_—" |+ Compact—e— MNoncompact l
X Ay X X
’ h= bt ’ A= Mt
M=(F~1655
= M,=F,5,
Ap=65/VF,
¥ ’ hp= 640/ VF,
A, = 106/VF, - 16,5
; A, =970/YF,
Figure 8.3 Noncompact plate girder ficxure, flange local buekhng. r y
Figurs 8.4 Noncompact platc girder Aeaure: web bncal buckiuny,
Mi=F,Z
M.iC.[M,—(M,—M,) :';,"L] M= SRe F, P RSN ]'|
", ~dp Mn=SRpGC,,F,|_I—:[m;‘_';s.wmﬂ
;
: ix
M, E F \ )+ F] -
[Vl S e T Ay M, = SRpg Ce (286 C00NA3
f ‘ h
| | M, "I
. : | ;
i t 1 1
i ' i :
1 L i '
A A i i
A= Ly,
.
*e h=Lyfry
M= tFy- 1053
Ap= :mw?,
L‘L | R.<J=I-00COSa.[‘i—?.E]s|‘ﬂ
TE-B3 NV e X (Fy- 1657 tNF
v X v EGIA e
I = 30,
reeafE L -
1= T Ej] L =TV E,
Figure 8.5 Noocompadt plate guder fiexure: lateral- todswonnt buckbing Figure 8.6 Slender plate arder flexire laterwi-torsional huckhng
]
M. SKeG F, -
/ M, = ~ [ =) [__‘ o]] 9
P My = Skpg Cy Fy (14 .M_r, S SReG F,

M,

M,

M, = 3Reg (11,200)7A2

Ap A,
A= hit
A= b6UYF,
s I_‘i(y\'F;

Rp~SecFig. 86

Figure 8.7  Slender plale girder Beaure. tlange local buckling



Campo de tension = comportamiento de armadura después de pandearse el aima (grandes

deflexiones)

-

Loading
EEEEREENEEENREEENEENRERRERRENRER
G % & &
Rigid Py & Rigd
pailcl £ 0"‘% ’t\‘& Q“'oo <& 4 &c&\@' Plft'
< (L4
Reacnion Reaction
Figure 8.8 Tcnsion fickl action
Placa del alma
Fuerza resultanris
............ e desbalanceada en el
-t , == patin de comprasién
Alma de |a trabe
-~ % Fuerza resusnte

Figura 7.6 Compreiion vertical en ¢) sl debido a fuerzas desbalanceadas on los patines

Si hay atiesadores separados a no mas de 7.5d, entonces:
Si no se cumple lo anterior, entonces:

Ahora ¢ Vn=>Vu

~—.... Gosbalanceada en al
patin de tensién

Va = 0.6F, A,

418
V, = 0.6F,
n rAw (h/t)\fF,,

Si

v - 132.0004,
" (hiny?

Diagrama de flujo 7.1

ht <2000/ vFy
h/t < 14000 / {Fy)(Fy+16.5)



wl
LR 3 o
§ it -
! =
- 1) 10 n | o 350 400
Wi, Py peder Fym36 kn [260)
- Figure .9 A sumnary of Lhe design shear for an Adb plule guder a5 2 Mancioon of hes_
—— . Ttenson Nekd achions - - - - jeesan tebd
Placa de los patines
Si
A< Fo = F,
e i
No
Ll S 1 A
S A Fo = CoFi1-12"P| < F
SRR DI P
Na
C
. [
A
- Estado limite: PLT Estado hmite' PLP i
Ly b,
l‘. = —_— = ..f_
rr A 2t
3C0 . ES
A, = == Ay =
P T o =
VFr v !
_ 756 : 230 ]
A = —_— Ay =
‘TR T
Cps = 2B6.000C, Cpg = 26,200k,
Ce: véase el capitulo 3 Cp = 1.0
k.. véasa 2l capitulo 3

Diagramau de flujo 7.2

nde:

0.35<kc <4/ Vhitw <0.763 _
r: = radio de giro del patin de compresion + 1/6 del peralte del alma



Atiesadores intermedios

- trazar diagrama de cortantes
- localizar atiesadores a partir de los extremos de la trabe

-1} H S
@ @] ek S* T

No No o

ke = 50

; Vo = 0.6A,F,|C, + -—-l-IT-EL.?
1.15\[1 - (g)

s -
G =10
Dragrama de flugo 7.4

C, < $4.000k,

{we)'F,

Dlagramna de fujo 1.3

Interaccién entre la flexion y el cortante en el alma de la trabe (se considera el campo de tensién)

Si

0.6pVn <Vu<g¢Vn cong=029
y ademas

0.75 ¢ Mn <Mu <Mn
entonces

Mu/ ¢Mn +0.625 Vu/¢Vn < 1.375



KEIGHT V5. SECTION MODULUS

. T 7 [ -]
H |
1] — === M (=1
BN L {re180)
T 3 _{.— - _-.__m"|
- B +1 = Lo
o L] LA e -l - = —_— -
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+
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Figure 9.12 Trial height charts for plate girders.
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Evento (sismo)

7777

Consideraciones especiales

Campo cercano

- Aceleraciones verticales altas(y)

Incremento de momentos y cortantes

en elementos horizontales

Probable incremento de carga axial en columnas
- Aceleraciones honizontales altas (Z y X)

Flexion y demanda en i capacidad a deformacién
de columnas

Posibilidad de problemas de corlantes adherencia
y anclaje (traslapes)

- Aparicion de fuerzas de impacto en estribos y topes.

Campo Lejano

- Aceleraciones horizontales allas (Z y X)

Flexion y demenda en la capacidad a deformacion
de columnas

Posibilidad de problemas de cortante adherencia y
anclaje (traslapes)
- Fuerzas de impacto en estribos y topes

i In el ~ A
— ; 7 oo
i //4" i l ; "h\'l
j T ! [ 1 \\
LY - : N\
T8 L I & i 1 \
,' / P T Y \ \
PN S P LV )
;_,/ | \\
I‘ L LA\
e kl 2 ""‘- % \ “'\_‘1,"-—-4
. Gl H
Ereem™ Efmocrd
- R M-

Craewy s,

M 120
T

VE e el i oLom

= e

&g “./(1

Q_mazwr‘\\ 155 )



] - =

A _»:.C.C»ﬂs'--. TTELoea S AE R L

e AFETVZ ETNLe T D
TETTeaTV, T Y

Lot ' i <
—-r - =3 = D (SR B
i 2 a3 !
! -
H = 2
|
___\ i L2 v
Fo 3
- 4 P 1
R N Lo =
’_’—’-r-f";ﬁi.‘_':k_ I’ o L H
SEL Suearg - - ~ Noeo o 2 !
1 : —
L Tera et S ATy ~
S P LA e | TE SR LD st
- TOTas Mo TS LT e
T P s T RS e
\ 2 4 & D .37 d, 5 »” hg
e 120
4 ! “ 5# B
o= L, - ¢
o La = 4 = 2 ; == Ye : ¥.B
b s - = H
. ! ) . .
NP =4 , @3 {2 e 1 412 e
- et e
T IS rlarasmas ) Trooaao s &1 L= : ;
L - R, ‘.'E.u::uu_r:"bﬁl @ @ D y @-_‘C‘b,_
ds s [ ) T T S Ty = ; - -
! Pt Fom ea G 1t £l ! . [
V L
' i

= T Lo

Firgat miomara T6 'abhs o LS Tt riE 3 G D o s e e
AN DL o, TER e o bl Lo = [ AP Y T s
Sezmde 7 FerEoeda

e

T bt = I R

. Coma o m?azeu.s. Sm Thieran D& Lo TEIL'a =
A ‘:LEKL:‘*
e Cimimrams non
- Esrmmom | meena
« (Cormasm coraiss == £ G T

- T DETNLeA Lenm 4O BIA fao rass e Cnmpe-n..r-u;..
AL e XD -
- MNA—
. - A

Zs

1500
3000
Falia

2500 (Fl’ucnclac_ Ii&z - E'oa;l
7 Y
5 2000
E Mye 2637 donma 23982 b
2 bys taoTAe ™ b By« 6oDmCHs 10T Vo
= 1500
=
2

1000

500

1}
Q 2 L] ] [ C%J

CURYATURA {l/cm)

h=5 D el S TaZi2as

s a0y

CE& PO A v S — FESTR .

WL T A Apea BiaLe & 6L Canyea cal gty

T =

S-a0gd vy Q.0 (7“ 1[-3

-

1

Sem N O 3 S0 BBV Qrapey ripy mb (Y

VeLume— 2 Gomcigro comreanon



- | ]
/ f ?-.'7.4’\ S S S e N TSR SN P+ D= b ( Sea Trgr 0 ~ Q)
NI B
S,
(- Zay—aSS —_— o
wls o i J = ‘ 2 ' . . P
! = — o o= S8
o Y Ly oy —_—_——,— — — e LS . |\ I
R e ] “ 1 | ‘
Fomemea s D07 T - ‘ by —7 “—\ T 1 .
'( T I = = ) % O
Bz symos = (._\,.H,, Loy = e~ 5 <
£ — A, ba A
= ou . - T e . Lo b
=oTea v dozoeb R L N R e -
TNe B el Liry Tt LM Tl m S A ety "I:v‘,.\ v . - P\ﬂ'_-‘;
I T T TR ' T Er = £ =T
e T
=
10000 Lz J ‘
~ - M\ L_‘- - - A
2= oz S JT o2
000
< 5000 |
2
4 \
-
ot 1000
< +
2 Condicion de carga
S 2000 e
‘ : T T e ses b
0 Y=y A1 (_Moducs)
C@] QtJ fbu
-000 r‘ﬁt e R g N cr. i’J’QEr: B e Y
0 500 1000 1500 2080 ZS00 3060 3300 100y
NOMENTO (ton-m) |
" N oz2h Cb ) Le )
3 ~ ¢‘j 2 2 + (‘¢\1 ‘] ‘LF ( k\ /z_.'
———— .
b - " eﬁt a e
Yo B D, TE Sy ] f‘l—A T T O Cor ARA fA g
SCreorimma . AUarza we Rey SAAA LA CapacoonD  Oa _ P2 ‘ (_\n l_?/). =, |q->->| =~ L =0
' - == = Qe RV y -
P pO 2k [p— Toae i h\\%f\/\A)' ?AQ_/B Y R L= ET .
~

DETEIZam A8 LA dom s

\\

Cewpes zarmiea Ty

S Lo Sallen .

Lo Fosoey Tamy

<

|



. -
CETar T D E=g=RrY DRt M R

—_—————— e ——— o —

e -
(=Y ok Y _——r B Onma As T LAY TRETRRA T San_ A Comes SCaTay

1 AL T T
:_'? . = :'3_ Th Doacigm s Daowa Liasa r\\__(‘p L {
. ! ) Veaeo N0 [f?‘;*'g L\N <‘Sv < AL 'r“'.\.-:év
‘:‘l-‘ L R = ‘/:—IL,PP‘ <
DT tava A Seyatd - A
A\
. . - T .
= 3. 3?3*‘-“«’;’_"_ N ('j\_..: [ YO
J - & T P LN i
T E T e LUk s B ) —p 7
) C T Nos o Arnl oy b (D
: = e
{ “—_ < N -
= LeodTaNay s | TR2 )”‘~-‘-’=~'-m-n.taw}m’°%rs:w‘i oo = g, = o.00=27 ' | L Aas (A
( | 111
= [. 83> 3 = S.03%2 = T 'EAL e Boyz =% 1l.1% l';z t?.amns) ll|___—_)l

DL e . L = Py = e
_ ‘A Ay ¢ :
- 4 A ) -/ 2ax il ==
) , V) RO Em A . o PSS T LT e
' . == \EZ v z 7
I3 ] ~
! 7 4N - -./
- : _ ( '~ T e = S
P - h A‘J
. ) 1 { vy 4
PR Do BE L T AL s DS e faun T A -, ~ - éu l_ — o33 A / T A )
! - =7 J oz
TR L Mecs e TTIENY T £ 0e LD cemiemo ) L Sealt s e“-’
B, v & = 5
e } 1 e = MR T ] = I
T Sears WasaRia, o S WD, 4 C F2 rMiigacr«gang \-) e =4 - <
1 i l J
= . L =
al - L T™ETTaRare o %.{.: e = = ‘&?j
ﬂ ;> . < nL o e
S N T
|
@2 OTen WD

> eox (hu-dy)le

~ 0. 00 RS rod

17

Pezolmmursa f-}p TOSIeLTE Eoa OveEao (__Ae"’r)
. 7
r\;u_,.] CETT Croam -1l rAD O AL Qe B%  CALcauy Cmmas-

CEL g 2@ HL Lk EOATTD UAC BT Gl ¥ LE S L C@P;

0 0686 vud }



LAl Swumeaes S Fa s etriang, B £ meT s Gramesrsus
= A Py
".:;‘ .I._.ls-——---é
V- oo.vs Dl ' T ™.
~~ A
- . , Ta
. \ : ~
= 3 3= | _\1__'2'3\ [ 4 1 ~a —F
- - - v " ~
'7_-:.<_‘>\J ! ~ - J—
(‘—T‘Ld.) = .S | oo COSERRR AL vud L : e Tl
. t M
Az —— —
o ! /
" . — - \ . _ ' ! .
L T Fes W -x-'is + 33 L. (:_,)7{‘\_ —— D A
J i
! ( ; [ ! .
T=Aaaa 2 “\I‘J ~- o'- L ‘v/' o ! i
b
/
! N 1/
NI oeY. AN LT A~ /__ = — ! ..
;\{ E 2= vy 2 Q@ ED a fa 5 = (m:\)
i ‘1 =T 1 an (S /-
- (“— L Xe)
e N N I CA\‘{Z’A‘;. R o )
{ J PN
R S DI I ':"!/’ . .
— - | ol -
K T M B R S rr-\'-;,il-\i-\'r'l?‘l\" MDC‘SH\_E
= S Ta
\
ST - S
o \JS - \J(.
\f — ! Ny A... {\-,. D'
ws T od 2 b P B fon Ao 1y O
= Hra
N e - i =Y CRSREC S  F
\/; e =2 (‘ b
’ S (e 4 il A
DEESE- N 2o A {l":- 2
ot T i g
: . .
~ ) ! . PIL giseia sem J(JD = 4 -~ Yoo
= Q.2 A Cat O M3 .

; .
: Voe 218 wd2ns w2aqy

Noz 934 s b

Trora N
. T ) o -
i ton 20y ('a‘ic—\um ST
N e, SEo - (\;\;._u-a Ce Ghmeaes CeFag oo D—-h"\_) = 593 4 hoon

T o, =m12
Coakdz 1D

F--. Q. Tt e Qp= \/-53 =k
-0.02 rogd

Ve « 2o (,-z‘_—lcma Bj) \/_F; B U e P
P‘ t moa fow
Lyt om0 Comm™ s

{e~ 28s Egn
g o= . #":"-“ §4 1—&-\
i 5717.0 It o Aez O.8 Ay

= |22, D2 o




“drz .o e - ;]
Ma=z 523%.2% Tan 2
1 = ——
E s e s =
Liamie e _pha!
.
Vo ===.04
V.. =y R
{ s
e asa da e s ez = (enen slas)
. ) \
2T v s e G TR T WA
TrEume el oot 2meaeD:  eae. Cuuwae
'[ ) L\\ i' - ]L'
ok i 12e 2 )
- ; . Te = 2.3 =
} Eealt— . —
a4 -ti,r E=
I N T S,
‘;1‘,.— 2D s o ST
- ?_;7 ENa N .C:/ N
Fosma s TETS e DA T RTyw SR TTE AT
f_f"rc%.‘ oS

-i_g: IEG (’\w.o(}—l.,j C&'\-c%.‘/lz ?3

F’DG‘JN“

Tz =

=
—

z >,

T h e TE

T 26.D ¥lee P Te

Yes s

L2+ 2Pw B ‘
TR RINUNG,

s be

wrz 0.09%en

\Dfa e DRV o

lar/



~

Moestd o - TENEIo ess

[ =W o Ry SN
3

Foo S e PFaswer.os
1 SR LA Con e

A A P DeTTe AN ane €L

S Lo NWECAMrRTRO e POosar™,

rlh?o\\c.s -

”n(:u-b('l..-.-::

(M TE@ 33
= AR D oA, D DA el oo BTG -
SR N e R P S
TETa g SR D2 *} S [ Bt S SNLACA SR EE U

-

I
PAETI A DR OSAS /A SA TR L Y CensD Ce et

phosss

C o SemraETEMS P pon RV [T RGNS

[P W~ SN W )
=" Q.bhh-.?’)m;—t‘.\ﬁﬁ-\\!‘ﬂ\—'b =D c_m--L.-—ﬂ-xg, =z
S e O E:u‘;.b CE, A E R LG e, e T Tem e Srae @S T S -
B OSSR TNy ?Q_\s-_\ t_,.(;--"_\gkez VNI Q_!::Me\l‘zf.\:r\ PR LY

CZETT o3

Tusena o O Bozascan “‘:\_»-sr'n el
o €1 st =S

[ M SN I P NN O Ere ] SN, ]
N A S Yy

LD TEM aorinsy & ST 2ene)

gEruse -

Faiuno.da Do Ty=®s & e-ws
2o M D ORI Ee C Ll G lom s &2 B SEOTwe s,

P'\-"M-‘T"An—z'.J (‘—JDP“"\_‘AILG_SLSN’) “ TEM o ek

FO e ran S

QT::A:—...Q-.;S .
. Zeceam, e MAGLRICUAS G lamearscoves OE Boafaa 2T

Lo, O oS

o terums O

= D 3 Can el Trudaiog

-
+ DB A SIeMR A ETA TS Sl gaedres Bl e 3ea Sin -

iz e & TELS CADd TR

g'c._x A\G.S

PomTra, e Reboewaed

Pz Vesisrea con b PO T

Fh:
(—@; = N Tl
(AP &am o =D fE Ot TR e R
[ ?‘ammi_
‘\F‘_v\m S, CETPAvam oy "SEOLe
T LD Camnd DD imtkmy YO
™ (T o ™ .
™ \ \ \...:.C,,Lta\ej
gl
S - L
Jrca = < a.gs ti

5.8 +10 0 &,

Tk &E:-.r O c.C.t.)C_,:.*z-'?\;

rMAETACR T T TER B A ARV

T 30 OwS (=" A

=N, Ew P G
ComRETE o o
O e DD

= Dl greana, M i GRS R et sade ¢
EL CmamgEre T A b OAREGCAATM YL
ER Lo . N DR OPUETIX Cames B0K 2D L

S T O OACEwZa Gemn, TE A RO

(T sy mter e oL PunTRL (RER Ol ZTASS

P = J[‘»w By % [’1\ AN

T Ay TEMASDZEDS

4+ D iras oA by lErs TO

fe 1Tl clm e T Do

Y s L’,Asc & Aft(#t’q*%)

S’PQ B Fseue_e-'u.‘: = PREIEIRRTL
€ Feomeah fksT\:;_\ ey

F\;QD\D/;.; - ’



-~
B /MOETZa O TEPY =0 OEFvsilim Mmeglme =y 8-y o

Teaedrs mEL Mace o S MMETYS L o ol R Tvo O er-\c.u:»\a}

Cmi s N O A Caea MEC/S e D
]

T D\ME T USRA T S Ers T S orEhry o

T Ot mitordea o 0 GE s L_j = o2 Temnirn

o= e Tromammess o TNy e s T LT s CETELAo curama

P e N = G - -0 R I O ST L B Dy Coe we

[
IbC-‘.‘rt‘\:.) T ey A0, Fems TErwe ezoy f’m\";\—

M2 O Carnfirie Lodon oo CimectzLten B e )

- T pomTRess Y Rem. o= r:s'-:bh..\c_;:\c_dL'\;\; O

s S B S\L

- B Rteams OLedom B AR Coms UR TERAS DA NS, -
RE CoLOrdm a.1s QIL

— B, oo Do O B0 Tlapaaed TR T Crady Maguh -

e CC A D) T s S . eR Fq“

Nogr=s O Siclomn st

Fore pacooun w3 Pt OIS Lo @e_meaii

AB\ Lrn r= g
O/& (_ Crmzia OE Coan Trafs M /P&FL«‘DL_\G_-) &5 st Qs

2B e G T BEL cmton O X Tooiss

——

B apeuts o

Zoawasl D SO Co s O eme o | B Tramaa X _

PR - -
e T DL Repas Qe SITTD DO . e rentn

pres ZorrDs  Camd  Simediam oo . (s 9l > 2 os
e Fcozé Qg

DLEETe pPoe.  CoTmmar .

oo QUIT | ST Tra v mn et PR

4/
g\’- 2 2ES kﬁ/c.u-n‘

e Vi , (—-\ ~ T ‘C-j/w-
AR — T

4577 oo

3 - 1'951__#

w2 a1«
DA e
L4
e ez A
[ R
< = “1
| ey kr 1% N —“L
Deaxr <.
F\?C:-\OJ

Q\[Eﬂlﬁcmc.ag:;m. O, T AaTew LD, wea g

oD
L{_pyq_m.—_o—- - e c\ lp')/c.,u—«"

@(an)’

5 @ mseusers PEW A SITLGE B AYTHRS (= gess)

Coamed 3w TE™ T D2 (=3 N
Q\mb‘mt Q.M 4\ ch » S

- T oL eaiuen R B SPSERZW)

© F-

Y 'r\l-G)(‘?. b':)“ el E‘D/c..v\-'—

Ty (DSOS E O G

-
e TN R S e CE AT Ty O sy O .
4077 b
| 2355 4
—ErT s

- g da




T et PN f"rl —~ RO
Lz 2 LRE L rooiashIzn TR o W@ AT el

7;,\_,.»-3 I_Ea T c:f\ﬂ\aon/qU | P !

(wr‘: z—z_lzmg?) L% = e r—cv‘-\vcc;a =g

xi_“‘"’ 1k 1]
\

s C-I_L'L:w%:’ =
RES t b
b ey =YY =

S

a\m'_)wm =T O IO Sy Ems U S v eg
ST DG ND wE CeeD Ry Gt 2D mowthed el

o ) en sy T T A w1y

- R TR e R It o i T
=e2 e
z — ’ acdd s fds =l
'-\-r.sz_\:__ B“}%Easvw ) -5}5@—1— j:‘@ d X
M
/s

DTAay TS Qﬁ-'am\—;\zj) Q}

o '[:\ e ™HIBET = A = o

& ==% I8C
CJL Vis e DS

S a1 e AWn L o ioosmn Saonman dasan
"

I+

A

3}3«;-@3 D = L

h

D e @olLLOP TS reg D

- &2 TR, \ﬁ
(ol wed T vm oo woCaDa

rt-“L'.z) o3 W) < oy

ST =25

=g
= D = . R
P Fe)so - vy D s TP sy
ERVY, (‘3\? :‘f)%
——y 0\7 ._L-ﬂ?
SUED T TROL TEONR By oy Tl paBe T MW\?):E ,:)W“_) -

e Ty 2 "‘h?
TILDTTIY e sy i

- e > ‘OF
P RSty B R N e O

QC Y, A ﬂ'ac:é-ei
(@ 9y - qu_\j‘f*a 2994, = Gk gl ay
\7\;(‘2‘)‘0\73CQ9 -2_)((,.‘) e Q

("’?(‘ZE"I’)‘.‘:‘C}‘“?@_«Q - 'U\;Z\'D -

- (=%

(===

e Tme T ep (SYSL, o) s Y
ressa v (vu\.) vesvays wo b {"‘?'\ meen—omd ~E) B ~cs3d 2o

<=

SO TIERY mraty M LS lms "\j:}:sa_-q

ML YTEA Bd v ) > TS

» - = e L o - -
TR oD AT aImha TSI g MEB L j\J.‘b STV VDB mona me o

\
H;'_‘\.'\"{Q?)'ﬂ\;\ﬂ“} A -‘..__.‘-;ué D o 9_"’-'—'""\\"“"\.‘::3 e T T S

S

(y - -~ - R e A

I T R R S P e i I O

s g kP

There TR s ers e

AT RVBATA D) e T DNV T LT T oy

y TR W LD D S s R P N
=

532 ~igf

T vraniang ()



-
@ \!E\‘.\pxc;ou.l::_. T o CoaPpIdrz™o Trr ey Pi—"-\mLE—S_ /
Crmon Qs G TP TTE s A, @ L and TroL 'E:.‘_‘(\)é T Dz rarm LTS

CZ o 2mmes Eew e e bae . {_r_a: e 9"5‘5’—‘@'(_

_:\Dr\:‘;-‘: f\'(_g QL:. = O 3% ('?. E';)Qdy.:} kz)(\’-lt:-.j

E("LT-DNQEB

Fre = ¢ 2342w ‘Cp s R SEa e

Qv THVom & arad Cm e CameDee R (g o

P/b‘f: = Pam T O M sy, DR REN L b rR oy, Wl t2e ~

[ W -
R = DO R |, Lgpesis bot ERTT WA 2E RS Faa

%ca;: Dr%%d}‘gﬂ_

L 4-5«:,(%. 2 Sew o+ 40 Qms*JQ zs (ZBe]

‘e

O Rl Curon (v

Te .0 2e)

= Boouszy 1c> P S ele A

Tuea g N RESy Sre ™ Tod

- -
T EXTagr~D | PAFE R B aTra  CEOZT-Aasd ool us rﬁ‘\-)-:_,rs
. [+ - -
Pee 1o Que WS REcEiardy  SEFUGRR o iR B

P2 ETTE oS

L= g

O.w Y IS

< o ' E‘L—

=,z =4+ K &_+q>.:.c>x_) s “oe

/
/ T =N ?L"v—lﬂ
- YAt
- / ) €s = ALE i o2t w2 axagh
. S =T *
A i - Q,h\qﬁ
D DR S Coome S OO, tmnl IO
T‘f A oo - 4 L T
"\Lt do g 4 4 s BSOSy QA x0TF

T c.
. ‘ ) _Q
bl N oeamcife ok | e .

8/
T tories s

e G MR 4 (o.:\C{K\c-Iw- Q,.c.r:.r) Cokche

2 B o KA

= . m=e Soame.s /o
LAY 3 T e (3-0:.‘%, T}

?‘(\Pc_' T ‘51-0'55(‘:\! Sem ofg + A (LSCQ:)K\.C\C;-B

- 1T ga’ \L-j -5 =461 a4y by

ra
= v ==Y [ o
T = T O T C_-"'h’f”‘-xﬂ_&b . c—b’"’\?q_es\_'\

L= P\:w-k“‘ra. . iWAG-Crio~.



P L I PR P T I O e R T T

! s
'4
T amrvaEnToL oz A SojETos A P e W
. e ——h
Hipimsn masient palh Seooisis oo N I N = du o ode —_ ] Lo = & = _‘; 4= &y
¢y ¢ [ = :

P T T10N JJI‘E"“.Ji A Fulxya ) —‘ LN el r.l:m\l‘.:-Léhxur\ R .

- - . -
T D D TpT, Q;N\{DATﬂG\s-'D&D i TR A o re S &g T ‘LELAC.LEN G_‘ E
] b |
TOMOALE AN ASSAlE QLS LA ST P—dsAl AaTS, St =1 (rb\} s Te — i \‘15 = ‘=—~t7 \
- ' \

AL @L FlEeeas T ST LA, 2 adn S LETLOn B a A . ] ~
Do eaMpd  wab BGReal OE LA EZnTatTuls k\aﬁ“—ﬁ T3 F\LM)

Ve oz aay M EAATCa ; (
' ‘ T Foxane = O P J fer) da=a ; ) E‘bﬂéb«m
§° — anoiadn i SR ui— e OE Fuamoes . s e astanee ~
—_ QDN:(_nM\‘_\-lr‘QI O Loy LA ooaas \T—:_ GhEm el AL TS Aoy | =? S‘P\\{ ‘SD‘ =0 (.R‘.SEC.\.?\JA B =M En e""m.e “‘"‘

-
LS s im—y T\L(.\N'.‘..'G_‘-'.\hh) .

_ -
o R A B R T R L N N - s‘;‘c:-f"v:a Du T am
- rd

i =M = My { [-“j1&A=N\,: E&QL—\‘-L\A: Mo

[ l“ —t— rj rMe - L T L N — W .
y L 1l — |
S T fL-:. =481 e s '
ELTh o D ST RSN e
|
Eo L'- ~ !’bra_\:_.m-na\‘; — i /
) T ¥ . ' T oo <7
{ , t B RaE RLAL De wa A S . v
r . -
AEU TS i
[ B Tven . f
Ev {k 1‘
= E‘G B8 APLCALL I O ' - - 3
CANAA DS ARLESTRR LS I FEed (O o walfedh  OR M OATSLA A H’E."l't"‘-‘:\"'-'s*-lc‘\) \1 Qe
-~ “a—u_.é o, B 5|E o= ! . . . _ Lo - .. .
As\r‘ﬂe.-ﬁha e e BECRELS e . J‘ C_,.r,ru\\oaﬂ_mru\t@u_a PR ELSBTVCe , LAl Oy t_o‘_t&-‘—errvxu:-mm_\ oS
TN UEiLsa . H—.HQNEL~5 . . i ] . . . e - . N, I
C_h"“\fmﬂmﬂ_;a. C e e = e e . - . e e oo H "'—\/c_l —@h e DL S oGy L O Ln;m?h.?‘\"a\\.L L1 - B = DS‘D—Qﬂ..MQA_-..
.. e e - - . - ~‘ cQuu.ufbrLua_ —am Sy - tonA-:,r\r_ww et ALY Q\J:[ pnM RV LA 5Y

MNOO.Q—. S CHARUBLY S‘-t A FG'-AQ_;.Q-‘-“

__'$‘. C-ae.vrrmfua. d)NC—u.J\_-Q Mgummo O 63- e e e - -

[l
|
t
t

— e .

‘Pcm. T B ity otes S"'r-v-{-_l'amha_',_ e e o e e e e m e e e e '_T—EA __:lglua: LC4 &l NS AR AL L pa D AL e TRGw S —"(?.—‘a\.“._. -




i s

i, Y i, el et oo Al Gk ke 1, - s et e dra ek e ARG £ e Aot it 501 o el 1 Bt £ s g . e et ks P ot 8w A e Vs

¥ e _ .

O Cnnsﬁammu\\.sun SLALTUED ST, (_n:.;em.n L1 C.a-a-\c..\l..m) o

Gramhrnans S adAcing 4 Plares ~ OS5 O @LSreata™h om0

' R c_ar-(_ﬂ..v!"\-u A Rhe_ut.moa . FD“‘Q D.-.IA.B_I.}\S__S- <.—"v-12 —ﬁn._u;

- .
LAaEttat s TN eIt Aol o _ AGRIS TGS,

—1
|
|
|
1
i
¥
|
|
|

\_—..—J

[
I «« 71 oge TR _1 :
— - et e it Tl
. \/Z ‘;_,,_1 @ C.R:H\r’c-l-mr\a\u;uh Sl AT O LETD N e AT -

ComLLETD AWELITOOS wmu TE S aiem ) S ciir- MSBQMAAW

Ll

|
aye s == e =

t i N os™oen L L L L L . .- . -

A

-
! 3

II : : ' @ CaMPQﬂJ‘TaMLM _Ut S STV ,' '\c"ﬂ-@ ‘=k—-'1= A Teaane
|

i

|

|

!
- i
£
1
1

———————

h

e

1
3
E’.
L

N | - Cas e L ST Atw‘l-\e.'\'nbﬁ o 1*:---»-‘-\ ._-=C.L._=v-a mmu-waa

Ay

ACRAETRAYO | P . - [P,

B ) Crmpreass (B evamtases Tox (¢} w2 Fuswia, ; . . - .. N
oYL DeEp ttnr | pim DoCTUIDADR O MOSE A e Cao Ut Ty o

Uil TR cLOv— TOOmSNE Con ot - [ —_— bimm memm = a4 —ame = a emm

Baiaca.  MommesTo - Caz v AT A c. - -
Wl taraca- b S ol Secooe TRANISRSSL pE wre ' Ty

Ouc"\u_mao (/‘-‘J_.Q%__DEFHW T o CauA N A S i, A

ST ENTT ST S A L PEos 's.MPuA.P.c.n&.. [ VY - SN Y

G e e _ L ¢ r\.—»-:,g,m*-) Coa we L 2emanEmcca . & CnrA PRI oL wnmamre G
_--1 .. — e e e e .. - ' — . R e m—m e . - - - e o e e e et emm e am aam
I
e J I " PV M MO ™ S v, 12 amy OF afh TOHPUSEL . S rdT i ratdy , &TL .-, .. .. . — e

A S Ll b= Eecbee T o
b 3

— M Tt mmemmm e e e s e el o e e
B | D ORE ~PIPRY =, SN N RN o0 PN
e 1 e e W B s CrETw . (Gugrta ] o e e e T T R Tl R S S

—n _b&-__‘i?‘— R U S exwmer~al
e e e R e LGP AR e e, TR
thee D MOMETL B AGRIETMWSTA_ DR . W e BoEmy A Te--sn-nn -

;15‘125"'}; EN. : fad
ii:l;lwlLiillliilij

'.ﬁ.\.-_'_?._ft‘_\-_ono-:w —sLmrra : : _ : ' I i

IO b s N - N - e

Vb e -t & “. 1“. d\' . "‘
ot s LR e .- . e - . .
aad By o Tra e D __.4-...-\; Vias - - w . P L S P ar L < - bo- LR O N -




. LR R K s . Lo e L - s s ey o R i s, + St 8 s Vi P Db A i 62 4
- - Py - 1 i e e LR g e A b Gk oo E

o — —
{ - . - . -

= ) i o u-ne-.nwuax Ll R LA TR %P\)h\.ﬂ_&.ﬁh‘ﬁ.\ px:.cu:. O L T A,
Sa CANMETApLALAr L0k BB TR Cannit

.. ; .- . - [ - - C o ottt T T
L Ahr::-k_.\<,\3 e e . . . - . e e e e = mm i mmm et — e -
@_ . O_< Ccw ‘E._%c_c_.. L. _<$ Sw DR E TIBONAETO | e e TS

Cnr\-n; 5‘5.:9;,-?..2_:: —DWL@A.W P . , -
LN ME DD Mmar TR ANTES . ORSpuas . fok = wa | oemoe- Feia

C_,sum Cr!-ue-....c.s ™o, -_‘\N-.FHP\.LF-N] R I,

R IN\AC—L&-. UraLTRRAD  Sw oy -r—\__ru.\ o, T\.m-u_ar- oY %m

0= Ln tacz-u&s:-,‘ Ecr ®3 LA DEFPCARGGR MR Trloa S o

. AL EFTE s |, uarut..l_,m ‘;eﬂ ﬁ:.—hai.\&.‘.f‘- (.Cn;t\-\rcﬂ-l‘h- O

C‘ - Ml-E‘-h- m}ﬂm L.LHI‘:QL-)- ) . (--

@ Bee Thw G "<.= 34‘5¥L - Ce:mpcru-nh-u..nm @ Ar - -

e =, R)C_-S.“_.L e (R e i

=3 Lee A = q,__; o-'\c?‘c_ 1 f;s‘—-‘ p-.— . Tiu owo -

MDD Eid s b Pa ‘.QM\IQM\_Q‘WLM BE A LSt . { SQA_BQ." : : :
. <o - e i e e = am = tm — o cwimw o mme aa

\_CL_"EH. _ B - - R - - - - S e e e =

Ew,. = Ecoo Q t:».::n_.. RN r\»._,cﬂ\'mfr; Ol e LR B e T

4:\,1-_ i L-, = oot Bl

- u&shf C) OL__.._.._,,“A..._

_9..,,}9.;.'7:,‘"_ Eewzmo-oe3) L | NS

8@
n

(' @ S T {'_hua L= P«u:ae-m h CEECAAAD v OeF VR : L : -

Y-}
e EF‘D\JQ—-QM\‘. "\ P‘-‘n— ‘mﬂ-ﬂ'\f}uﬂm ey W ATy O T T o g N N - - - " - - -t ‘E‘LN' o ‘ CoTTmr oI

" ’ : I - o, o cLacel.
rESuetia  weweiieieae (Ec T Sih) . ) - (oo v oo e

= 2

- . - - aa [E— R - - = e =t o ear . . - Il - - e e
& Eee = &c.;,”,r’ _ (pn&\o-o.ow; Pa.n_n. SEBTS tmCa . B P N T e e e e e e
— Eeucr B~ O~ - I T T LT PR
- A—unusﬂ. B O U

L Eee T Devoacst eo—m | Ui TRRLA B A T oo

.___Qr‘-i TES ko MEnRAR TRTNUEYITO. o e —n e e e

| e e e e mm e e e e e e e e

|
- N &>le. 3O S B,

- . .

LMleta¥ Bl REGI @mirENTY L ET D tm. S AT NN O o)

et

%_—_Q_F‘H___b-: s unet DS DS G aTROSTILA el [ Ok

R U Uy it v .
s .- - . - PLoa
W e et s . P R A . e - Y e



—_
- i
.

Credaraamea

(scc.c.éz_?s.aun)_

R O A ___,,,ﬁ_ | eeeeers o
= ) [N DN PPN
N T oTTem T o "V"'—_E&_-__

Dimanmacion
e o s AsS L L

?oe. TGS L] [AD | FoSTLIa)

- SA:__¢T:‘- dA. \' <'$"(l —-bF\s—b o B
e m  EarnEe -

c‘pE‘,[SA wda 4. (n Ab)] =0

Cara DELACES Sl DRSS mm«%«wm
- j 144 + Ln-1fqda = ©

o
oE o

e SEwTTo i neE =

"v_,a:n-\SF‘-cn-.MoQ

. Qus e e E.0. ocava reco

MID106 Pa_wa Facaa_ A _uMp"LE‘:.\.Sﬂ e iava

3 . Eox3ow 500+ (e ){axs.ea)(as)
L LB X 3D o+ Ltc_—n)Q‘a\a-c‘:j

P

[ o T

_‘—\—_ 27, \_l L Ctn ‘JQE.\:_‘_QF\ Cag. oF .0
.Paa. “'Qsm-nbn...o =% M,:r-nss-.a"o: ea

:._J S‘ Hk& 1'— Ec_ AD\ - d '1‘3 ,Es As = I'\"\ [ _- -
. Ay :

e TIPS 0

-~

-
RAAETRACD e W0 g Etorimng

AR o T A S a3 A S e kW o ins v

oy !

J—

Mo Ts o INSRoA ©F SEotiSa TOMSTEO nArARS |
- 3

Syad oD | @l TER o Eraen Da__—r“s (:«A.a.aue'quh

o= Q—(AL.C;UI_/;M ‘—M?

I o= 2_(..__& @_)_3::—437;:_%;"(;5 =105

A

S T s G- as

. o (_?\)O;ES&: QYT D ANSR LN D _wa
Iy= 217335 e Saccgv TlantEocaraca po AGIta
- . [N = ) (LIDWQL DA DI CaErA TR L O ?.S
<. 0nxs)

- - MU-‘ ‘DC-'Q‘—EY"Q "l .S D_‘E_-.Pﬂ.-

L e n\fﬂ o x.\x.ro\__;s\\ s outvioa r{—o:m qu "\. c.au-mc.».?_r;ﬂ

5-1;4.43"&2.1” y = l“:‘EmgL.::ﬂ."- T . e e = R
MG et O A e LE TR TS e e )
5 beqy= L = . X L -

. |<..“_(s ,?‘,_p‘”,r- ) ] —Mg_r “_; {tr ) )
LA s S S | _Q‘-— "Z.\({pr_ ;= 33 =% H/w\\ . -

. SA- 2T m 228w

Py =, B 18w = 335 Saqonz k—l S e e

_"- [~ s % - . S - e e — -

oot et ssd e
- . - et e e e e L T I T -
Convaran. A meaamosirs T T UL LT
T i SR caeape et e nirica.

\_.\N:.—nt_-, Des- mﬂum--_._.h._. e

: __,,_' . r/Ec =355 x 2awe?® i - o
Te o ~12'“:a'3 -

1‘0 --'."

[ i g ! _A__LH*’*‘.L_' | 3
i Cbg-‘ :._ !(. ‘H'KLQ &

P A



e L

e B Y.

rat £ . SAPw@ERLS W & AlhA wwhrNED S ALGLISTA o

C_,:.o @ o-:-Pqe.: O~

A&Q-.“‘msrb L T RO L

P . BN L R _e.-r-‘al:.__ e L 0

G a e (et et )'(E 5.- i?.i_ )=

- Sl e M
B S A (M\H‘ P—q .

AL LSTD AA ST
-

- A

LA AL LETR oo

. - . - e L
 —— _ e,
= o .=,
&_a- “ = Vo ___?:____z__,_ T
) r\g"x;r' [
£y
- e . — LCAmTTAATLA e _(emvdines ) . - L

Bpiiconsd MUETS P Te EQU\l_\r-an_vo

¢ g:m__ b ci‘\ Ar A"(;‘F

=0

o Posenag
A=58 .a_geu_;mfgt_h‘.-_ e
ERTrD A 2w B Lo ba
o= %H\PBL‘T’MLM

. e Eedsne wiaenn. |
__( el dn ¥ Al e 5,'__'?-—_&__“ T

S SEAY WEL ¢ W=

e

D Al At L it oA ot i B . DR,

A L L
Cowtenoe T ITInrIT
Ladn () < i (B an SoTolIImoTmmn

—

[

::(_u hc_».mh Quaomm g as.& S - ce e n e e e e mmre

@_ oov nAs (ad) .~ n% & =
sy, b i_"?,a" ,Lf PQ":_'{'a.v _;".vki_"ub'.'; Aas
1sad) T r 2ara (ad) ~ AvoNBL=0 L0 L L L

T . od e m2sz.1 T 1670.03 ""__':f_ﬁ . ad = lamlem
- _ PR ~. S . e e e e e
I . . . '“G\‘ESE Quu"x.EN S

.- - - - . e~ - e am L AABDNMADC L L L L - m -

Aepuicn mos

Au-\-on_.a EQ\:H.-\G(L\.“ D= M.::M.L-_, =

[ LidaTa

L»\ - R 3 Sl

o ';;}5[(A;;‘\-_Ta"q‘;aé;q,f_} ;--Né_;; R i.f

- _Morg

¢ TLin

T cx:,;n"ﬂ&\-& R~ W s-w SRAGESTRIOA

e ot T‘LANSE:—QQ_MQQ

s

A (mexa. &1)(}8 o /r.].__

R T _ _ _— ~

CTTT T T Glaxsen)Yhe -45)" o
T T Eirase Zéf%fgiff:;?.:: —

e m Mo o

4. ze.-xm-ﬁ 1'/%______:




el e e T -

ke b i e ot A b e 2 G ks it

v/ H (4

[N E—

Ao oo acuaTolimmrs  Meos 554 b oo T < : My EcTo g 7 238 ke - L
her = ©AGrar ban | e e e ;
R g:-._: ©.on {::‘.L - Catimpn .. o= 0.3 f'(._ ,,‘__g ea Bl = Ct)s ‘\,H(_\“B B\J._ ______ !

o A S et o '
- ;:.. ot q‘_ ) T . . R C& o 1“_ = ‘\‘:) ?< L{)_6 Vc_u- e e e e e — e

Dempors Moy BeREm e Mer: 584 bonca. i o o e e e e e e e e ——
é‘f‘ "ZEKLD-a Ve | R =T v __r-,t.g‘;_M; Pue.& I~ —% _,E.\.. CmCISYn. _ALcAapta . Aonden -

Lg: [« IT-] 1 - - - oL - ——— s e e e —

(L r\l_ADhMNPE ) '\{'- o (.r""‘ e uzmpeﬂ—mf\'\.t!ﬂ"dﬁ smcr\m“ Lo
b 0OWs F'o | - -

! Corra Sz arTe 'n,r-n.‘)L-n) . . _ .- oL

lasa @ Pona Eee tov oz {—;,: O,A-S{E_ S, meede e MOy e
c . . F--a LSBT AR . et i e

Erim oas C-z:rvioco-‘"nmtwrﬁ oA D OE. Chwuead | Bl - - —remmeeeme e = o e s mpem el e R e P SR SRR

’ : .. Meabe s Bo Tae Db . e e mee e e oo

BOETRs  Lomb i TuO A MDD S DOBE 5 S TTa Fopaanh, B e ekt Rty ——— e —

e felEc = oams(ree)Tanes ] o o t $oafen A4 xS Y
- . PR 4 ] - - . s em e e e . . - e - T -
L N 10 ] X o

- e e e e e e - R . i o i ! e — - - - - - - St = e e - -
c%‘ Eac fod = o.& k\!‘f‘\/v?,-fg\ | DT nrm Ciore O . NGRS ‘\ CnvoaTwea A e 1=\_.\_,—-1~.c_~::\.

. l ’ L (?GA-:J'._ s 3 me™ Yan : Cinamanes — e
- SR SR ! T ""/"—"_— TS T
€ Meadil muq,“_h S Pt S U/ B S

Qc(, [P \s BEEE—— s - —rtr - - -

_ . Eaz®4. ... .. e - e el

. - e e o o L o .o - . BRI P = ) -
V"!LLI"—MUJ.H- E S SRaTTRoA DS, AT USSR LO) | e & AT | - DEFomaction. . ... . . - BFasTals | e -

41 ks (a Qg,; eomar @b,le o) LoD ] . évww/mm*- = 0 com . . T
..... e L vmoam —— e e e s o o o - - - e —

- oo T e m  Sa oo cormousn . Eo .
§

M EaTh ?LH-{EHID\) — e~ . - ' UL TTTT o TTroThT T ommn T omommom e et ’

! Pl?..LN‘-m Suecuw- M,O.'l - L

- Tt e e e e mimmee b o e e e e e I
L — - ‘_._ —_— e ——t . ——— - -

Cp'.q @____F...a O AN et _ _F,; g.‘ °___£¢__ [} 1{ t_____-':-_“' ! - .-AI"-V—*Moa#_&ﬁwxlr‘:;a‘,-::ﬂl_u;_sgw:_m uL\:s_.!.I:nC; ; ' | ik !
N

<

-r___,,_c.uua__ucﬂ. [n—r —"gi“‘he*‘ C. ;{3, {am-vet Bn]_,wﬁﬁ -

R SN FO T FE S EIOS

NN .- Lo C 1oL vy K N e o T . .
Lt b e . SR [ R ...,-.«:ai----.—h.mm"».s B Y - i e A




Ak

g O 5. rtaal

e m e e e L - — - C e m—— —- Vg

By Ad=B.01 T 20,27

&1 - o ocid L '

=N WS N

e

o_ =23, cam

| l;._P:._ =

_ bu':fﬂzl‘i S B \* L ESO LA ENOR e o o e

Lobk 2al 3] e

Mo i mitodeo., Qui . Btenuam . TET  AATTSGT L RIE B e il e
oz T A I~ Sc‘nv\.?_lnwh-sz - P '

C e _‘]_e,.m,._ . o

&C_,m_,’_._ Q0 oOVG | & g _

U G
I d ook,

B r\f.1 -

{HT‘E LD woa

=

'L'('c. ;E "E-_.‘.:::.__Mv

Lo ad

N :‘La'”" (F_m_h 1:[

oo

O

SR : B e . . . i

(__-.;.:_.gowm - S _'=l-ut'=_zhrt.~.a< e - e e e e e e =

C

_E Y T U

({)-.‘ = FJ. 5% S ‘;c\c'"_’_"/c-n

—

fale e ovar My e 2GRS DETEL A uAn. S CENTRLa Lo,

oo Ga ol C‘CMI"Q—EZWN.‘-—- o e e e ae e - e .o

) Ny ;A'T ¢, L ,é““““\l—j () | e — s e DonDE poa TeRnSeA _ 0% Pl
. B . . L. & . ks g 4 N | h e T T T e T T T T T
— ! | S N Mome\n-m. - . _
C . B P ad| | . {A-aé\-1 il ———— . - -
PO"L AL Q:'""‘“Q—“_ .S-‘:-—"ﬁ‘-q AT, = omEneLl ._’,1_;;; -&_,_.__“_‘u;_“‘ :‘& i ToTEE Ty T T Tt T T _g { L\ 1 - T T T e T
mewedelosn W LTIT LI DT LT ’ e S f bedyrr o

e e - _E,.‘

T - F e Q’-“'J Si 8z B
o e e e e et = e e g e e o s jta-iw e ot
‘:’-qﬁ.hfv\tmna sTm \G-“.:sx_c:;mn__arﬂ A _mea s e RS I ['2 C L :11 4*
STl Tike e 'G“i

B P, W

d-ad L L

4. ey __-_:_._.L
£ . A,,ﬁ*a]...“

séi&: '_'. LI

&E.J (d o.&) 71"“ﬂ_

,_Su LRIy e e MR&;‘Q"&_“

v

PR ?bm M“M__@umuqm T

P

_“L.

ew)_j au,__g L




S T td-. . ' . N : . et e el
bt 6“-_4---.“‘_-4—&-—4—!‘-&«—‘

+
|
1

P ———
: 1S
'

S &-nm‘ D VAo YLETY

- -___‘__"1_‘- 130, e ._L_.A(_ i—"Mcnmrw;mm Ao, . @us S \J'th..Crn'

a.ak =

EL_ AL PAETITD

|5.'5'\c.-3

& L TraawEwiloan JE

N\11— Q':L\\ (.:\ O“LT1J

M.‘t

30(:.‘_:.1(:; racn o

C, o & —d e 5w e Sy T

Casa

E(_ ~aw 2 T ow
(e fy

W

DE wupons T= A L\ Bz by !
B spTo s

- R R

pors scucs ; -

ad = T/ 0 = vAas

e i
- ad

e 0.0084 € San
é ad _ - _ad | R -

i . _ . Be DeSMo pe 5T B U3 ron_am‘?—cﬂw-o

IS PR -\ TR ! VR IV N _ng,m .

.LA;,Pqnm;
i o o G

:E-a-mcb BEF'-._W,, 5.-._.: r_&‘Mra.\o L...n F:.;u'_.um- oe\,Le.s_a'Ln:

e V*._.____ﬂ__._ ._-__._. S

S SO N A N N DUMUILINS DS BRI [V S D R S,

Pv.a,.r\w‘r- e ._a;e:.c_‘,a—a_r_ij \oe-u._mﬂrﬁ S _eAnazma !

EtMJJA;;J_‘_;m Ty N
SR R AR B N NENEES)

Se  ocspm

~1 Lo eS el

n

"QBQW -

- Mg~ t\«.% (A“Q‘L\"‘) .

l Mt,a_ aL3 4. 2-‘5 *"hnr:.m

Cazo &) . o .

: Cormun ¥ &(_,_.= o L3 _ ) _ .
S 5._; - hT =. . ’
P (_‘ H T= <z BRULTO \c] ~
Een s asfy o
1 = — Y C- 2T Go
= 17 c st
2 e S e
3 — T =
Su:.-\rv'qe--oo UBwsada .\"
=N L‘:n-\Q-: Q,Jl - L. . . - . .--..’ -
SIS od = 1318 cpn _
- Vqﬂ-\plmm m & ATTeD e oa-‘prqmam oa_ s;;_:rn-e __ _: h
Saw Eo. d-od _ g oows <&an L
o _ -
ash.. S e
<sEt':--n:nem. = -&““-/o.& o _ . 7, :._‘.o.ma = 2. \% 13 4 Yein

_Laml_\l..: c_u,h_:, o c_curn.ow oL m.mu R I T B O

} sashl _ - .
; ] F“—‘ o :E.E}t—n_ .
[




A Al e B Y, il o e ,Mm . SV S .,..m,.-......;..—.n... o~ ISP TS AN

I'd ~ - .
. L .

' —

T T Do S o o

1A=~ ,; G- ‘““ et ,H‘-1 = R4 ] DEb_;-ués BE CALLOA WA Pty A OE WA LETUTRNTR e
V\&_&ma_ A,,{—-\ (é. od J—-1) o ,, L ) BLOQN o Sobuseicds D C}W\.G‘N . 5€ pETSTUWMINA

— - . . Me.a,m,r: 314‘-1*"‘1‘.\41% R . .

B - | . L mem x. .

Men > As§1 (_c‘:— C\.&"'—'-i)

ol

o = ot ot Ve

c - - - T e T aure Y o ) \.\/\,,-n; E- 2l ST (MR
A——"T'-—

A R T S S .
o ! . Cnes D

.. /l = & o ) o
[, e e~ - e ... . o . R Elwmun = Tcu =0-0Y . .. _ _
- e j . Bow atanm, Do, TRIME O S vMomsaid

. - . . - e L. L - . - . . - = - - s . . !
: Eyec.el . ' i . 1 . Sgwrow | - .-
S 2EY il e - B _
L. L [L.'-k"ﬁ\dc’- S oA BVE | OE SRRy ey ! 7 < ve. oranea [NalC I
| —
“

[ et e

. L;s -:svru“"flb» SN T TN

. (‘ . ' E. B : B I ~ X
._o_ﬂ‘-‘N‘-G 7 __ - . 6 TEMIWDE= he | DTN Er | _Garas.

e T = OO o ] E~fyv 2_‘_‘&_% )Zczco . S
. .. e — Ex . R e .

g g TN r+r"°*‘5_“i.“l"";_;‘) - - - . -
&5 i— rc‘ -_Q&(*_-‘-_ >[ CREC TR i'j‘;). a - bg\ < ' . - c'S% A-QL

- Ec.f\—l-.'u

S =

Pa DSTELAALS LA EUESHLe wpE TETLCS v S :sc"-n:: l‘:-v"'-'m*—

d=4m . .- e s - e -
e l . o= ,&s oA Ea. ez F_unw o Q:&. __S\-_-, L—.sm-y._.ecua i

F—u-am‘u; T c_aMFQﬁ-;...a—.. =3 8 c,-,r-u:_n.m deutv- \..chrQ\

eed

LY E\t;u‘_be‘_tﬁm.scm_;qm =L Ressey c.u-r-lm_
Cor b by e 4 Pl
]

L

1
|
% BE fuMmmLJ'A_ﬂnmw 1 De_ta_ewnvpao =G

-
- T

B e TAL L T



PR » e et o A i mamstm . W SPERUR L S A A s A I TR . i, : o o i PSS o RRTLATCT R, 5 ST S BRI
. - ——— - - - ommmset T T e T T T T
{ dy _ ) -
!
N — - - — o
VU VU e e - - . _ - - .-
CE TR I L S o Qs O a._.Fue:Lo; P C-::r\l\?o".._g S - Coste & =L mpd DL &S e Ul osFomAuc:hlax — L-AS

D

AL At A B o)L e TALO T T _cx&. e e e mer — e e e

Flrime caani 15 Cﬁu—:-w_‘; . e e e e o e e e e
- . IR . S e e

Muv-{ (L\ wd +—\1) L

& gadaxwd Vol

- R _ Moz 327008 e G

CANAG AT s . _ JU.
__(tmn-ew)
=S cn
sasd ey 1 L xs”

-ala ST SVF NP
ﬁ@enm M TS

LAngve™ priewr

e = O Ve LRI 42 2 A -
Frvewea (Foafa). | 2003 oo e T R ¥ Yo

B R T~ - 3 S S - LT B

LEe =0 o3 P T e B - . 2

_Ea= sy =0.00___ _ 3277123

cBerroge T B0V L L L B3RS LG 13

T 4000 T - T r v T T

- ) Aacz mry ]
3500 | : : e

3000

T - T
o ¥ I
. _ 5 .
vt = 000 ¢ S
e B
LT & 150 {
e s A PR
\ ; S
-—i——-ﬁ- 2 1008 o0 Ejlvlﬂlﬂ fe clase 1 -
—_— — == Resistemcia ACI _

...... Resistenc:a AlJ

500 A
———— Resistencia RDF :_I__.'_.'

. . i

ﬁ.Tr—-- 0 N N . N —
_I.V__fh 0.2 0.1 0.4 0.5 0.6 0.1 !
_1"—1*‘.—i- Hotnsing (10E-03 1/cw) -

RN Conat> TRoers I,

v
.

Qo DE Cownmipata Qua S @MPLQ__MM;ENI'O_D“ LER T —

C2AETS De?a e R R | ‘JL\ML~PD~.T\NE‘~JM A= aa Bl N

a0 T pPoiT —FLeeNCA = D\QF—..\.AW\ 0-3 es;uG‘ﬂ-L-d_‘a
- - .
” LBM‘SRA&'b\cﬁ oS D ConaSTo wT cce‘»m 5\-T-n...' A Peapn

Larrd 2E tdGibal @L“ T

al -~ <

L
‘ ’ — < taCad
& - i =T -¢ =2 ) . -—‘f ] J

1"-:Ab —_— T —— T T

. . . L. . ,
<. Esvuwemniag | SIMP.\PHCAO-:“ .

T v BITRDC  Ow OEEOrLAAD orMx QRATTRIZOAS TR G es L L

&t-mh}- = &c_.. = 0.0u3 - - ' -

E-“‘E. - T= tﬁrsg

o TACEL. Qe TRWTR W lave-

(i SV A S DS

(s e Th Do Ep pE-uMau?‘hc-EJ .

g s Los @uc(bue_-; [ == t:‘bF‘\.'E'\‘b'bQ a: c_.m--\Ptz,\;-.s\.m-\ (-I‘l-ni-‘-l:'-vL

b ‘S\MFLLC‘LC_ADQJ C.nw\q Ly MOM‘HB M =l A w -

SEDM 1R LES WS DCG‘Pm Vool

50)/70 _

. B . e

TLOMS a3 /

(‘,‘ . | 085 —o.0% QF‘L'

T e e By

B X

€z e

Qs\, bora g.ew:nc 'o&s t:zsf—‘u\-_-.m; u‘ CE!‘—O!_MQCA-EFEAA#A__'

[ e ———- —em _! . — ___‘-_.‘ U N Lot

LA _CoLED u\.{-umo___( &c.... o u:e LphLAa L




UBWLL loB‘ C Al L

Ma b

:!—(:'C/‘z. —-——-{2}

Bo oy et |2.&;-5\)L.T“Mrh ey LA s—w..u-. \-‘Q.JQ"Q\\'N:: Qsag I

O:;_.sp‘\a Rty C-‘ = Cl) 9 Sqa—nru1c—ﬂoqu4: e ).

SR

'r._ﬂ_,.,__ T 0 {\—1 la 3_[__ el D Ecifh I(t‘\ /(:*:.-J

_ ___Jaa e

_M"&ﬁ_;‘ilc\[ ' v’-ﬁ}"& .E‘ (?_xo ‘&‘.\J?“__

TR

@aa;::a:% T 7:;';;;;;m e ania o T

—_———— _r__l_‘._. s S — SR T PRI T DU U S N

v oy
—_——t :

'

DY S A IS el BN € VA

lf'iii

oo,
""l’

|
F<-: A
i i

G.u,_ e.s -.A_ng..—_‘p_n]_.s,-;...c;h_LPan v __PQ ex.,fm\_nm_

-~

b e et s P 2 i il WL L i hi s b e+ S i i it e - . Lol
i
P ! s
=1/ ! ze ) |
L 3 QE‘G-v‘--‘-\Mm'—os ) , BE  TuEmE C . s%( o : 'E—::;X_‘\:-;_(;;T_w7 :\.:-a"r;\;ﬁm;-q_ s \laert;;bmm . TE‘H&\.Q’...,'
T Xy . e : ‘__Lsfaué.;r;é»;.éd . ___'_' L 'j_'__ el L
. )'C‘ . s - c.:_ v .- Q..,._,. R Mm BAEITD SLMLmn, L= '?—\DF—' R,
- S— d-asy, e e s e
. ; . ) & | N SR [t-o%%j (&_41/{“
I | £2>8 4 — 1T = ashy L - | . : x
) L B c,o.a,g‘{ .
’ <= (oes{)p b * - : . LT dresesRCT
.?«:ra. S0l L BLa . =T . _ ' ¢ = !L.g—(-.wﬁh = arj P c;umc:;«_r\s ?m?bh—&u AR TYARTD Mlm‘h

>
@hS\mma-e‘\: SieavaT. AL Den AC.,:_/ P{Ln 'e\_mnz':"'--k LYY AN

E/(F?..g__su:ru:—_; 3\hn\\on._.;c‘~‘_<_.nom Pg‘fLA O-:.—fﬁ:"‘t..mu._zbﬂ. LAlas |

- - - e a— - —_ - - f—— - [

ﬂ-ﬂ'é‘awsr\-ﬂc.x.ml_ A TLICON O msrz.\ “T'\Nsus-qm _?—n-\..\s—r-s(__m_

e

-J’ \.H—T“l BAQ TR T st

o MC.(.._ - "e\/i'l

T e =X

—_— M1 - B_A.?‘-Eﬂw(-h/(- wJ o
R P L [. 3.\»__!:’ T :.__::.

]
'

JTRG=leaal A;&"_'""f‘ o P s
e -mwg}.:‘__/, s

; | ' e e o
¥ T 3 M e

Ee 'r"'hPQ.L'Z.‘Jl:._? 2o v, mﬁmnwm_%a_sn.%_mgmmwmm&n
‘ s — e ——— R S S

L] m_ng-smc«-:b U\-‘D.N:hf _,LALN\LJE‘_L-EK_D‘ memghm.ﬁﬁ_m_s.i_:
Yo T ‘ ' Y } 1 | }

Exsfujmﬂe_(_.f n_n{hnz.w.:_fomMﬁuL‘ '__ i ‘J_ &W&L&.‘ﬂhmﬂka‘g‘

T e aris .,_,.-«; nta
1y WL e TR RS L s

. S Sleem LAt . A s
P R A L R R T R P P S SN R PN SR R N =



B e PR Vo, . o i ¥, a, ke b, -4 [ Y —s ok i 2. e A e bt
———— s - - - ' _ .. . oo e R e — - s .
z 3, | 2af
.
i
—_—- - - ——— i - . - - - - [P -

. - . i . S L C e
DE QLo TRDSS  Caes A E S TRLES VI oa O AR TS -)w:\h?v..‘?-\mnu v OBTE WL DaE LA QELACO r

t

|

! PO TAERTR —COSIRTIEL D OF SELO ey Fo ETV O P\.E’K.\.E‘F ,S\Mfu_.,_-'; . .
' . i

[t == T ) U:.M&qu'm L RESLSROMD TxpPei A MRUSS | fRERE IR WeS Ao - -
. - - == 1

- S e - st e e e i Mg = - -
DimzL e, MBI AAL . e T VS Ve
v .

) . ! .o
!
.
]
|

Las erroesiems. U ALY B, tweeEstrass 0P0ARRAATOAME R S Uil

9

002 Pruseies Ditige Mgumhom

.- Pours be asn.\-e.;ka“m OB Can T (e d}u) .

Ll TR T TP
~
!
T
i
1
!
I
1
I

1 * Coumny
" esms

> . am - - R . . . s . _
a 000 "nau’" s00a * I . " . St contuma TAMT, S Mor ceran e ¢¢r s O g PacteNt I o
i LA O R4 o’ 003 0 3@ 120 123 230 339 240 0e3 |

A pviprs _ i .

z ) ) ) -
METROD ?u;ucur-ﬂoe AVITE AL ZrayatE |, Lo oo rmed L) WO S o Tl Mg~

‘zl:i’b\‘t_mom Eﬂv‘:ﬁ::ﬂ_khf\q_-,‘“ﬁﬁ\_il . R e L]
Lt Rea . o . . . :
e e e e e e e - Pﬂ..:-(.h.:s;m va. Nae s (L _ FeQrenom Mo, bhuEFTe oA . - - - e e eme e

- . - . - . - - Pormro e PuLuinted DO SCELE DE ASTUSLLD (MY, ‘5«*). .
- . .. B . ..

R o .
SE. QOraS Aed el STt ™ TED WS FovLsaapd BEaglE toa .\ [ ¥y ey

e | dim pon tam AyET A Pusdn SRS VAL peiiche eoL ey seuTe
¢ e o LD £ (e ) 5508 1o mria AUS La PO CEATAIDE 0o LA 2REGS. TheR
L C vewsal . . T oLl
| e el - N N R 1 A
i %/'/ : R e S,
' : t_:.\a“_z(/byw._\ U U O S ‘ cE % : -~ Acd - ACo L
feoporam o om By T | [ DU T PP I LT

B iy U F U

nfe 4 nby f.%ﬁ"'. .

AR LA Al e R RN R .
R T TR - - - .




o egmagr L L, . v A C g et
gt - e Pl e ORI 2 - e, e,
—-
.
, s/
[J—— - — —_ e - . il

.ot 1,‘2n(’t C.‘.—.‘ZHFE?— — e =

—ymm - s

ety "\ft ‘“f’= S .

L,-._h.:uo\_. peaa e Fannw 3 . . R - -

b c.=\/@f’+. ?7—'1(’.; "‘f\(’t.“-.‘ ST T

L. Cut.\rnmn..n (‘MW‘) — . _‘._._.
«d S L
— . - S GRS N —— e e

PU [ n w__\ _Caxz J)

Mg =
Lo Ny = .§-~( Ax\-_ [".‘ C.{/'_;_J é“,,(-“'.c“)

cie =TT
" t

H—:nh 2, R STENNOCS CCTIMAA _ 0 b‘—"_ailié:}dm e L Can e ALETD Qh’\.., 6\.})

&m- O

.._.,_[k,,p k\. ‘.NA e Przlpoe _a Ew- B OLJ
e - :.-‘,5_.._. . BEslalen Mm\\.txﬁ (== JW Y3

E.E_E-\\_l'\m.l)

P

F‘O'L E\’Inuu..\q;"l.\.«.: e e

B o S v ‘ :
[ P4 SHES R [ J(R‘;‘F&. ) e
_-,f%ﬁ"_—c_.f: Y TR T -

- \'Cb b&LL &-x P-}. {-\:__..w e e e Iu,__.

I..
l 5Mnt=\ﬂ°~o_ﬂ_ua i A PYSSN W_CCNCALTE‘*__ELL < ?LBu EB/c.m.
- i

'1___[:5_ . 8‘5 ‘oomJ'__.

. |
}_Aga{mmn;_:u.. m_aasmnﬁc;qn_u auemxfmr?m_gsm_.umm'
S T T SR N N A O W S O S I?_l_;.'.ii,l'.'i

1 '

s ospodmncinr | adal ol Bunns oo satveraas AN Lo tas
. i |

TR T £ g et e
Te P S e T v .
S . o~ - - Voo
-a-i—.._...-_.:...'m.. BT A el oo Lae . . - P

3 iy ; J £ e s . n 5 ' - ik, Iy

) B .- R I -

Pr_\ﬂ..q HFHTE= Cawd w?c WETALTY -

Ly ave Fh g 2ne 9 /m‘m«
S A Y o 3 (

i kil — < e P

A E G TR ftaa oa"ac'n-n

D g

. .;;TL‘-{__ L wALST v (—l- ';“-l

()

Lo NEOTLAAE B O LEL WO na] N ETRe

m—-ws), ‘o.r.-_ vy Q~aa
ko= ky= o a5 _;_":

Cow = Peby Ciw = U384 W A

. o.'l?.'.'ng',‘t. .- e [

w— ()t{i_t

fa

(Vmpee o8 worwaitie o TeEwzwe/.

T MO MAELTD (AEIVWITI AN O, stTORY | Cuw . SRR UadTay

My = Aﬁd(l—o Arsco )\

CaTeuna—oa |

Do

_,eq_t.\_a.m. N _{

[ &‘a;-\ (C& L: C.;\_,A) |

i s c_,nn.q_,.;:fur—-oxe.ﬂw Lak o ras SN T
& -

Ec-../(w

el U &e:r_.r_be '\'\mnt\u-tz_\h; o - _'

Qs:_T\\_\Ono [=1-% \'-'-t.l‘ﬂc—tbm

= Cfau /ch_ T

Su \.1:'11."\1‘1 ENbO o vnm: os dha o _@ﬂ, e —




e POl it St il nim il g LT sl b 4 : e A i Sdvas - “ 3
e A v bl b e - K SO 0 e B s a3 2

; 0

2 g
/ '. L
— : -
FL eafToos  sueapui Fuaoe B S5 oSTrnNbn Lo SEEUE RO @, Lo, ALEEEE DS RofFuSwAa _1(
T PO LAt 2STu i V-t =2
{ £ f - Bach Tonmiusy 4 S S:TRpa OF ERROERLAr SR S CardtaeTo, Ul bse 4 {1}
-
< - - . e e e mmmeme e e e M e wa A m omm il . —
peaa ETASNTL ER TRAUCT Wlies A PULEYAUN Cnad MOMCmAO Loy (0 cdvie ; !/-{f‘_ ‘
.. . dec
e ATy ) eaaaums L B CRPLEW AL ALRNel & Corsaeret ow ALt - - D-a-o - - PESTEEE ,......._./‘/ - e e ‘F""- —————— F- -
. - : - D R B A - - NN T <t v T I Yt _
L immtes |, U raStoeD PRopolRiisul (LEOWMA de Apguaib oo g b [ =Y Z = - I
B e LT - - e - -
TENOLMCG: oG TICAPARTTR MALETS 3 @ a5 ws g Bmo ue - PO s oo - - —f- - —-*-—"\'"‘—---— v m T
ceu.w.ae e e e e e — aaem
TATVD CMAEN T AMA, NMT Ll BT TR Y g e prs e --- — e
- . [ .Y [y Al P Uy ™~
Q Se _PETENN Yy A<f-\~_ (_P) -1 A ha L oL = AN T )
c i - ee- TE RENpeiTs 0 CaTho Dl . CRETVO D e L, TS Ik
La i tna Drac (m wa M;TUO‘: P o e pota wa CETZR A A e e e B QN\) o PETORNDY 2a WA IECSLEN R o T
— peA B EArRos 08  LITRLMOCATER Qe Bl e e
RS A QGLasaa MM R Cufamien & EFetcs 06 Ladn Al oYL oo g T - S r- ‘*‘___‘ hieh s Tttty
ko 1= e e .. L Prrl vl — \L_ s L—QMF'IU;;‘L\.'::N @:. ‘.:a.\‘nvo)
B a fM LS LoD (&) - e
~a L tm el O L o j (‘c. (,Q 1‘1 {- 2&511:5\_ —_ Zpﬂ-t{'\t o o _
lvestomn eBe LT R D T -k - i T T s mm e e =
= Cagha Amdc e o wESodie TlamiuTesas O] - -
U . . ac el L B e Elmranenitg Lnn) ~oas N‘Lg,iDL»\.__l:_ngw\_\m
C e Seu TTL AN e . .
- Pﬂﬂf'\@m:&.s . [, (;U—":‘_./ e o - T oERME PR yh RS FRTB, NERAF LA L e m_]%s\%
L. L DER T asdeaPa_Pus CoRdeEtos . L —
‘P'L:LG\ﬁ\MLs\J ™ @ \, Tt e = B - o e
(U Bupized pen TETESilesn i e TR o wa BEA e TLUSRYA - -’L‘F‘m"'-m bl s Lo DT Ca (3:;;\:,._“- o5 ., Em- JRUUNS
A cEreale P = (2] . SEmEcmua ey e paars ‘.“‘*"*‘"' --—'“‘*""";(—;'*‘*' T s —e e -
B LOo® B a0, AmNDS L Lesmed Al UM Y ABLew,  BAAg MO O cooom -1 - T sttt o o - .=
( SUDLeaD | OSEROS .L. FOT S e Rou=0.01 . Pecarmsiaeaes T T T T mnn o e e e e o = et
o~ ?q <o (=P}
B LAgmd 06 wALsAE TE RO wm e e ANemas st DS (ua e E --~T\ 2 ——Q TS ‘*“L-—%HH‘M—MB- f—A\-LuuumJ-_._
. TR Pqesa pon MELE MWORDE DRl A} | R T T TTT st o m memeocimmomme s em mtem o s e e
e e e e Fq.\uun Lo, S wex\zx_m oo OB QLTI .
- P _ T . e : A
N O -1 TumHE. LA PAmenT O EEe MeYTRe (s ~) , OBTE AW - Lt "—Q‘ok 'f‘:;—""" - ’"“é ;‘“ ’*é‘b_— — e -E‘"“'—"***',*
e & OBl L - AMOLET <. _
L SIINROS 06 OCREOAASLOMNS  Oed TREUMS | AiadE PO ol . e T S RS at 4 Me e -pEvRELA
P e s ama aae o me e = -,g‘,,@—E’OUQALM A bt mmmm W e Ao e o d e e e b s e b —m e e
. _ i f%; T S [—— ‘
cT ) - . 29__) - o pe <,  oonend avmﬁnﬂ-uﬁ I _
- 4 oo w Epr, C—-- - : . N ; T
- B - R - - - &~ - _C;;; - - ,____;.__P mpn__.s—a._ma Pa:.u‘-uu- o
v - . [ '
Beraa . 5=. Pug“l}, \E‘be_ G {3‘1.5."-’-‘-5(.‘.
E' _‘;" T LT - 1 m‘- lucv_w_‘:-e._.a. el g e R -
1 . [ ———
! “.h__.pmm s—e.l_fasm_.@_ﬂ(ﬁ.ﬁ@__ Y
oIt oo | %mmﬂm‘_v'b\rg‘{, o N
. Fommos. v, OETononn uores, L L ' o
RSP+ _msmn..m_‘ﬁ__mmmmn“
. . 1 i |

.__._____,,\.'nﬂ [Re -1 N _Pnl.d \_nq --&:_ 2>
'
I

C._:.qpt%ﬂu; SRR A,

'___mm P i
AR i'=lJiIl_1»J

R T L PR NP




e g i

C' Co i tman & “Quu—nz.vbb— O D CaET T £ Ll sguy MR TS (‘2&:
pPETe Ay S Ma s PL—B:-“‘-:‘ [ =G} 'Ezcr_q_-,u_) s T &RTE MDD Puq
i L - Pp"\

= 5-* L,_ bl L’&]‘P Co-cj ]‘-t';“‘“;tl k—iﬁsu{”‘-l— (a—&mj +
< an.(“’c.( < - 'L“'Co)

< . ‘
M'}’—: LL \1‘%‘1.\ \-(_e_-(.J(Cz._-“T:.) %?‘\u-g-sg (.C-&’.L.J"
-Z B, E’s-_ (a- A'-tJ

Davavha 5_: 1‘-— b ‘B&‘*‘ PR PAELTD pan au e PER Loy S ERS g

. e B farreuZETD Enas P av S

ce ’S: {. LNL‘

o o= {7 Heay - -

Covaaivan

4= 2./
Qe b ea)/ due

(LA SR VIS S e Lgv?.-:carwvu.:u:--ql’\‘z‘-:

T P A DE YiEEeSk M pammam ot LD o POl on

DEFa Lans v

RS i1aTHE LA ] Latnivgr o SLoraea o) ST Urufa

- e .o
s .- DoybsoDie =3 AT DML t\o\—-‘{:.oe. aECTioe) TU-D Wy S -

B o e e e . '___'___—.:, T
O Eﬂt.m o&c_vhlrih"‘b\..ln\-q 2 N

@ E.pm BEL  pettear U-

LENL R Lo et ReTD ., I

e e L '
i v H T
—_— . < . - . _
§ T
[T S
-”-

I;‘gj-t FGC-‘i ".‘;-“(:!Bc"-l + ‘EQ\:L;(, (z- «'_Lsc_) 'zbe-:g—;t(_e_—&,:y_)

o

rrnin Line

Sreenis f104 (41

Rettnie dinnsiad

— s b L r

i LY LIN R 11

i e e ———
Al —

C._;lun-wf-q-_t'fe_w‘ -\E}J

@ Brmeto o= LA LSS 3 TE A ‘F‘..
1

- — ——— o ———— s L
' [
L] e
3
e Zom
i
- | (L]
i
I
' Poerer i sarene [0 )

1 " (X (X (X

Couttustone (em win?)

ALEMNS

@ Epecrs o way |

e pmdale 14 TReanty

=== meania dn Laac-lure

e LT

4 Y] (X3 [ L

i
i
|

D GLETLO A _Tem

3

H ' t i

! ! i '

i | .

I 1

: | 1—:,- HHE aseed

'

. i =e pgr LA tarast

! — e 14 Tgiend |

[ [ " Y 0

Cadeuntenyy Gifewm wao ¥

S-u.\r-. .(J:“l ‘-‘ ..bmfbﬂcsuun

-~ IR

H
i .
' i
. s L
) H 4 i !
z H H ! .
: b | j | !

HE ) H .

i A . i P
I i ' i | i
(L] 4 == aq= 19 I1 «ut {a01V) 1 = ' E Mk el Lae

“* e o= 13 N ced (BOTI) | - i =Tt = 104 el [EREN)
f =g mant g - ' T e ALY UL
" o " " N 0 at o u 11 u o Ly
AT Fed, T T G AT ST Qe e Y T
- eem? : ———— - b e
[ \ o ' , ' N Iy
[ -
P bio
===
e em —_— [ S PR
¢ — N - - . N -‘\
LT N .. W e v owwl AT . -

T
- ¥
[RRCRR A P



itk tfiais, > v - -——'v_n-..m-z-.nu...mm ,.M.m’.,h, P
. u/

LEFo@mtla s MA il 4 rAEHLAn

o "Fm_.w LT YR = - Phn. F'—-l:'l'wnr\ _S-P_ F%S‘T\um,mnm%,&s ALl_ogiea

AL maSPrAD ﬁt‘mru

D FLuE™NU s sva e, plamia g\._)‘?E&qu,_.q ‘i

P\_J\’,,m—

Qoo

e ':c.a"
P

— |_ + -
T L e e
- _Ié_- _ce~ | : 7
c I R - I S
R _I__ d &E = /s, - -
o e I ‘ -_‘ QEL“\ .
- - - . . ez C&SUFL)‘QQSLCJ

C:n;n-:xe.\mr-so‘ B esiDot pa Dﬁ:nc—Mucw 9 E"-F\‘“'L‘u_u AN R R,

CoaOiCan = OF L& islEw Gy

u:ﬂm behh ) g (1Y _"30_“-‘-"-'-1.,&.‘1)0'-‘& PR -V & Nl & 58

PTTELM gk LA

BT ™ DE AERG |~ SIS avan pALs BwTm CormTntam -

Prcicdm wa o ... T LT o
BN AR I VP Zi;qx/c. . =U*/E)’/;£ se

. - 9. 3 o S
(: I _C "’[ [P N .{r_sj et e e e e e e

2, E‘hu\\.‘nﬂtﬁ O sc-.o;zbm g o F-TER-LWE 0011

(z{ L ,___.."_ e

(a E-.-:afc_) & (fatt.J__,,ﬁ

_Busnmqe--ao

L..,_-.._r._

] a_, ._L‘l. L_. e e

(o B&ELJ L: (5 4,

LQ‘S:}E;

1

e temar - B . - - l et ae

. - . P . - . P . -, Sy T .

Dt b s . e B e o i+ At el e > S i e ML e oAl > V)
2/

?L:a_t..z--m]n - atEaxm paia o Fhwery  BRACARCET S0, . PO R -

(k:--e- 8>

pode ] erse T T
* ‘1"1 ‘-3@‘.‘;1 e e el e e

{”(,_ L2 (u

Pr < P
' A

—_— Pra_a.:-um ol Faatkhiw, oo
SR TR oA B BTy S A el ST
P&Mr‘b co—en VoL T N

LW ) >

Cos e L Pﬂpr\;—ul‘b Lomfof we  SEen @OR MMuE— T DGerie. \t p 2=t

[NV rquan... Do DR LkaEESTSa R Q,:-MPQ,QNMLEN\": O Epure Ll naa T fll:.!.

( _ . N T

PIFOCLAnnoulmn OFL aftalta |, 6y Ubay W2 @OIVaLCL0sn Qum LA Vo See | (i

D te FlLu@etun 2ows WET MO QUus W pD heanbdl ) TR \.)‘-cpnhﬂ.un .

whitw. MOk Aas B LA QuA Mt DE EPusmeza Ee TeMmam  cocAs e\

e LA LeesTlO A LD Facs BaOn A teEnod . -

P o 0.0 P . e e e

Poria Tews Cows . fan ST U T BB AALLS ENTERILTS DR ELrALE
FW,—QE’E\; .- . - et e e - .

deG\\JN“ a6 e paa T P!Lnf:l@m oy BETLTES VALGRS: [PARe (’M

(.f‘__s-.-z,& EV’ J

% Dl

o= t—‘-\

RpE f,.,, _ :_' "tbm

"

amua
bex ',f .'__(Ef,;., - ig PEC (F'l's' r.—a'& '“J/u..J
SN H cn.a:.x_w{—-l . o L

_Pewmmig potm :M\ND"_&,‘_

Fn.n.q L CRDh, RASs .

- iaes\oe-u—n _- a.e-pt..:e.--t-n M\HLMQ ({'mm) ,_:.: v’_EQm"mc.-. \.rr-l" .

— uu-woap o:-.__,.«:)cen—a =N ILEF«EW.L:; Ly _?.:—:ru«nm _AL E'u«:meh«-\ !-c:sfen.mﬂ-.
i ! L L

el MarcaTa | A.\.__A &v.mmawm . sz._ Eswtnen !

L— F’M..ua F'ﬂ-—nhu_ -_‘1 GM&.A__J._

B 1

~L i . i ! L1 ——
SRR R B R N b i il T W NI It
i 1 T T 7 - n - X
1 : RN '\“ [N I I o i) w2 D€ POs0o . Canrb. SromTCatn, n:t:;c.’w_ce_. satutioan i L

! .

t

i

.—--'
Cllnvipdion ¥ NEC R N Pysaiv P P s, L -3
T [ROEIPTRUE P (. SO Tk an e ot m o e e T e TIP3 SN PP SR IR § 4




. i L e B
h'i'_/
MaA 2 2 Mer
=1 fAw = t-‘._ b&"w(‘lhu =9 w?} , prs pusstn ‘A ";‘\“‘K ST,
e BROE
1 Mo (:u; Ee
wliba (e mu) =2 fii 20
B ;C‘, s pEmegdc |, BE 0%urd Qus wt =0 ’ B
. '\.».:("L, Z('u\ffl ( Sumrramon  mee D‘-\R)

& = P fun /81, |
Do 2w ‘1:;; = 2V Feepesta Al |, RoF |
C—D-""Dcvr.a-oom, CAahu MU B PSS e L e BRSSP CZaea OB e S22 TR :
TS Qs {;_ s Az P \

(2‘::’: 14/{"1 - r'vu-f'ucﬂ'b AEM en M-y [ LD PMM{LLI} [N Yal) ‘
fliaunes RES LI ez T PrSRUMES s SURGIET IS Vel poin (J'mn..‘ !
P A S - |
n.ﬂcrimt,_ Lo = G Vn /\C1 | | |

4 . - . \ - . -
nx)j . _(0._..‘ - | a-cud
_ T _. ) % e rlz::;u-.‘-wz.\oo R C—D“—"‘!VQVS"N\;.)&—_\’I.]T"J_

;
S




FIBRA DE CARBON EN CONCRETO REFORZADO

Oscar A. Lopez Batiz

Centro Nacional de Prevencion de Desastres

INTRODUCCION

En afios recientes se han presentado dafios de importancia en las estructuras de concreto reforzado producto
de la ocurrencia de sismos, ejemplo de ello son los dafios reportados durante los sismos de México en 1985,
Loma Prieta en 1989, Northridge en 1994 v Kobe en 1995. La existencia de estructuras danadas por sismos. o
estructuras que no satisfacen adecuadamente los lineamientos y requerimientos de los reglamentos en vigor,
ha provocado la necesidad del reforzamiento de las mismas. Considerando a las estructuras de concreto
reforzado. existe un nimero importante de procedimientos de refuerzo “tradicionales™. dentro de los que se
podrian sefalar. entre otros, el encamisado con concreto reforzado y el encamisado con elementos metélicos:
asi como la rigidizacién de las estructuras por medio de diagonales de contraventeo principalmente de acero
estructural. Adicionalmente. en la ultima década se han propuesto y, en algunos casos. llegado a emplear
procedimientos de reforzamiento de estructuras de concreto reforzado con tecnologia novedosa como es.
entre otros, el uso de fibras de carbon (FC) y la implementacion de dispositivos disipadores de energia.

En las postrimerias de los afos 1970 (Yamamoto et al. 1978) y durante los afios 1980 (Kobatake et al. 1989).
se ha venido desarrollando investigacion sobre el uso de FC dentro de la construccion, especificamente como
una opcidn viable para el refuerzo de estructuras de concreto reforzado dafiadas por sismo: o para el refuerzo
de estructuras antiguas que presenten insuficiencia en el nivel de seguridad estructural ante la reglamentacion
en vigor. Después. teniendo como parteaguas los dafios ocurridos durante el sismo de Kobe en enero de 1993,
v con objeto de rehabilitar lo antes posible a las zonas afectadas. se realizé una gran cantidad de investigacién
sobre procedimientos de refuerzo. generando informaciéon importante sobre las caracteristicas de
comportamiento de elementos y sistemas estructurales de concreto reforzados empleando FC (por ejemplo.
Katsumata et al. 1993; [wahashi et al. 1996: Kataoka et al. 1996: Osada et al. 1996 Sato et al. 1996).

En este trabajo se presentan algunas de las conclusicnes que se han reportado en trabajos de investigacién
realizados a la fecha sobre el uso de FC como elemento de reforzamiento de trabes v columnas de concreto
reforzado. También. se presentan procedimientos para revisar elementos estructurales de concreto reforzado
en los que se use FC para peder determinar. sobre todo. su capacidad de deformacion v la resistencia a
cortante.

COMPORTAMIENTO DE ELEMENTOS REFORZADOS CON FIBRA DE CARBON

Con un uso adecuado de la FC se pueden obtener modificaciones ventajosas en los parametros caracteristicos
de comportamiento de elementos estructurales de concreto reforzado. como puede ser lograr incrementos
significativos de las resistencias a carga axial. flexion v cortante. El lograr modificaciones al comportamiento
esperado ante alguno de los fendmenos mencionados. dependerd de la orientacién con respecto al eje
longitudinal del elemento que tenga la fibra en su proceso de colocacion. También. dependiendo de la
orientacién que tenga la FC al ser colocada. se pueden lograr incrementos en la capacidad a deformacion de
columnas v trabes Estos incrementos en los parametros de comportamiento de los elementos estructurales
pueden llegar a ser significativos comparandolos con respecto a los valores de los parametros en ios mismos
elementos en su estado original antes del proceso de refuerzo.



La fibra de carbén como elemento confinante

Con objeto de incrementar el nivel de seguridad del comportamiento ante sismo de estructuras de concreto
reforzado existentes, se ha propuesto el uso de la FC como material confinante del concreto. de manera que
se logre un incremento en la resistencia a carga axial. a flexocompresion y en la capacidad de deformacién de
los elementos estructurales en los que sea aphcada Para evaluar los niveles de incremento en las resistencias
ante diferentes tipos de esfuerzos demandados. y estudiar el comportamiento de los elementos de concreto
reforzado confinados con FC, se ha desarrollado en los ultimos cinco afios una gran cantidad de trabajo
experimental que permite presentar algunas conclusiones sobre sus resultados (por cjemplo. Funakawa et al
(1998). Kataoka et al (1996), Katsumata et al (1993), Kimura et al (1998), Kusuhara et al (1998) y Osada et
al (1996) entre otros). Asi, como se muestra en la Figura-1, un elemento disefiado con un reglamento
“antiguo” v sujeto a carga lateral ciclica reversible, propia de la que produciria la incidencia de fuerza sismica
en una estructura, presentaria un comportamiento basicamente fragil después de alcanzar la resistencia de
fluencia por flexion (ductilidad de desplazamiento unitaria. definida ésta ductilidad como la relacién entre el
desplazamiento Gltimo v el desplazamiento a la condicion de fluencia del acero de refuerzo por flexidn en
tension} como el indicado en la grafica (a); por otro lado. el mismo elemento disefiado con un reglamento
“antiguo”, pero reforzado incrementando los esfuerzos de confinamiento y la resistencia a cortante por medio
del uso de FC. presentaria un comportamiento con gran capacidad a deformacion, baja degradacion de
resistencia y alta ductilidad, como se presenta en la grafica (b).
T

El considerar a la FC como refuerzo unicamente de confinamiento seria valido en columnas sujetas a carga
axial perfectamente concéntrica. caso que se presentaria en raras ocasiones y en estructuras no sujetas a
cargas laterales: sin embargo. se puede usar como un parametro de cuantificacion del efecto del uso de la FC.
En realidad. los elementos de estructuras sujetas a fuerzas laterales producidas por un sismo que sean
disefiados considerando la posibilidad de que presenten un comportamiento ductil. deberan tener un
comportamiento de fluencia y post-fluencia en flexion o flexocompresiéon adecuado. por lo que debera
asegurarse de que el fendmeno de falla por cortante y adherencia. si tiende a presentarse. se presente después
de lograr niveles de ductilidad (por curvatura. rotacion o desplazamiento a nivel de elemento estructural. por
ejemplo) adecuada y acorde a lo que el ingeniero esta considerando en las hipotesis de disefio (niveles de
comportamiento que se desconocen siguiendo la reglamentacion vigente).

De la revision de los trabajos experimentales relacionados con el uso de la FC para incrementar la capacidad
a deformacion en elementos columna por medio del aumento del esfuerzo de confinamiento, logrando una
mejor capacidad a desarrollar ductilidad v un comportamiento mas estable ante cargas laterales ciclicas
reversibles. se tienen los resultados que se presentan en la Figura-2. De ésta figura se puede distinguir que en
general, a mayor relacion del esfuerzo de confinamiento del elemento con FC v el elemento en su estado

original, definido éste esfuerzo de confinamiento por la relacidn p,o., (donde, p,, es la cuantia de refuerzo |

lateral, ¥ &, es el esfuerzo a la fluencia del refuerzo lateral), mayor resuita la ductilidad que alcanza el
elemento estructural. La conclusidn anterior no difiere cualitativamente de las que se pueden encontrar en la
literatura para elementos de concreto reforzado con refuerzo lateral tradicional. En este caso la ventaja que
tiene el uso de ta FC radica en que por su alta resistencia a la tension, una sola capa de ésta proporcionara un
incremento significativo en el valor de la relacion del esfuerzo de confinamiento p,0.,. Ademas, el uso de la

FC representaria un trabajo limpio, rapido v con nula variacion en las caracteristicas estéticas del sistema
estructural.

En la Figura-2 se presentan los resultados de columnas que fallan por cortante después de alcanzar la fluencia
por flexion. alcanzando niveles de ductilidad por desplazamiento {u;) mayores a la unidad. En el eje vertical
se indica la relacion entre la ductilidad alcanzada por el elemento reforzado con FC (uec) y la ductilidad
alcanzada por el elemento en su condicidn original de refuerzo {1o). En el eje horizontal se presenta la



relacion entre el esfuerzo de confinamiento del elemento con refuerzo de FC ((puwOwy)ec) ¥ el esfuerzo de
confinamiento del elemento en su estado original ((P«Ouy)o). También en la misma Figura-2 se puede
apreciar que un pardmetro que influye significativamente en la eficiencia del uso de la FC como elemento
confinante en columnas, es el nivel de carga axial al que esté sujeto el elemento estructural. Se puede
distinguir que para elementos con esfuerzo axial menor o igual a 0.1f ¢ (donde f¢ es la resistencia a
compresién del concreto obtenida de pruebas a compresion en cilindros sanos de concreto) bastan niveles
bajos de la relacion de esfuerzos de confinamiento (puGwy)rc/(PwGuy)o para lograr incrementos importantes en
la capacidad a deformacién del elemento. Sin embargo, para cuando los niveles de esfuerzo axial en el
elemento estructural son superiores a 0.1f"¢, se requiere de un valor mayor de la relacion (p.Gu, Jrc/ (PO o
para lograr incrementos significativos de la capacidad a deformacion.

Los resultados experimentales empleados para la elaboracidn de la Figura-2 incluyen columnas con diferentes
relaciones de claro de cortante a peralte y diferentes procedimientos de aplicacion de carga y medicion de
desplazamientos (columnas en cantiliver. columnas con distribucion antisimétrica de momentos. etc.). En éste
tipo de uso de la FC para refuerzo, incrementando confinamiento y resistencia a cortante de columnas, se
reportan generalmente comportamientos adecuados en los empaimes o traslapes de la FC colocada alrededor
de la columna.

De igual manera que para el caso de columnas, se hizo una revision de trabajos relacionados con el uso de la
FC como elemento de refuerzo en trabes, que permitiera incrementar la capacidad a deformacién por flexion
e incrementara la holgura ante la posibilidad de aparicion de la falla por cortante y adherencia antes de un
nivel de desplazamiento en postfluencia determinado. Un resumen de los resultados experimentales se
presenta en la Figura-3. A diferencia de lo que se indica en trabajos previos sobre el uso de la FC en trabes
(Khalifa et al. 1998). la eficiencia de la FC en estos elementos, para incrementar la capacidad a deformacion
u holgura respecto a la aparicion de la falla de cortante y adherencia. es notablemente menor que para el caso
de columnas. Este fendmeno puede asociarse principalmente a la dificultad de lograr un anclaje adecuado de
la FC en la vecindad de la losa, aspecto que en algunos casos provoca que el uso de la FC reditia en un nulo
beneficio para €l compeortamiento del elemento estructural. Sobre este aspecto se comenta adelante cuando se
presente a la FC como elemento para mejorar la resistencia a cortante.

Es importante notar de la Figura-3 que cuando se tienen trabes con refuerzo por flexion alto (segin el trabajo
de [shikawa et al. 1998, p=0.4py. donde p, es cuantia de refuerzo por flexidn, v py, es la cuantia para la falla
balanceada por flexion). la eficiencia del uso de la FC como material confinante, que permita un incremento
en la capacidad a deformacion del elemento. se ve significativamente reducida.

La fibra de carbén como elemento para mejorar la resistencia a cortante

No es posible analizar el efecto de la FC como elemento que permite incrementar la capacidad a deformacion
de elementos estructurales de concreto reforzado independientemente de su efecto inhibidor o retardador de la
aparicion del fenémeno de falla por cortante v adherencia. Sin embargo, para poder analizar el efecto que
tiene el uso de la FC predominantemente como elemento de refuerzo ante el fenomeno de cortante. se
consideraron resultados experimentales en los que se presentan trabes que fallan por cortante antes de
presentarse la fluencia por flexion del etemento (ductilidad menor que la unidad), antes vy después de
reforzarlas con FC (por ejemplo. Sato et al. 1996; Ishikawa et al, 1998 y Aridome et al, 1998, entre otros).
Con éstos resultados se puede analizar la influencia que tiene fa FC para mejorar la resistencia ante cortante,
obteniéndose resuitados como los que se presentan en la Figura-4. En esta figura se nota la importancia que
tiene el tipo de anclaje de la FC en la vecindad de la losa para lograr eficientar su trabajo como elemento de
refuerzo. Se aprecia que en ¢l elemento en el que no se usd anclaje mecanico (denominado como S-CF-AQ en
la figura) se observé un comportamiento a cortante similar al del elemento sin refuerzo con FC.
Contrariamente. c¢n los dos ¢lementos donde se us¢ anclaje mecanico, se logro un incremento de mas del



100% en la resistencia a cortante. Conclusiones similares se presentan en trabajos como los de Sato et al.
1996: Iwahashi et al. 1996: Ishikawa et al, 1998; Aridome et al, 1998; Hiroya et al, 1998: Suzuki et al. 1998:
Sakamoto et al, 1998: Pareek et al, 1999 y Tsukagoshi et al, 1999; que difiere significativamente de lo
concluido por Khalifa et al. 1998.

Con base en resultados de trabajo experimental en los que se trata de comparar la importancia v eficiencia de
diferentes tipos de anclaje para la FC en la vecindad de la losa, se hace un analisis del incremento de
resistencia a cortante del elemento reforzado con respecto al elemento en su estado original que se presenta
en la Figura-5. En el eje vertical de la figura se presenta la relacion entre la resistencia a cortante del elemento
reforzado con FC (Vrrc) v la resistencia a cortante del elemento en su condicion original (Vgo). En el eje
horizomal se indica la relacion entre el esfuerzo confinante del elemento reforzado con FC ((puGu b)) v el
esfuerzo confinante del elemento original ((p«GOwy)o). Para cada valor dado de la relacion (puGu,)rc/(PuSuylo
se tienen dos valores de la relacion Vppe/Vio unidos por una linea recta: en cada caso. el valor superior
corresponde a la relacion Vgpe/Vyo cuando se usa anclaje mecanico en el modelo de prueba. mientras que ¢l
valor inferior es correspondiente al mismo tipo de modelo de prueba en el cual no se uso anclaje mecanico
para fijar a la FC. Tomando en cuenta los valores medios de la relacion de resistencias para todos los casos.
se puede mencionar que el valor medio de la relacion Vgge/Viyzo cuando no se usa anclaje mecanico para fijar
la FC en la vecindad de la losa resulta igual a 1.30, mientras que el valor medio para la misma relacion de
resistencias de cortante cuando se usa anclaje mecanico. resulta igual a 2.00. Considerando. a la fecha. un
nitmero reducido de resultados experimentales que tratan especificamente sobre la eficiencia del
procedimiento de anclaje de la FC para trabes, en la vecindad de la losa, resulta que cuando se usa anclaje
mecanico se logra un incremento promedio del 54% en la eficiencia del comportamiento ante cortante.

La fibra de carbon como elemento para mejorar la resistencia a flexién

Respecto al estudio de la eficiencia del uso de la FC como refuerzo ante flexion de elementos de concreto
reforzado, Kimura et al. 1998. presenta un trabajo en trabes simplemente apoyadas con carga puntual al
centro del claro. En ese trabajo todos los modelos tienen la misma seccion transversal originat de concreto
reforzado. v se les coloco la misma cuantia de refuerzo por flexion con FC. El parametro experimental que se
considerd fue el mecanismo de fijacion de la FC usada como refuerzo por flexion. En la Figura-6(a) se
muestra un croquis del procedimiento de prueba y en la Figura-6(b) los resultados obtenidos. Para la fijacion
de la FC al concreto del elemento original se usa el material epdxico recomendado por los diferentes
fabricantes. v ademas se sujeta la FC en los extremos del elemento por medio de tensores. Estos tensores se
ajustan a diferentes niveles de esfuerzo de fijacion (o). indicados en el eje horizontal de la Figura-6(b}. en el
eje vertical de la misma figura se presenta la relacién de resistencias a flexion. la experimental obtenida
directamente de la prueba. ¥ la calculada con la teoria de flexion considerando una adherencia perfecta entre
los materiales (Mgpxp/Mrear). De la Figura-6(b). resulta evidente que el considerar que existira una
adherencia perfecta entre la FC de refuerzo v el concreto del elemento original, sin sujetar a la FC con un
mecanismo de anclaje exterior adicional, puede llevar a una sobre-estimacion de la resistencia a flexion del
orden del 42% (tomando en cuenta una muestra todavia reducida de resultados experimentales). también es
claro que a mavor nivel del esfuerzo de fijacion. mayor sera la eficiencia de la FC como refuerzo ante flexion.
Actualmente se esta trabajando con otros resultados experimentales. de manera de poder plantear guias de
disefio que consideren los diferentes procedimientos de anclaje de la FC como elemento de refuerzo ante
flexion v cortante.

EVALUACION DEL COMPORTAMIENTO DE ELEMENTOS DE CONCRETO REFORZADO EN
LOS QUE SE USA FIBRA DE CARBON

Se presenta una descripcion simplificada de procedimientos analiticos que pueden emplearse para cuantificar



los incrementos, producto dei refuerzo por medio del uso de la FC, en la resistencia a cortante en columnas v
trabes, el incremento en la resistencia a carga axial en columnas y el incremento en la capacidad a
deformacion de elementos a flexidn, flexocompresion y cortante., Estos procedimientos toman en cuenta un
factor de eficiencia del uso de la FC, factor cuyo valor dependera del procedimiento de anclaje empleado.

La fibra de carbon como elemento confinante

Como va se menciond. una de las funciones del uso de la FC es incrementar la resistencia a carga axial de
columnas v la capacidad a deformacion de trabes y columnas por medio del confinamiento que proporcione
esta fibra al concreto del elemento. El efecto del confinamiento en el concreto. proporcionado por una presion
lateral. ha sido seiialado y representado por varios autores basicamente por dos procedimientos. Un
procedimiento es siguiendo el concepto clasico representado por la ecuacidon-1 (Richart et al. 1928).
propuesta para considerar el efecto de un confinamiento distribuido en la zona lateral de elementos de
coneretos

f“c'=f-c+0'.f2 (1)

donde:

f»: es el esfuerzo o presion lateral a Ja que esta sujeto el concreto en estudio '
a: es el factor de proporcionalidad (adimensional). que se puede aceptar igual a 4.2 (Nishivama et al. 1996)
" es la resistencia a compresion del concreto simple

. resistencia a la compresion del concreto considerando el efecto incremental producto del confinamiento

Otro procedimiento consiste en considerar propuestas que toman en cuenta el efecto del confinamiento
proporcionado por el trabajo del acero de refuerzo lateral. tratando a éste como un fendmeno puntual
concentrado en la zona de ubicacidon de los anillos. estribos o zunchos: un ejemplo de este criterio lo
constituye la propuesta de Kent y Park (Kent et al, [971) o algunas de sus modificaciones (Scott et al. 1982).

La FC en este caso se colocara de manera que el eje de la misma sea perpendicular al eje del elemento
estructural, Para determinar el efecto del refuerzo con FC en columnas de concreto reforzado. dado que la
fibra presentara una distribucion uniforme en toda la altura del elemento estructural, se puede considerar la
ecuacion- 1. conjuntamente con las propuestas de Kent v Park modificadas. De manera que para determinar la
resistencia a carga axial. ante un analisis incremental de cargas o deformacion axial se puede usar ¢l modelo
de Kent-Park (modificado). cambiando el concepto del factor de ponderacién del confinamiento producto del
refuerzo lateral (factor k). por un factor modificado que considere el efecto confinante de la FC. factor k.
quedando la expresion para la relacion o-¢ del concreto confinado. como se indica en la ecuacion-2:

o=k e (2e/k™) - (s/aok'f para (D<e<gok ) ()

donde:

gy deformacidén unitaria a la resistencia maxima en compresion del concreto simple (=0.002)

g: deformacion unitaria en compresion del concreto en estudio )

f"¢: resistencia maxima a compresion def concreto simple

"¢ resistencia a compresion del concreto confinado

k': factor de ponderacion del confinamiento producto del refuerzo lateral con FC, que podra determinarse por
medio de la ecuacion-3

k‘=] + (p\\c\v_\)FC/ FC (3)



donde:
(PuOw)ic: € la relacién de esfuerzo confinante producto de la FC, que puede calcularse con la ecuacidén-4:

(pv\cw})FC = 27\-tFnyFC /b (4)

7.: factor de eficiencia de la FC (a la fecha resulta dificil encontrar un valor adecuado para este factor; asi por
ejemplo existen propuestas de un valor igual a 2/3 (Katsumata, 1993), otra de un valor tgual a 1/2
(Fujimura, 1998), y propuestas que proponen valores incluso de 1/3 (Sakamoto. 1999). Resulta claro que
la propuesta de cada autor estara influenciada por la geometria del espécimen y el procedimiento de
prueba usado).

tce espesor de la fibra de carbon, considerando el total de capas aplicadas

{oec: esfuerzo resistente en tension de la FC

b: ancho del elemento estructural

La evaluacién del uso de FC en la capacidad a deformacion por flexién y flexocompresién de elementos de
concreto reforzado se hace por medio del estudio de las relaciones momento — curvatura para las secciones
transversales de concreto reforzado; asi como ¢con base en las relaciones momento-rotacion y carga-deflexién
en elementos estructurales. La determinacién de estas relaciones se hace considerando las hipotesis de la
teoria de la flexion clasica v se debe partir del hecho de conocer el nivel de carga axial en la seccion
transversal, la geometria de la misma vy las relaciones esfuerzo — deformacion unitaria de los materiales. De
igual manera que para el caso de la resistencia a carga axial, las relaciones esfuerzo-deformacion del concreto
v del acero para este tipo de analisis pueden ser el modelo de Kent-Park modificado para el concreto simple v
confinado. donde el parametro de ponderacion del efecto de confinamiento k’, sea el indicado en la ecuacion-
3 para cuando se usa FC; y un modelo elasto-plastico perfecto para el acero de refuerzo longitudinal.

En caso de colocar tambi¢n FC con el eje de la misma orientado en la direccion del eje longitudinal del
elemento estructural se podra considerar también la posibilidad de incremento de resistencia a flexion. En
caso de usar unicamente FC colocada como elemento confinante se estara incrementando basicamente la
capacidad a deformacién v la resistencia a cortante. Respecto al efecto de la FC para incrementar la
resistencia a flexion de elemenios de concreto reforzado. como va se menciono. Kimura et al. 1998, presenta
un trabajo experimental donde sefiala sobre la importancia que tambi¢n tiene en el comportamiento a flexion
de elementos de concreto reforzados con FC. el tipo de anclaje que se usa para la FC. Kimura sefala que de
no existir anclaje alguno. incluso en trabes simplemente apoyadas con carga concentrada en el centro del
claro. la eficiencia del uso de la FC se vera significativamente reducida (ver Figura-6). Actualmente el autor
esta trabajando sobra los factores de eficiencia en el uso de la FC para diferentes tipos de anclaje, incluyvendo
su uso para cortante en trabes. como para flexidn en trabes y columnas sujetas a una distribucidn
antisimétrica de momentos. donde la condicidn critica se encuentra en los extremos de los elementos.

La fibra de carbon como elemento de refuerzo para incremento de la resistencia a cortante de
columnas y trabes

Para considerar el efecto de ta FC en la resistencia a cortante de trabes v columnas, se pueden seguir los
lineamientos presentados en la mavoria de los reglamento para estructuras de concreto reforzado. Sin
embargo. con objeto de poder evaluar el incremento de resistencia a cortante conjuntamente con la capacidad
a deformacion de un elemento estructural. v considerando que la resistencia a cortante de un elemento de
concreto reforzado se verd afectada por la incidencia de carga ciclica reversible {en el caso de sismo
principalmente). asi como por la incursion en ¢l rango de comportamiento inelastico no-lineal en flexion (en
los reglamentos se plantea intrinsecamente la consideracion de comportamiento duictil. v por lo tanto la
formacion de articulaciones plasticas en los extremos de las trabes de los marcos resistentes a momento).
algunos autores (Ichinose et al, 1989: Ashheim et al, 1998) presentan propuestas para determinar la
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resistencia a cortante de elementos de concreto reforzado con base en la consideracion de la resistencia
efectiva del concreto al estar sujeto a carga ciclica reversible, asi como considerando la degradacion de
resistencia que presentan los efementos de concreto cuando se les sujeta a carga ciclica reversible v se
incursiona en el rango de comportamiento ineldstico no-lineal. En este trabajo se presenta brevemente la
propuesta de Ichinose, que ha sido considerada en el Instituto de Arquitectos de Japon desde 1988 dentro de
la Guia para Disefio de Estructuras de Concreto Basandose en el Concepto de Resistencia Ultima (AlJ. 1988).
Se plantea la modificacion del mismo para considerar el uso de la FC.

La propuesta del AlJ para determinar la resistencia a cortante de elementos de concreto reforzado. considera
que la fuerza cortante se transmitird a través del elemento estructural por medio del trabajo de dos
mecanismos: uno en el que el concreto trabaja en puntales a compresion diagonal, conjuntamente con el acero
de refuerzo lateral como tensores verticales que permiten. junto con la adherencia entre el refuerzo
tongitudinal v el concreto de su vecindad. el equilibrio en los nodos de una armadura como la que se¢ presenia
en fa Figura-7. Ademas, el otre mecanismo, transmitird parte de la fuerza cortante por medio de un sistema de
puntal de concreto en compresion. equilibrado en las zonas de apovo o carga. de modo que puede
considerarse como un modelo de arco como el que se presenta en la Figura-8. La resistencia a cortante de un
elemento de concreto reforzado estara determinada por la suma de la contribucion de los mecanismos de
armadura v arco, antes mencionados, trabajando simultaneamente. El porcentaje de contribucion de estos
mecanismos a la resistencia a cortante del elemento dependera principalmente de la cuantia de refuerzo
lateral (esfuerzo confinante p,.G..) v de la relacion claro de cortante a peralte del elemento.

La expresion del Al] para resistencia a cortante es la indicada en la ecuacion-5. Sin embargo. se deber
cumplir que para cuando p.C.. resulte mayor que vf /2. entonces se debera considerar PuOw, =V /2

Vu=bjpuowcotp +tanB (1 -B)bDv /2 ' (5
donde.

and={ [{(L/Dy+1]"-L/D} (6)
B=1{ (1 +cotd) puCuy } /(v ) (7)

f¢: resistencia nominal a compresién del concreto simple

p.: cuantia de refuerzo lateral

Oy, : esfuerzo nominal a la fluencia del refuerzo lateral, si Cw,>23f¢. entonces ,,=25f¢

b. j. D v L: respectivamente. ancho de la seccion. distancia entre los centroides de acero de refuerzo en
compresion v tension. peralte total de la seccidn v longitud libre del elemento

v. factor que determina la resistencia efectiva a compresion del concreto considerando la degradacion por ¢l
efecto de la carga ciclica reversible v la incursion en el rango de comportamiento inelastico no-lineal

¢: angulo de inclinacion. respecto al ¢je longitudinal del elemento. de los puntales de concreto en compresion
dentro del mecanismo de armadura (ver Figura-7)

Para elementos en los que no se planea la formacion de articulaciones plasticas en sus extremos. los valores
de los parametros v v cotd s¢ constderaran como se indica en las ecuaciones-(8) y (9) Para el factor de
resistencia efectiva a cpmpresic’m del concreto ante carga ciclica reversible v, se considerara el valor
experimental. vg, propuesto por Nielsen (1978):

vo=0.7-f¢/2000 ' (8)

Para el valor de cotd. se considera el menor de los valores calculados con las ecuaciones-9.1 2 9.3



cotd = 2.0 ‘ (9.1)
cotd = j,/ (D tan9) (9.2)
cotd = { (v e/ puGuy) = 1.0} (9.3)

Para elementos en los que se planea la formacion de articulaciones plasticas en los extremos, se considera la
variacion del factor de resistencia efectiva a compresion del concreto, v, al incursionar el elemento en el
rango de comportamiento inelastico no-lineal, por medio de la ecuacion-10 (Figura-9.a). De igual manera. ia
variacion del angulo de inclinacion de los puntales de concreto en compresion dentro del mecanismo de
armadura, ¢, se considerard por medio de la eccuacion-11 (Figura-9.b). Ambos parametros variaran en
funcion del nivel de incursidn del elemento en el comportamiento inelastico no-lineal, representado por la
variable Rp, que es la rotacién plastica que presenta la articulacién en el extremo del elemento en radianes.
cuyo significado se presenta en la Figura-10. Este procedimiento permite al ingeniero de disefio poder tener
control. hasta cierto punto, del nivel de ductilidad en el elemento estructural y saber los niveles de seguridad
u holgura que tiene el elemento estructural ante la posibilidad de falla por cortante a diferentes niveles de
deformacion. rotacion v desplazamiento.

v= (10 - 15Rs) vy para 0 <Rp £0.05

v=0.25v para .05 <Ry (10y
cotd = 2.0 - 30R, para 0 <Rp <0.02 -
cotp=1.0 para 0.02 <Rp : (Ih

Este procedimiento tiene la ventaja, en este caso en particular, de poder considerar la contribucién de la FC a
la resistencia a cortante de elementos trabe vy columna, partiendo del hecho de que las caracteristicas fisicas
de la FC son tales que no se puede considerar el mismo formato presentado en los reglamentos tradicionales
para la contribucion del acero de refuerzo transversal concentrado y con una separacion bien definida. En el
caso de la FC. su efecto esta uniformemente distribuido a lo largo del elemento estructural, por lo que se
podra usar, para determinar ¢l cfecto de la cuantia de refuerzo lateral o esfuerzo confinante p.o,,. la
ecuacion-4. Asi. la resistencia a cortante v capacidad a deformacion de un elemento trabe o columna en la que
se use FC. estaria dado por las ecuaciones-5 a 11. considerando la ecuacién-12 para tomar en cuenta la
contribucion conjunta de la FC v el refuerzo lateral si existe:

13“0'“} = (D“U“} )RL“:‘(p\\Gu) )FC=p\\G\\}+2}-lFCf3 FC/b ( 1 2)

donde.
(PO, Jur: telacion de esfuerzo confinante producto del acero de refuerzo lateral. estribos. zunchos. etc.
(P Ow Jic: relacion de esfuerzo confinante producto de la FC (ecuacion-4)

CONCLUSIONES

Del analisis de los resultados experimentales considerados para el presente estudio, se pueden extraer las
siguientes conclusiones: ‘

- Con el uso de la FC como elemento de refuerzo ante sismo para elementos estructurales de concreto
reforzado se puede llegar a obtener un incremento en los parametros de comportamiento como. mavor



resistencia a carga axial, mayor resistencia a flexion y flexocompresién, mayor resistencia a cortante y
mayor capacidad a deformacion.

Se pueden obtener niveles de seguridad importantes en el comportamiento de elementos estructurales ante
flexion, flexocompresion y cortante considerando las caracteristicas de las FC y las formulaciones
reglamentarias siempre que el factor de eficiencia del uso de la FC para cada condicion de disefio sea
adecuadamente determinado. A la fecha existe dispersion e incertidumbre en cuanto a los valores
propuestos para este factor de eficiencia, resulta una necesidad el trabajo de investigacion a este respecto.

El tipo de anclaje de la FC, tanto para comportamiento en cortante, como en comportamiento en flexion.
resulta ser un parametro influyente en el factor de eficiencia sefialado en la conclusion anterior. Anclajes
inadecuados pueden llegar a provocar que la eficiencia del uso de la FC sea nula; o bien que las guia de
diseiio para el uso de FC como refuerzo de elementos de concreto reforzado carezcan de sustento. Resulta
necesario investigar sobre ¢l tema para poder determinar la influencia de los diferentes tipos de anclaje. para
refuerzo por flexién v cortante principalmente, en el factor de eficiencia del uso de la FC.

No se hace mencion en este trabajo sobre el procedimiento de anclaje de la FC en columnas por considerar
que los niveles de eficiencia son superiores a los aqui sefialados.
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Ficura-1 Comportamiento de columnas sujetas a carga lateral ciclica reversibie. sin refuerzo de
FC (a). v con refuerzo de FC (b) (Katsumata et al. 1993)
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CHAPTER 6: DESIGN FOR SHEAR AND BOND

o 1 Scope

5
|
:
|
{
|
1

The provisions of Chapter 6 shall aopiv for design of members subjected to shear a3
tollows
{t) design to ensure shear s:Eengrh of columns, beams and structural walls,
{2) design o ensurs deformanon capaciny of vield hings reqions of the members subjecied to
shear; and
{3) design 1o prevent 1 bond splitung falurs along the longuudinal remforcement in coiumns
and beamns.

[Commentary]

The provisions of this Chapter should apply for the shear design of the non-hinge regions of

columns, beams and structural shear walls, and for the ductihity design of their hinge regions Design

for the band applies for coiumns and beams in the vield mechamsm assunng design.

6 2 Design Method

compressive seength of concrete og  The 2guations ia evaluate shear sirength of members progosed
herzinafier san give the caiculated results in good agreement with the empunical results, when subsii-
tuting the strength of remnforcing bars of 23 umes dp for the material sirength of shear rainforcement
that 15 greater than 1,000kgffem® Withn this guidelines, when the matenal strength of shear rein-
forcement exceeds 2§ times &y, the strength of shear reinforcement used for the shear design shall be
eeplaced by the value of 23 times og. —,:t)::_;-f} R T

Whea using such a high strength stesh, s bending performance should be examined 1n 2ccor-
dance with the JIS-Z 2348 (Tes: Method for Bending Performance of Metaitic Material) to prevenr a
brirtle fatlure at the bead corer. And sutTicient exiension length bevond a hook is required when the
135 degree hooked bar anchorage 15 used for anchorage of a high strength shear reinforczment.
Either the serial spiral ar closed hoap worked by welding 1s recommended to develap the full capac-
ity of a high strength matertal In this case, the welding joint should be provided with greater

strength than the specified vield strength of the base marter:al

6.3 Shear Strength of Beams and Columns

6 2.1 Basic Principles

In the shear design, the refiable shear strength of alb members shall be greater than the
design shear n the yield mechanism assuning design, and the deformatien capacury of planned
yield hinge regians shall be greater than the assuring deformation of member. in columns and
beams, the spliting bond sirength of longitudinal remforcement shall be greater than the bond
stress associated with design actions in the vield mechanism assuring design.

6.2.2 Strength of Shear Remforcement
The szength of shear remforcement shall be the material strength for the refiable strength

calculation.

6 2.3 Structural Requirements
Lateral reinforcement shall follow the provisions in Chapter 9 in addition to the provisions
of this chapter

[Commentary]

The strength of shear reinforcement used for the shear design is determined by the material
strength for the reliable strength calculation. It should be, however, oot greater than 25 fimes the

-1

6.3 | Strength Equanon
Rehable shear strength V, of the beams and columns shall be calculated by Eq. (6.1).
When p, 0., is greater than vog2 |, p.C., shall be replaced by vog 2.

Vo= B jPw Ouy COte ~ tand (1-H b D v agr2 6.1

where

and =J(UD)3+1 -L/D . (6.2)
B ={(1+ca?p)pucuylivay 63)

b: width of the section;

D overall depth of the section;

ju: distance between 1hé top and bottom bars;

L: ¢lear span of the member;

Og: compressive soength of concrete;

O.y: strength of the shear reinforcement not greater than 25 o,

Pw: $hear remforcement ratio;

v : effectiveness factor {or the compressive strength of concrete; and
¢ angle of the compressive strut in the truss mechanism.

6 3 2 CoefTicients for Members without Planned Yield Hinges
Effectiveness factor for the comprassive strength of concrete v shall be replaced by v,
given by Eq.(6.4) for the members without the planned yield hinges. i

v,=0.7-0572000  (0gin kgf/em?) (6.4)

—TB-



The value of cot 9 shail oe the mmmum defined in Egs (6 31 thmouwan (6 7)
cota =20 63
coto =) /(D wand) (6.6)
coto = v'm (63

{Commentary]

(1) Shear strengeh of columns and beams

The prediction for the shear design i this section 15 fundamentally based on the lower bound
theory of plasticity [Refs, 6.1-6.4]. Superposition of the russ and arch achions is introduczd in
modeling of the shear resisting mechanism, Assumed plastic sondition are those; (1) the total diago-
nal compressive stress in concrete generated by the cambined truss and arch actions reaches the
stress 3t the vield point of concrete, and (2) the stress in shear reinforcsment reaches the stress at the
yield pount of shear remnforcement

The effectiveness factor. vy, in Eg. 6 4 proposed by M. P Nielsen (Ref. 6 1} 15 used in deter-
mining the sress at the yield point of concrete. The stress at the yield pont of shear reinforcement is
given by the material streng:h for the reliacle strength caleulation of members. However, it should be
not greater than 23 g, because the equations to calculate the shear strength described in this guide-
lines correspond well to the test results by using 25 umes og for the materral sirength of shear ren-
forcement for specimens whose shear reinforcement strengeh 15 greater than 25 umes dyg.

Only the balance between external and intemal shears 1s considered It indicates the 2ssump-
tion thar the flexuwral retnforcement has sufficient strength to assure the muss and arch mechanisms.

The first term in right-hand side of £q. 6.1 represenis the shear force carned by the guss
mechanism as shown 1t Fig, 6.1, and the second tenn indicates that carmed by the arch mechanism
a3 shown in Fig C6 2.

The shear forcs carmed by the truss mechanism, V, 1ssuming the yield of shear rewmforcement
is descnbed by Eq. C8.1 (Refer to Fig. C6.1).

V=l ) Pu Oy COL (C4.1})

Concrete stress in the compression strut of analogous truss, g, is given by Eq. C6.2 from the
equilibnum condztzon of an infinttesimal smingsar element shown in Fig 1.{a).

<0 = (1-cOr 6} Pu Oy (C6.2)
The difference between vog and (o; i.c., {vOg—09, contmbutes to the arch mechanism when

<0 is smaller than vag. The difference of angle of concrete struts berween the arch and uss mecha-
nisms is ignored hersin for simplification. The shear force carried by the arch mechanism, Vi, is

—79-

gnen by Eg. C6 3 based an the lower bound af'the theory of plasiicrty (Ref. 6 []
V,=(vop ~ .G;}) tand 2 (D 2) (C6.3)
where
(C64)
The shear strength of memoer, v, 15 guer by adding steengths in £4. C56 1 and Eq, C6 3.
Vu=b ;i pulyy cOto™ (v G - ;) tand (D7) (C6 3)
Replacing {{l<cot’d)p,c.,1/vag by B, Eq. 6.1 15 obtaired  Angle ¢ is the angle of the
concrate compression strut to the atis of member at the truss mechamsm  The value of cotg should
take the minimum given by Eqs. 65,66, and 6 7.
Equation 6.5 gives the allowable maximum value of catd o assure appropnate aggregate inter-
locking along a diagonal crack {Ref. 6 5}, and Eq 6 & gives ¢ value to get maximum of ¥V, in Eq. 6 1.

Equation 6.7 is derived from the condition that v gg equals .. The Eqs C5.5 and C6.7 are derived
as follows:

o = {1+cotd) po,, = v oy (C6.6)
cOQ =YVG gpuGuy - | (€6.7)

PeTwy (Uniformly distribuced)

2222 X 2R XX R21XX]

= Upper qringer i 4
Vv

Element
\\
G~ Lawer nn’.ngu\/\

I X ETEEEEREREESET XY XN

.............. ]
POy <
s
2) Analogous russ model
Stirrup fares b= dx— Strut fores
p .., bdx <0, b sin $dx
Required bond foree —f
PO, b oot ddx 2 il

b) Equilibriem of an infinitesimal siringer elemeat

~ FlIg. €6.1 Truss mechanism



“ ! C =ssion Smut
smpre Ty
.-\JI-, A, /= Ranforciment
§ L
1 M B 3
< / \E T
g, Eemenl T
~ cha —._.,'7 R
- T 4
i 7 8l S
=r 1
1 L it
{_ Renforczment o -; D
e L L
l
¥

Fig. C6.2 Arch mechzmism.

Equations in this section are established by using the value of cote gving the maimum shear
strength under the condinon that cotd should nct be greater than 2, and the concrete stress of fhc
compression strut at the truss mechamism, (&, should not !?c greater [har"l effecuve compre‘sswc
smrength of congrete, v dg. General charactenstics of the design equanons m this section are iltus-
trated in Fig ©6.3". .

The limatation of shear reinforcement to the shear strength is given far the case that all shear
forces are carried only by the truss mechamsm with the angle ¢ of 45 degres (cote=1), and .oy equa.ls
vag. When .o equals v,09, Eq C671s obtained. Substiuting Eq. C6 7w Eq. CB.l.'and 1zking 118
differzntial by p, Ty, the peak value Vi, is obtamned as Eq €5 3, where, puG, 15 0 >vc_r3 and cotg

is unity.

Vegman = b 114052 (C6.3)

The effectiveness facior of the compressive strength of concrete, v,, becomes sn':allcr with
increase of the compressive sirength [Ref. 6.1]. Equation 6.4 takes this tendency into consideration.

Within this guideiines, two methods of prediction for calculating the shear strength ars
proposed in the W.G. on Shear Design (Task-committe organized for works for this chapter); the so-
samed A- and B-methods [Refs. 6 66 9). Both the A- and B-methods are based upon the pl.a.snc
theorem in the limit analysis, while are derived from the different concepts conceming c_m{_nncal
equations for shear design introduced in the previous sections, Through discussions w_nhm th-c
Committes, the A-method is tentatively introduced as the prediction method proposed withut lh1_s
guidelines In the commentary herein, the B-method is introduced as well the A-method for a possi-
ble and wide use of the B-method. )

Both the A- and B-methods are based upon similar concepts with each other superposing the
truss end arch mechanisms. The differences of the methods can be yummarized in the values of tand,

cot¢ and v, as listed in Table C6.1. .

— -

TABLE C6.1 COEFFICIENTS IN THE A- AND B-METHQDS

’ A-method I B-method
ang Yoy «1 LD

{ Ogcotes? 0, and smailest
vaiue among the following three
10

YoMmvoy + 1 -2MvD

coto i) 1.0
j (Duand
~’v0'8,’[pwo 'r} -1
vy 0.7 - T 5/2000

| QCMVD + 114 0 52v,<1.0

M . bending moment at the critical section
¥ shear at the critical section
D : dimension of the total section

In the A-method, the vatue of cotg that falls in the range of one and two is given oa the condi-
tion that the uss mechanism associated with some amount of shear reinforcement could carry the
maximum shear force While, in the B-method, the value of coto is fixed to be 1.0 on the condition
that the concrete stress of the compression strut in the truss mechamism associated with some amount
of shear reinforcement tak es the minimam stress.

The shear strength predicted by the A-method 15 always greater than that by the B-method if
the same stresses at the yield point of marertals are used, and the moment distnbution within the
member is has anti-symmetric. Based upon the lowest theorem, the A-method would ¢stimate a real
shear strength rather than the B-method.

Both the A- and B-methods estimate greater shear strengths than those obtained from the test
results when v is assumed to be unity. Because the compressive strength of the cracked concrete
might be smaller than that of the concrete without ¢racks, and concrete does not show an ideal elasto-
plastic behavior, it is necessary to introduce the concept of reduction factor for the conerete strength,

In both methods, the shear force carried by the arch mechanism, in other words, the contmbu-
tion of concrete to the shear strength, is varied associated with the amount of PwOuy, While within the
empirical equations for the shear strength introduced in the previous sections it is taken constant.
Thus characteristic evidence that the shear force carried by the arch mechanism decreases in sccor-
dance with the increase of p,q.,, is reported in the literature [Ref, 6.2], and also be verified by the
FE.M. analysis [Refs. 6.10 and 6.11].

In the A-method, v takes the value of (0.7-0p/2000), while in the B-method v takes unity in
general cases, which in some cases depends on the ratio of 2M/VD as listed in Table C6.1 in order to

take the varation within the test results into consideration. The value v in the B-method takes the
value within 05 and 1.0. :



General characerisies of the A-method ars lusirated in Fig €537 Inthe A-method, the coto
value 15 kept 1.0 uniil the p, o, value reaches 0 2v,Ga. and botn the truss and arch mechanims <uat
up to this pont Beyond this hmiing point {peint B in Fig 6 3%, the arch mechanism does not
eust, and 2!l shear forces should be carned only by the truss mechanism The shear force carrizd by
the truss mechansm can be increased beyond the pont B up to 118 maximum value of 0 3b),v;Cs.
because of change of the angle of ihe compression concrete Strut {0=26 4 10 45 degres) While, m
the B-method, the angle of @ 135 fixed 10 be 45 degres so that boih the russ and arch mechanisms
ewst, and V), versus p.g.,, shows 1 linear relanon unl 3, 4., reaches 0 5v,0g, and at the maximum
point of 0 3byv,cg the snear fores carned by the arch mechanism becomes zzro The shear sirength
are different between i the A- and B.methods because they use the differzat values The shear
strengths predicied by the A- and B-methods coerespond well to cach other withoul large difference
within the range of p, @, commonly used in the design.
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Fig. C6.3' General characteristics of design equation.

Under 2 conservative judgment, the A-method, which gives less prediction of shear strengths
than the B-method, is adopted as the shear design equation n this section Discussions necessary on
the validity of both methods are summarized in the followings. o

Both the A- and B-methods do not consider the effect of the axial forces. This Is an 1ssue to be
examined in the furure.

{2) Validity of the equation for the shear swength

Test results for the shear strength of columns and beams [Refs. §.13-6.26} are referred. t‘o_r ver-
fication of the shear design equation adopted to this section. These test specimens are lmited to
those with deformed bars as flexural reinforcement, since the truss mechanism needs some bond

g

strength betwesn reinforeing bars and concrere And also 1ll specimen have not tensile axial forces
[N20) and cross sectional 2ce2 are larger than S00cm® Vanables in those lest specimens are listed in
Table Cé 2

TABLE C6.2 VARIABLES 1% THE TEST SPECIMENS

Camprassive srrength of concrets Gg 165-629 kgffem?®

Tension reinforcement :atio p, 039-3211%

Shear reinforcement rano py, 0-2 44%

Yield strength of shear reinforcement o, 2530-14700 kgfiem?

[ 0191 kgffem-

Axial load level:ng=N/(bD oy} 0-0.732

Correlation berwesn the test results and calculated ones using the A-method is plotted in Fig.
€64 Verucal and horzontal axes represent Vo, /Ve and V,/Vy, respectively. The value Vo, is
expenmentzlly obtained the shear strength of test specimens, Vi is the shear force at the calculated
flexural strength, and V, is the calculated shear strength by the A-method The value Vyis obrained
based on the Bernoulli-Euler’s assumption {the assumption thar the plane section remnaing plane after
bending) and using real strengths of stee! and concrete. The reason why the axes as shown in Fig,
C6.4 are chosen is to confirm the fact that reported shear strength of the test specimens reaches some
limiting swength, which is determined from the flexural capzeiry of the specimen [Ref. 6.17). The
specimen plofied 1n the zane berween V., /V; less than 1.0 and V,/V, greater than 1.0 were reported’
to be fziled in Nexure, There are few specimens that have less strength than the calculated strength in
the range of V/V less than 1.0. Among 77 specimens covering the range of variables listed in Table
C6.3 whose Vi, /Vrare less than 1.0 with shear reinforcement, the mean of V., /V, and its devia-
tion are 1.33 and 18.3%, respectively, These values are obtained excluding specimens which have the
Vnax/ ¥y matio less than 1.0 and those which are predicted to reveal bond failure in accordance with
the section 6 5 int this chapter. As for specimens with high strength steel [Refs. 6.25 and 6.26), the
mean of Ymax/Vu and its deviation are [,41 and 17.9%, respecrively.

TABLE C6.3 VARIABLES OF THE SPECIMENS FAILED IN SHEAR

Shear reinforcement ratio: Py 0.12-1.13 %
Yield smength of shear reinforcement: o.., 2550-14220 kgffem?
PuCuy 3.16-159 kgticm? '




- The plasue theory used in this design guidelings does not consids- the aval force 2Tess When
an aaal fores 15 small, its etfect 15 recegnized zxpenimentzily, which 13 considerzbly sigrificant for
members without shear rernfarcement, while the shear sirengths of the spesimens wuh same amount
of shear reinforcement are recognized not 10 5e Affecied sigmficandy by awal forces As shown in
Fig C6 4, *he safery margin given (o the shear strength determined by the shear design equanon are
almost consiant with vactous amounts of 2wl force Thersfore, 1015 concluded that the eTect of 3al

forces 15 aot imtroduced »ithin the z2guanion
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Fig. C§.5 Verification of the design equation in the A-Vethed.

{3} [n the cas¢ of'a member with solid ¢ircutar secnon

The shear design methed for members having solid circular cross section has not bc:r_l estab-
lished vet based on a plastic analysis, and few test data can be obtained For the ime !Jc:n;, the
following method 15 recommended in this guidelines. Shear design for a member with solid cn@lar
section is performed as 2 member with square section of the same cross sectional area, The reduction
factor of the shear reinforcement ratio of 0.785 (7@'4) 15 prescribed, since the effect of shear reinforce-
ment on the curcular shape is reported to be less than that on the rectangular shape [Ref. 6.39].
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v=(10-15R,) v,
H =025 v,

coto = 2.0-350R,
=10

63 3 Coeflicients for Members with Planaed Yield Hinges
(1} For the yield hinge rezion defined in Section 9 2 3, the effzcriveness factor , v, shall be
given by Eq (6 3). Value of cotg shall be the smallest value grven by Eqs (6 6), (6.7) and (6.9}
However, the vaiue §1n Eq (6 3) shall calculated using the value of cote for a non-yield hinge
region and the value of p, g, for 2 yield hinge region of the member

for 0 < R, 005
for 0.05 < Ry

for 0<R, 002
for 0.02 <R,

(68)

L)

where R, denotes the rotauonal angle a the yield hinge region associated with the assuring
deformation of the membe:

(2) Swength calculation of 2 region cutside of the planned yield hinge regions shall use the
effective factor given by Eq.(6 8). The value of cotp shall be the smallest value given by
Eqs (6 5) through (6 7). The value of 3 shall be that used for the yield hinge region.

(Commentary]

Tne deformation capaciry of yield hinge is given by assuring both the curvarure ductility at the
cnneal section and the shear mechanism. The former one is assured by limst of axial force, prevent-
ing buckling of compression steel 2nd appropriare confinement as provided in Chapters S and 9. In
order to assure the shear mechanism, this design guideline gives the strength margin to concrete
compression smmur and changes the angle of russ mechanism according ta the required deformation.
The larger amount of lateral (confinement) reinforcement, required by maintaining either curvature
ductility or shear mechanism, are actually arranged in members.

To prevent shear failure at yield hinge region, the effectiveness factor of compressive strength
of concrete, v, and compression strut angle in truss mechanism, ¢, are given as the function of
required rotanonal angle at hinge region, R, by Eqs. 68 and 6.9, Figures C6.5 and C6.6 show the
relationships of cotg and Ry. and of v and R,, respectively. These relationships are based upon the
concept that compression strut angle in truss mechanism, ¢, increases up 19 45 degree due to the loss
of aggregate mterlocking in post yield range , and final shear Failure of member subjected 10 bend-
ing-shear forces would occur by crushing the concrete compression strut (Ref. 6.46]. In practical
design, some strength margin against the design shear force of hinge region are indircctly given to
shear reinforcement and concrets comprassion strut zccordung to the required rotational angle, R,

Design method for ductile members described in this chaprer gives different amount of shear
reinforcement for Hinge region and outside hinge region in a member, respectively. As iilustrated in
Fig C6 11", the angle of concrete strut of truss mechanism | ¢. changes gradually in a ransition zone
from hinge region to outside hinge region (Zone BCGE in Fig. C‘6.II'). However, it should be
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noticed that mavimum compressive stress in concrete would occur 3t point € in Fig C6.117 because

- _ . ' rTrYTrTTYTTYIYTYYYEYY
higher Tateral siress by shear remnforcement 0 hings region and lowes Inclination of conerste strut n 1_\ ] C Uocer sinngst p
outside hingz region. Therefors, in the calculanon of B Ea 6.5 (8 is 1 coeTicient indicating the K \“ _.7
level of compressive stress in coacrare due to truss mechansm), p,G., in hinge rezion and cot@ in {0 e \ ( c’\‘\ “( e
outside Ringe region should be used The combinanons of each coeiicient t¢ be used 1n the design \<\ Fom e \ e Touinde
are summarized m Table C6,4 F W
E F Lower stange: G H
A40bAraaddaasaaairsaasaiiaal
col g (PPhuree | (2T udnince [ Y
i 15D ——
29 H
l\ Design hinge region
19 3 .
l . ! Fig C6.11" Truss mechanism of a ductile member,
: . L L ’
¢ 001 Q002 0G3 004 005 .
‘Rp in radian ;
) TABLE C6 4 VALUES OF v, coto AND g USED
Fig C6.10 Relationship between the guaranteed hinge rotation R, and coto ' IN THE DESIGN OF DUCTILE MEMBERS
r
Region v colg 1n Eq.61 B
i Hinge | 0<R,<005 Smallest one of B=(cottor | )p. ny/voy
= ' 1 P oy B
E Yo Vo =07- ‘.,E?o" (g wsg¥em?) ) region | ve={1-13R,)v, | cote=2-30R, R S0.02 |where cotg s the smallest one of
g nrsv,| i =l 002<R, |cotp=l
< ® 0.05<R, coto=}{ Duné) cotg=j/(Duné)
a -
2 030w ; V=0 251, cow=vva,Ap G )-1|cow=Jve,ip o, ) -
> ]
3 025y, ; Outside Smallest one of
= . , , , [ tinge | ditte cotg=1 ditto
- ) g { Dtan
¢ 01 002 903 OM 005 i egion i m"f,-_.—.—_.? 1
. coty =~ va o3 -
Rp in radian . ° oy b

Fig. C6.11 Relationship between the guaranteed hinge rotation R, and v. Pu ' shear reinforcement ratio in the hinge region

! .

i

! Note Different amount of shear reinforcement are arranged n the hinge region and in the
, i region outside the hinge regron.
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Correlation betwezn test Jata [Rers 6 29-6 324 and predicied resuits are snown in Fig C6 12
Specimens which showed bond sphitting fmiures are 2acluded Vertical aws indcatss expenimentally
observed member rotation angle at ultimate siate and horizontal 10 indicates theorsticyily predicted
avnlable member rownion angle  Ulumate angle of specimzns are detined 15 tne angle at 30%
sirength afier peak load on expenmenialiy observed load-deformatieon diagram Caleulated member
rotat.on argle is obtuined by adding the contnbution of predicred inge rotation R, e the member
roration argle at vielding derined in [Ref 6 49) Ductiliny capac:ty might be preziweizd oy the method
deseribed in this section 2xcept {or members subjecied 1o sxivemely large aviai Grie Eguations 6 3
ard 6 9 assure the rotanon at vield hinge, so that length of hing= region and de”armauen other than
of hinge region are necessary t0 &t member's drift  From the pont ol conservative judgement, the
rotation at yield hinge, R, could be used for member’s driit

.

aoapgle { X (07 rad )

b3 I
H c < ‘
¥ vl v ¥
_‘I'_‘ ;;.n_://l | a7
- ke g7 | I O M
E AN ST
3 > l x !
H | T k<mEs

x | ' % b<me

! I
" . . —

Theorzxcally dssuted member
retation angle {x 106" rad )

Fig. C6.12 Verification resuits of ductility,

On the other hand, shear design of ductle member can be conducted by using v and cotg given
for hinge region in Tzble C4 $ regardless of hinge and outside Minge region This gives uniform shear
rewnforcement across the member. In this case, the compressive siress in concrete due o truss n}ech-
‘anism becomes smaller and compressive swess in ¢oncrete due o arch mechanism becomes higher
than those in the design method according to Table €6 4, and it resuits smatler amount of shear f&:n-
forcement in hunge region and larger amount of shear reinforcement in gutside hinge region.
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6 3 4 Inclined Shear Remnforcsment :
When the inclined shear reinforcement is used. the shear giren by Eq (6 10} mav be added I
10 the shear strength,

L V.= ATy 108, (610}

whez -
A - sectiomal arez of inclined reinforcement:

Cy- Yield sirength of inciined rewmforcement, and

€, angle between inclined ramnforcement and member 1xis

Area A, may mnctude Both tension and compressian rainforcement of the inclined  rein-
forcement is placed diagonally across the member, otherwise, the area of inclined reinforcement
I tersion shail be usad. J

{Commentary]

Inclined shear reinforcement in yield hinge region shown in Fig.6 9(a) have been used as a
bent remforcement, and they can carry the shear force by the shear component of their tension forges
Shear ferce given by Eq. 6 10 would be added to the shear strength given by £q. 6.1 Such a inclined
shear resnforcemen: s effective on the case that the inelashe ensile strain of Tongitudinal reinforce-
ment is accumulated due to many cyelic bending action, and then shiding shear failure occurs due 1o
fuit crack opening at beam critical section. The inclined angls to member axis, however, should be
ranged from 30 to 45 degree. Safery check for bearing siress of concrete inside the bemt corner, and
the contribution of inclined retnforcement on the Rexural strength at yield hinge should be consid-
ered as well as providing encough embedment iength.

The so-called X-shaped reinforcement arranged diagonally across the members as shown in
Fig 6.9(b} are known to be cffective on shear strength, experimentally and theoretically [Refs.
6 356 38]. Siee! areas of both tension and compression might be countable as the steel areas used in
Eq. § 10. This X-shaped reinforcement could contribute to flexural strength as well  as to shear
strength. And X-shaped reinforcentent does not need bond mechanism for its shear resisting macha-
wism, then check for bond strength might be done to the residual parallel flexural rinforcements, It
is possidle 10 avoid bond spliting failure using this X-shaped reinforcement. The X- shaped rein-
forcement could change the failure mode of the  member with itself from shear failure including
bond spiitting failure to flexure failyre under any conditions, and make even the members subjected
0 large bending moment and shear very ductile. Details are descnbed in Refs. 6.35 10 6.38,

The members with inclined reinforcement should be designed as stirrups o hoops carry a pan
of shear force. The ratio of shear force carried by stirrup or hoops should be determined carcfully
according to previous test data and research, and shear force carried by inclined reinforcement
should not be overestimated. In the New Zealand code [Ref, 6.48], it is recommended that stirTups or
hoops should carry at least one-third of total shear force. T
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l N Onl s tension bar 15 effective =
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Fig. Cé I4 Y.shaped reinforcement (mthie hinae regions.

><)

I MB«:H\ tension and compression bars
can be counted for shear and Jexurs

Fig. C6.15 X-shaped reinforcement placed diagonsally across 2 member.

6 3.3 Mimmum Amount of Laterai Remrorcsment
Mimimum shear reinforcement catio shail be 0 2 percent in all beams and columns.

6 4 Shear Strength of Walls

6 4 1 Smength Equatton
Reliable shear strength V), at each story of a wall shall be calculated %y Eq (6.11}). When
POy 18 greater than vow/2, p,oy, shall be voy.2

V=t lunpy Oy cotg +and (1 - f i, L, v g2 (6.11)
where

n8=[V (h, 1,741 - hAL,) (6.12)

Be(1+c0tt)p, 0,y / (vO3) ' (6.13)

clear he:ght of wall parsl gnes oo much satery predicuen  There 15 no simple and good way for
thes probl:m

such as X-shapcd rerniorcement in walls aside to opening, but these m::hod 15 verified by only
experiment and has not ve: generally 2siabhished 23 design method, i

& 5 Design tor Bond
!

6 3.1 Design Bond Seress

Design Bond stress shall be calculared by Eg (6 21). For a member without planned yield
hinges or with an planned vieid hings at the onie end, the design bond siress can be given by the
smaller value betwesn those caiculated by Eqgs (6 21) and (6.22).

dy Ao

%= 6.21

YT €20
b Piq Tuytote '

g m et Toy®O0 (6.22)

L

where

AT : stress difference of a longitudinal reinforcement between two ends of 2 member in the yield
mechanism assuring design, which equals 20y, for a member with the planned yeld
hinges at both ends, equals (@, *,) for a member with a planned yield hinge at the one
end, and equals 2o, for 2 member without the yield hunges at both ends;

dy: drameter of the longinudinal remiorcament;

Ty total perimezer of the longitudinal reinforcement;

L. clear span;

b: wadth of the member section;

d- effective depth of the member section;

Pai” requited shear remnforcement rano ac the middle part of member;

Guy: yield strengih of shear remnforczment at the middle part of member, and

# angle of the compressive strut of the truss mechamsm at the middle part of member.

6 5.2 Band Streagth
Bond strength along the tongnudinal reinforcement of columns and beams shall be calcu-
lated by Eq.(6.23). The bond streagsh for the top reinforcement of a beam shall be reduced to

0 8 tumes the value given by Eq{6.23)

5p.'b
Ty ™ ([ _24—“'—}1'3
dy ? (6.23)

where p,,": shear reinforcement ratio of the peripheral shear reinforcement.
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{Commentary]

Much 2mount of fexural remnforcement in 5eams and columns might cause bond splitting fail-
ure along fiexural re-hars and lead o bertle farfurs, thar should be presented To assure the bond
action for flexure mechanism [Refs. 6 18, 6 40-6 22} and for truss mechanism [Ref 6 43) are
proposed as the methods to present bond {ailurz Design method in this design guideime s the
combinanen of above twa methods, that is, design bond stress according (o flexure mechamsm or
truss mechdnism should not be greater than bond strength Bond des.gn 15 conducted for longitudinal
flexural re-bars arranged at extreme edge layers )

Design for bond provided m this section 1s simphified for practical design use based on conser-
vative assumpiion. Accuraie design for band might be conducted as Jescribed below

(1) Design for 1 member without yield hinges or with a yield hinge at one end

I arder to prevent bond splitiing failure, one of bond stresses due to fexure, 1, or due to truss
action, T, should be less than bond stength, 5,

Bond stress due to flexure, 7, ss defined as that produced by the steel stress dafferencs
between both ends of 2 membes. Thase siezl stresses would be obtained from flexural analysis at each
end section. The tp15 given by Eq C6 26 consicering inclined crack or yield henge in tension side of
amember A is a stress difference between both ends of a member On a safety assumption, stresses
of both steels in compression and tension of 1 member without intended yield hinges take thewr reh-
able strength, oy Then A takes 2o, As for a member with an intended yield hinge at ane end, steel
stress in tension akes its upper bound sreagth. &y, amd steel swress in comprassion takss s redi-
able strength, T and Ac takes Oy~ It is not sure. however, that steel sir=ss in compression 2lways
reaches gy, so it is allowed to gez and use a working compressive stress of sicel, o, instead of G, that
wauld be obramed by flexural analysis using plaw remamning piain assumpuon,

tf=o.zszdfzm _agd,
l'ldb(l_-d) HL-d) (Eq. C6.26)
Aliernanvely, if bond stress required for truss mechamism defined in this design guidelne 1s
less than bond swength, equilibrium of truss mechanism is satisiied and then bond spliting faifure
might be prevented. The bond swess required for truss mechamsm 1s obtained from the equihibrium
of forces illustrated in Fig C&.1 as Eq. C6.27

V, BiPuTuy Lot _bP. G, cotd
ilw hEy Iy (Eq.C6 27)
where
¥ * shear carried by the truss mechanism;
Pur : shear remforcemnent ratio at the central pat of @ member, which is not the actual ratio for the
part but the amount required to resist the design shear; and
Z'¥ ; total perimeter of the tensile steel bars,
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"The bond strangth, Ty, would be obtained as following procedure {Ref. 6.24] The bond stress
for upper stesl 1n 1 beam should be reduced by 0 3

(Eq. C6.28)

Toy = Teo ™ 5t
In Eq. €618, r, presents a coninbution of concrete and 1s given as
t.o=(0 1b~0.3} oy {Eq. C629)

where b, represents the coefficient related 10 the mode of tond failure given by the smaller l?ccwecn

b,, and by,

Values of be, and by, are given as:

b, _(277d 4)
B Y (Eq. C6.30)
by, =(b-Ed, ¥ Zd, {Eq. C6.31)

where
b,, cocfficient for the comer splifiing mode [see.Fig C622], ) N
b, coefficient for the side spliming mode {see Fig €6 22] including the fage-side spliting mode;

d. depth of the cover concrete {rom the center of the comer steel;
dy - diamezer of the comne steel,

Edy total of diameter of the steel in a layer; and

b . section width of the member.

In Eg. C5.28, T, presents a confmbution of shear reinforcement, and each value for comer split-
ting mode and for side splitting made is given by Eqs.C6.32 to C6.34, respectively.
{n case of the corner sphitting {b=b,,<by):

L 50a3
T osdy (Eq. €6.32)

In case of the side spiitting (9;=b,,<b,,) with condition NJ22N,:

(20/N+SN N +ISN /N Jp, b7

b 4, (Eq. C6.33)
In case of the side splitting (b,=b,<bs) with condition Nf2<Ne:
. Dby ;
# d, - . (Eq. C6.34)
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where

s spacinyg of the shear reinforcement other than shat in the hinge region,

A, - sectional area of the shear reinforcement covering she corner stesls (penipheral hoop or stirrup),

Ny number of the Aexural siesls direetly hooked by supplemental ties,

N, number of the flexural stezls not hovked as abave,

N, . toral number of the flexural stesls (=2+N,~N,), and

P shear cmmnforcsment rang other than :hat n the hinge cegion, only shear reinforcement arranged
at ihe 2xireme exiernal side (peripneral shear szinforcement = 24 (b 5)) can be counted.

Carner spling Side tphtiing

AR

N, N =4
~

2 Ny =2

Fig €6.22 Corner splitung and slde splitt:ng modes including the face-side splitting.

Equation C6 33 15 derived from Eqs. €48.35 and C6.36 1n Ref 6.43.

g 221590
! sd, (Eq. C6 35)
T,2=1 "’—5-63'&
dy {Eq C6.36)

where

Ty - % for the sieel that are directly hooked by shear reinforczment;

T * T for the stes] thart are not hooked by shear reinforcement; and

122 : coefficient used in the cases for stecl bars other than the upper stael in 2 beam.

Test specimens in Ref. 6.44 have four flexural steel in a line, and rwo of them are hooked by
peripheral lateral reinforcement (N,=8, N =2). A, in Eqs C6 3§ and C6 36 are replaced by p’y, and
then Egqs C6.37 and C6.38 are derived.

15.9p.'bY¥ag _ 10p.'bicgy

1,1=1.22

Moo (Eg. C6 37)
t::_2=l.227'639"b = Sp\v'bﬁ
i dh (Eq. C6.38)
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When supplemental ne is used with the same secutonal area of A, 7, for intermediate bar hooked by
supplemental g 15 given as the summation of Eqs. €6 37 and C6 38

13p.'b¥og

Ty =
st.] dy e

{Eq. C6.39)

Eqguation C6 33 takes the average of these three values, Eqs C6 37 through C6 39.

ln checking upper steels :n a beam, steels of a floor slab in orthogonat dirsction to the axis of
the beam could be countabie as a shear remforcement nat hooking them. Then o," by Egs. C6 40 or
C6.41 could be added to Egs. C6 32 or C6.33, respectively

[n case of the comer splitting.

. (A“js +Al;_fs )m—a
T, =20 3,

(Eq. C6.40)
In case of the side splitung:
Tu =20(—A’Lu—mj—m—n-s +;\.d LT
b (Eq C6.41)

where
Ay, 54 - area and spacing of the op steel in a slab; and
Agp, Sy : area and spacing of the bottom steel in 3 slab.

The bond stress, T, obtaimed from Eq 6 23 is the worst case of Eq. C6.34 where many flex-
ural steels are arranged n a layer and only two of them are hooked at the comer by shear reinforce-
ment. Equation 6 23 will be derived as following. Depth of cover concrete measured from the
surface of a steel and clear distance between flexural steels are specified not to be less than 1.5 umes
and 1.7 nmes their diameters, respectively. Equanon C6.42 1s from this minimum requirernents for
steel armangement. According to above specifications, minimum required section width is obtained as

b22(1 S&,H{Ne-F).Tdy~Nedp=2. TN dy +1 3dy (Eq. C6.42)
Equation.C6 42 could be simplified as b/Ndy=b/Zdy>2.5, and then b=b,21.7 is obrined from Eq.
C6.31. The contribution of concrete for this worst case is obtained from Eq. C6.29 as

to2l.18708 = 1.2Vag

Equation 6.23 is given as the summation of this minimum assurance value of f, and Eq,
6.34. Thus design method for bond has already been applied at the time of verification for shear
strength equation (see.Fig. C6 §) , that is, in Fig. C6 5 the specimens that may fail in bond spliting
have been excluded.
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{2) Design for 3 member with the yield hinges at both ends

As for 2 member with intsnded yicld hinge at both member ends, two  design conditions are
provided, and it 15 necessary for the design for bond 1o satisfv one of themt, One, (a], 15 the condition
to himit bond slip within small valug (less than the bond ship at peak bond siress on bond stress versus
ship curve), and the other, [bf, 15 the conduion to remain exher flexural mechanism or truss mecha-
rism in largs bond slip sitzahion {after peak on bond stress versus slip cunve) [Ref 6 42]

{a] Bond stress due to flexural action given by Eq, C§ 43, 1, should not more than the bord
strength, ty, , given by Eq. C6 28,

d: Ag

=
LTI .
(L) (Eq. C6 43)

where do=10,,

{b] Smatler bond stress which is given %y Eq. C6 44 or Eq. C& 43 should not be more than the
ellimate bond stress [Refs 6 42,6 45], Toy,. after considerable bond ship. Generally, sond
stress slip curve has a almosi consiant stress region {plateas) n farge slip sinzation after peak
if cerrain amount of lateral reinforcement is armanged. The value of =, gives the bond stress
in such region, This alternative methad is reflecung that 1 member could resist shear by exist-
ing of bond stress necessary for russ mechanism o flexure mechanism even in such region.

1= V] ’bp.,(o“.,com
X
ife Lo (Eq C6.14)
: _dyag’
=
L {Eq. C6 15)
Ulumate bond stress, Gy, is given as follows.
In case of the comer splitting (byabg <b,):
:m={—-—+‘°'\'b 0 4)@"
sd B
b (Eq. C6.46)
In case of the side splining (bi=by<b,,) with codition N /22N
60p,'b{N,+2)
rbuiz(—»—-—l——-#N T 0.4}&3’;
<y (Eq. C6.47)
In case of the side splitting (b,=b,,<bg) with codition N¢/2<N,;
Tpys=0-4/35 (Eq C6.48)
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In Eq €545 g is the difference of stresses of stels betwesn both ends in a member, and is
given by Eq. C6 49 '
A=, "G (Eq C649)
whers oy, compressive stress of sieel, 1s obtained assuming piain remaiung plain assumption at the
overstrengts limut design and using upper bound lensile strength of stesl oy,

T *7 Bquauon €647 is denved as following The ultimate bond stress in Ref 645, Ty, 15 given by

Eq C6.50 —
23.3p,
Tyus = 1.22 (TOJ]FG;

(Eg. C6.50)
Ultimate bond stress for {lexural stee! not hooked by shear reinforcement is given as Eq. C6.51,
neglecting the effect af shear reinforcement in 4. €56.50 (p',=0).
Tpe=1.22(0.37C5) (Eq. C6.51)
Test specimens in Ref. 6 45 have four flexural remforcement in a layer (Ny=4, Ny=1), then Theu
is estimated considering the effect of shear reinforcement Eq. C6.50 by two times (se=s Eqs.C6.35
and £56.36)
23.3p,b - .
3 T 3T
Id

Tous = 122

(Eq. C6 52)

The ultimate bond stress of Eq. C6 47 takes the average of the summation of Eq. C6 51 and Eq.
C6 52

Figures £6.23 and €6 24 show the results of verification for this design method for bend.
Figure C6 23 shows the correlaticn of the assurance rotanon angles obtained by both test and design
equation without check of bond Many specimens could not reach expected (calculaced) rotation.
While, the same discussion is done 1 Fig. €6 24 with check of bond by the method desenbed in this
seciion. Figure C6 24 shows the evidence of the methed of design for bond. Horizonzal axis m Fig.
€6.24 denotes the yield drift for members in which bond failure is expected, where yield dnft was
calculated according to Ref. 6.49
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DANOS EN PUENTES OCASIONADOS POR

SISMOS

ASENTAMIENTOS EN LOS ACCESOS
AGRIETAMIENTO DE LOS ACCESOS
ASENTAMIENTOS EN LAS PILAS

DESALINEAMIENTO DE LA SUPERES-
TRUCTURA

AGRIETAMIENTO DE PILOTES
AGRIETAMIENTO DE CABEZALES

FALLA DE TOPES LATERALES
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. PUENTE : LA-MANZANILLA 0 .- .
CARRETERA : PLAYA AZUL - MANZANILLO.
UBICACION : KM 81 + 500

OBSERVESE LOS DESPLAZAMIENTOS HORIZONTALES EN LOSAS



LA MANZANILLA 1l

PUENTE

PLAYA AZUL - MANZANILLO,

KM 81 + 500

CARRETERA

UBICACION

L

R

i

SE OBSERVA FRACTURA EN MURO LATERAL DE ESTRIBO.



PUENTE : LA MANZANILLA
CARRETERA : PLAYA AZUL - MANZANILLO.
UBICACION : KM 81 + 500

SE OBSERVA FRACTURA EN MURO LATERAL DE ESTRIBO.



LA MANZANILLA I

PUENTE

PLAYA AZUL - MANZANILLO.

KM 81 + 500

CARRETERA

UBICACION

OBSERVESE LOS DSPLAZAMIENTOS HORIZONTALES DE LOSAS.



PUENTE: EL MEXIQUILLQ -
CARRETERA: PLAYA AZUL - MANZANILLO
KILOMETRO: 66 + 637

OBSERVESE LOS DESPLAZAMIENTOS HORIZONTALES DE LOSAS
Y FALTA DE TOPES SISMICOS EN PILAS.



PUENTE: EL MEXIQUILLO
CARRETERA: PLAYA AZUL- MANZANILLO

KILOMETRO: 66+637

rr

SEOBSERV A LOS DESPLAZAMIENTOS HOREZONT ALES DF LAS LOSAS



MANZANILLO

PLAYA AZUL
77+ 600

EL TANQUE. - -

UENTE
CARRETERA
KILOMETRO

VISTA GENERAL DEL PUENTE

DESCONCHAMIENTO EN MUROS LATERALES DE ESTRIBOS.



R T A e S i K 2

e e

B

EL- TANQUE
CARRETERA. PLAYA AZUL - MANZANILLO

PUENTE

77 + 600

KILOMETRO

OBSERVESE EL DESPRENDIMIENTO DEL RECUBRIMIENTO

Y LAS GRIETAS EN EL CUERPO DE LA PILA.



PUENTE: EI. TANQUE. _ o
CARRETERA: PLAYA AZUL MANZANILLO
KILOMETRO: 77+ 600

OBSERVESE LAS MANCHAS BLANQUE®INAS EN PARTE
lNFERlOR DE LA LOSA.

OBSERVESE LAS PILAS LAS CUALES NO TIENEN TOPES ANTISISMICOS.
o "



PUENTE: EL HUAHUA '
CARRETERA: PLAYA AZUL - MANZANILLO ~
KILOMETRO: 86 + 000

SE OBSERVAN UNAS MANCHAS BLANQUESINAS EN PARTE INFERIOR
DE LOSA.

PR
A

Ly

o
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PUENTE: EL HUAHUA - -~

CARRETERA: PLAYA AZUL - MANZANILLO
KILOMETRO: 86 + 000

-~

-

OBSERVESE LAS MANCHAS BLANQUEGINAS E
INFERIOR DE LOSA.

."-\

N PARTE



E:ELHUAHUA .
CARRETERA: PLAYA AZUL - MANZANILLO
KILOMETRO: 86 + 000

b T

P

Py

v
i
s

374
£V

Hor

ok P |
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e

OBSERVESE FRACTURA Y DESCONCHAMIENTO EN TOPES DE PILAS.



PUENTE: EL MARAHUATA II. -
CARRETERA: PLAYA AZUL - MANZANILLO

__KILOMETRO: 150 + 276

. \‘l:i "1- ‘.‘ ‘: v b - -*f-i‘-

VISTA GENERAL DEL PUENTE Y DEL CAUCE



PUENTE: EL MARAHUATA |
CARRETERA: PLAYA AZUL - MANZANILLO
KILOMETRO: 150 + 276

4 £

VISTA DEL ESTRIBO No.t OBSERVESE LAS CONDICIONES DEL
TERRAPLEN Y DESPLAZAMIENTO HORIZONTAL DE LOSA

X =

z - o

VISTA DEL ESTRIBO No.§ QBSERVESE LAS CONDICIONES DE LOSA
Y EL DESPLAZAMIENTO HORIZONTAL DE LOSA 7




PUENTE: EL MARAHUATA il
CARRETERA: PLAYA AZUL - MANZANILLO .
KILOMETRO: 150 + 276

OBSERVESE LAS MANCHAS BLANQUE@NAS EN LA PARTE INFERIOR
DE LA LOSA. Y FALTA DE TOPES ANTISISMICOS EN PILAS.
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ICACION : KM 79 + 800

UB

Mrer I 7 T 7T

WVISTA GENERAL DEL PUENTE HACLA MANZANILLO

JOBSERVESE LAS

FRACTURA DEL TOPE ANTISISMICO DEL ESTRIBO

MANCHAS BLANQUE@INAS EN LOSA.



LA COLORADA

PUENTE

PLAYA AZUL - MANZANILLO.

KM 79 + 800

CARRETERA

UBICACION

SE OBSERVA GRIETA ENTRE MURO LATERAL Y DIAFRAGMA DEL ESTRIBO



PUENTE: LA COLORADA . ..
CARRETERA : PLAYA AZUL - MANZANILLO.
UBICACION : KM 78 + 800

FRACTURA DEL TOPE SISMICO EN PILAS, OBSERVESE EL .
DESPLAZAMIENTO HORIZONTAL DE LOSAS.

FRACTURA DEL TOPE SISMICO EN ESTRIBO



PUENTE : LA COLORADA
CARRETERA : PLAYA AZUL - MANZANILLO.
UBICACION : KM 79 + 800

OBSERVSE LAS CONDICIONES EN QUE SE ENCUENTRAN EL TALUD
Y JUNTA DE EXPANSICN. :



PUENTE : NEXPA
CARRETERA : PLAYA AZUL - MANZANILLO.

e
NI g

. e

VISTA GENERAL DEL PUENTE



PUENTE : NEXPA
CARRETERA : PLAYA AZUL - MANZANILLO.
UBICACION : KM 55 + 800

s R i
ANk ‘“‘;é""""‘* 5

DESCONCHAMIENTOS EN UNIONES DE LOSAS Y BANQUETAS



PUENTE : NEXPA
CARRETERA : PLAYA AZUL - MANZANILLO.
UBICACION : KM 55 + 800

£

VISTA GENERAL DE BANQUETA Y PARAPETO.
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PUENTE : NEXPA AR o =z i}
CARRETERA : PLAYA AZUL - MANZANILLO.- -~ - T
UBICACION : KM 55 + 800D . e ;

DESCONCHAMIENTC DEL CONCRETO EN LOSA Y FRACTURA DE TOPE ANTISISMICO



PUENTE : NEXPA
CARRETERA : PLAYA AZUL - MANZANILLO.

UBICACION : KM 55 + 800

DESCONCHAMIENTO EN REMATE Y BANQUETA.
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Carretera : Guadalajara — Barra de Navidad
Puente : San Patricio; km 260+400
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Carretera : Guadalajara - Barra de Navidad
Puente : Jaluco 1; km 260+900
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Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 1; km 260+900



Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 1; km 260+3900
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Carretera : Guadalajara — Barra de Navidad ;
Puente : Jaluco 2; km 260+800
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Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 2; km 260+800




Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 2; km 260+800



Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 2; km 260+800
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Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 2; km 260+800



Carretera : Guadalajara — Barra de Navidad
Puente : Jaluco 2; km 260+800



Carretera : Melaque - Puerto Vallarta
Puente ; Purificacion ; km 028+700



Carretera : Melaque — Puerto Vallarta
Puente : Purificacion ; km 028+700




Carretera : Manzanillo - Melaque
Puente : Cihuatlan ; km 043+720



Carretera : Melaque — Puerto Vallarta
Puente : Toro2; km 103+500
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Figure 17. Peak accelerations (both EW and NS) as a function of

hypocentral distance R, including data from PAR. Numbers corres-
pond to the records of Table 4.
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