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RESUMEN

Despu¢s de los sismos de 1985 se dieron circunstancias que favorecieron el desarrolio de
procedimientos empiricos para estimar el movimiento sismico del terreno en la Ciudad de México,
tomando en cuenta los efectos de fuente, de trayecto y de sitio. Contribuir en estos desarrollos fue uno
de los propositos de la presente investigacién. Por ejemplo, se hizo un estudio de las aceleraciones del
movimiento sismico registradas en la zona de terreno firme. En &l se distinguieron rasgos
caracteristicos en el contenido energético de temblores de distinto origen. Se identificd que los
temblores maés intensos para las estructuras del valle de México son los que provienen de las costas del
estado de Guerrero. También se desarrollé un método de interpolacién, basado en la estadistica
bayesiana, para inferir las amplificaciones dinamicas del terreno en sitios no instrumentados. El
propdsito es hacer uso de los registros observados en el terreno firme, y de las funciones de
amplificaciéon dindmica del terreno que se han cuantificado con datos sismicos registrados en decenas
de sitios en las zonas de transicién y de lago, para predecir las fuerzas sismicas que se esperan ante la
ocurrencia de posibles sismos futuros. Los eriores totales en una amplia zona de la ciudad son
modestos, cercanos a 50%, pero se pueden incrementar hasta en més de 100% en las zonas
insuficientemente instrumentadas. Para ilustrar 1a utilidad de este enfoque predictivo, se calcularon las
fuerzas sismicas que se tendrian en gran parte de la ciudad, ante posibles temblores futuros. Ello
permiti6 verificar que la distribucion de estas fuerzas esta controlada por las caracteristicas de la fuente
sfsmica y del trayecto, ademas de las condiciones locales del terreno y de las propiedades dinamicas
estructurales.

En esta investigacion también se buscd contribuir en otros aspectos del disefio sismico de estructuras.
Se hizo un estudio formal de las reducciones de las fuerzas sismicas debidas al comportamiento
inelastico de los materiales, asi como de los debidos a la interaccién suelo-estructura. Como resultado
de estas investigaciones se suministran expresiones sencillas con Ias que es posible tomar en cuenta las
reducciones de las fuerzas sismicas por comportamiento ineléstico y los efeclos en el periodo, el
amortiguamiento y la ductilidad estructurales debidos a la interaccion entre el suelo y la estructura. Con
estas expresiones, que estdn disefiadas para incorporarlas en futuros reglamento, se comelen errores
sighificativamente pequefios. Finalmente, se presentd un esquema de contornos de respuesta espectral
que es funcion de los periodos del terreno y de la estructura. Ademas de haber sido de gran utilidad
para realizar estudios paramétricos de interaccidn suelo-estructura, esta representacién permitié
explicar los criterios recomendados en las normas vigentes para ajustar el espectro de disefio a partir del
periodo dominante del terreno.




ABSTRACT

After the earthquakes ocurred in 1985, some circumstances that allowed the development of emphirical
procedures were done in order to estimate the seismic ground motion at Mexico City by taking into
account source, path and site effects. One of the aims of this work is to contribute in these desarrollos
fue uno de los propésitos de la presente investigacién. Por gjemplo, se hizo un estudio de las
aceleraciones del movimiento sismico registradas en la zona de terreno firme. En €l sc distinguieron
rasgos caracteristicos en €l contenido energético de temblores de distinto origen. Se identificé que los
temblores mas intensos para las estructuras del valle de México son los que provienen de las costas del
estado de Guerrero. También se desatrollé un método de interpolacién, basado en la estadistica
bayesiana, para inferir las amplificaciones dinimicas del terreno en sitios no instrumentados. El
propdsito es hacer uso de los registros observados en el terreno firme y de las amplificaciones
dindmicas del terreno en las zonas de transicién y de lago para predecir las fuerzas sfsmicas que se
esperan ante la ocurrencia de posibles sismos futuros. Los errores totales en una amplia zona de la
ciudad son modestos, cercanos a 50%, pero se pueden incrementar hasta en mas de 100% en las zonas
insuficientemente instrumentadas. Para ilustrar la utilidad de este enfoque predictivo, se calcularon las
fuerzas sismicas que se tendrian en gran parte de la ciudad, ante posibles temblores futuros. Ello .
permitié verificar que la distribucién de estas fuerzas esta controlada por las caracteristicas de 1a fuente
sismica y del trayecto, ademas de las condiciones locales del terreno y de las propiedades dindmicas
estructurales.

En esta investigacion también se buscé contribuir en otros aspectos del disefio sismico de estructuras.
Se hizo un estudio formal de las reducciones de las fuerzas sismicas debidas al comportamiento
inelastico de os materiales, asi como de los debidos a la interaccién suelo-estructura. Como resultado
de estas investigaciones se suministran expresiones sencillas con las que es posible tomar en cuenta las
reducciones de las fuerzas sismicas por comportamiento inelastico y los efectos en el periodo, el
amortiguamiento y la ductilidad estructurales debidos a la interaccién entre el suelo y la estructura. Con
estas expresiones, que estdn disefladas para incorporarlas en futuros reglamento, se cometen errores
significativamente pequefios. Finalmente, se presenté un esquema de contornos de respuesta espectral
que es funcidn de los periodos del terreno y de la estructura. Ademas de haber sido de gran utilidad
para realizar estudios paramétricos de interaccién suelo-estructura, esta representacidén permitié
explicar los criterios recomendados en las normas vigentes para ajustar el espectro de disefio a partir del
periodo dominante del terreno.



1 INTRODUCCION

Los dafios sin precedentes producidos en la Ciudad de México por el gran sismo de Michoacan
(M=8.1) el 19 de septiembre de 1985 revelaron la necesidad de revisar las normas de construccion
vigentes desde 1976. Del consenso de los expertos surgid un conjunio de normas técnicas de
emergencia para la reconstruccién de las obras civiles de la ciudad. En particular, se fijaron mayores
coeficientes de disefio sismico y se especificé que los efectos de interaccion suelo-estructura maés
importantes se tomaran en cuenta explicitamente en el disefio de estructuras desplantadas en sitios d=
suelo blando (Rosenblueth y Reséndiz, 1988; Rosenblueth er al, 1989; Rosenblueth y Gomez, 1991).

Ademas del analisis de los registros del sismo del 19 de septiembre de 1985 y de la observacion de los
dafios, los nuevos coeficientes sismicos se definieron después de revisar lo que entonces se conocia de
la ocurrencia de temblores en el territorio mexicano, de sus efectos destructivos en la Ciudad de México
y de la respuesta sismica de los depésitos de suelo blando. Para ello, se postularon los sismos mas
desfavorables producidos por los mecanismos focales reconocidos. Ademds, se hizo uso del modelo
unidimensional de propagacion de ondas de corte para tomar en cuenta los efectos de amplificacién
dindmica producidos por las arcillas lacustres de la ciudad. Para cada zona geotéenica de la ciudad se
estipulé un espectro de disefio sismico, aunque se reconocié que los espectros de disefio podrian
modificarse si se conoce el periodo dominante del terreno. En efecto, es la primera vez que en los
reglamentos mexicanos se considera 1a reduccién de las ordenadas espectrales de disefic en funcién del
periodo dominante del sitio. La variacién de las méaximas ordenadas espectrales en cada sitio con su
periodo de vibracién més largo presenta reducciones significativas para periodos cortos y largos con
respecto al periodo caracteristico 15 =2s. Por su caracter innovador, las disposiciones reglamentarias
correspondientes se basaron en modelos simplificados que condujeron a recomendaciones
particularmente sencillas, las cuales son aplicables solamente a las zonas 11 y HI.

En paralelo, se opté por tomar en cuenta los efectos de interaccién suelo-estructura. Para ello, se
empleé un enfoque simplificado que consiste en reemplazar el sistema acoplado por un oscilador
equivalente con base rigida caraclerizado por el periodo y el amortiguamiento efectivos del sistema
acoplado. Este enfoque se adopto parcialmente en las normas acluales, ya que sélo se suministran
criterios para la modificacién del periodo fundamental estructural y se desprecian las posibles
modificaciones en el amortiguamiento. Este criterio puede dejar desprotegidas ciertas estructuras, ya
que la interaccion suelo-estructura reduce la efectividad del amortiguamiento estructural ¥, @ Menos que
¢l amortiguamiento del suelo compense esta reduccion, el amortiguamiento del sistema acoplado sera
menor que el de la estructura con base rigida (Jennings y Bielak, 1973; Veletsos y Meek, 1974). En
estas disposiciones, tampoco se han tomado en cuenta los efectos de interaccién en la ductilidad
estructural. Solamente se ha sugerido que la ductilidad del sistema acoplado se reduce, segin se infiere
del comportamiento de una estructura de un grado de libertad con comportamiento elastoplastico, cuya
demanda de ductilidad es funcién decreciente del alargamiento del periodo por interaccién
(Rosenblueth y Reséndiz, 1988).

Al igual que en otros reglamentos modernos, en el reglamento para construcciones del Distrito F ederal
estd reconocido que ademis de las propiedades estructurales, las fuerzas sismicas que actuan sobre las
estructuras dependen de las caracteristicas de la fuente sismica, del trayecto que sigue el campo
ondulatorio en su viaje hasta el sitio de desplante y de las propiedades dindmicas del terreno en este
sitio. Se busca que en las futuras versiones se contemplen las condiciones de riesgo mas realistas que es
posible esperar para la ciudad. Por ello, se han concentrado esfuerzos por identificar la verdadera



naturaleza del campo incidente y por explicar las caracteristicas de la respuesta sismica del valle de
Mexico, en particular, los efectos de amplificacién regional, las grandes variaciones espaciales del
movimiento del terreno y la extraordinaria duracién observada en sitios de la zona del lago. También se
ha puesto énfasis en la prediceion de las intensidades sismicas que se tendrian en la ciudad ante sismos
futuros. Gran parte de los avances se han logrado gracias al incremento en la capacidad de observacién
instrumental y a la interpretacion de los registros de movimientos fuertes ocurridos en los tiltimos afios.
En 1985, operaban en la ciudad del orden de diez estaciones acelerométricas. Actualmente, existen del
orden de cien sobre la superficie del terreno.

En esta investigacién se desarrollan criterios y recomendaciones practicas que permiten predecir ¢l
movimiento del terreno del valle de México durante sismos intensos. Se ha puesto énfasis en modelos
empiricos que se apoyan en el (ratamiento de registros acelerométricos bajo esquemas tedricos
simplificados. Este enfoque predictivo permite tomar en cuenta los efectos de fuente, de trayecto y de
sitio que se han identificado en los datos obtenidos de varios temblores. Asimismo, se plantea un
procedimiento para estimar los espectros de respuesta de sitio, es decir, las fuerzas sismicas que
actuarian sobre un conjunto de estructuras, supuesto un escenario sismico especificado por el sitio de
desplante y por la ocurrencia de un temblor en alguna regién sismogénica. Ademads, se suministran
expresiones sencillas para tomar en cuenta los efectos en el periodo, el amortiguamiento y la ductilidad
estructurales debidos a la interaccién inercial suelo-estructura. Para infroducir los electos debidos a la
inferaccion cinemética se proponen expresiones similares en las que interviene la relacién entre los
movimientos en ia superficie libre y en la base de la cimentacién. Se buscé que al hacer uso de los
espectros de disefio convencionales con el resultado de estas expresiones, implicitamente, se tomen en
cuenta los efectos mas significativos de la interaccidn suelo-estructura en las fuerzas sismicas de
disefio.




2 OCURRENCIA DE LOS GRANDES TEMBLORES EN EL, TERRITORIO MEXICANO

Los grandes temblores en México (magnitud M>7.0) tienen origen a lo largo de la costa del Pacifico,
desde Manzanillo hasta Tehuantepec, aproximadamente, debido a la subduccidn de las placas ocednicas
de Cocos y Rivera bajo la placa de Norteamérica. Los catalogos de los grandes temblores han permitido
estimar periodos de recurrencia para algunos segmentos de la zona de subduccién. Estos varian entre 20
y 75 afios. Se ha reconocido que el proceso de ocurrencia esta constituido por periodos de acumulacidn
de energia que culminan con la generacién de un temblor cuando se sobrepasa la resistencia de las
rocas. El concepto de brecha sismica surge para designar a un segmento de la zona de subduccidén en la
cual no se ha producido un temblor de importancia en un lapso relativamente grande. Es aceptable
asignar altas probabilidades a la ocurrencia de un temblor en un lapso relativamente breve en las
brechas sismicas. Con base en estas consideraciones se han identificado diferentes brechas sismicas en
México (p ¢j, Kelleher, ef al, 1973; Singh, et al, 1981). Los grandes temblores recientes (Colima, 1973,
1995; Oaxaca, 1978; Petatlan 1979, 1985; Playa Azul, 1981: Ometepec, 1982, 1995; Michoacan, 1985)
han ocurrido en sitios considerados brechas sismicas.

En la brecha de Michoaedn se generaron los recientes sismos del 25 de octubre de 1981 (M=7.3), 19 de
septiembre de 1985 (M=8.1) y 30 de abril de 1986 (M=7.0). En particular, esta region produce pocos
sismos pequefios y puede dar lugar a sismos de gran tamafio, como el que se observé en 1985. Al igual
que la brecha de Jalisco, la de Michacan puede adquirir el potencial sismico mas elevado de la zona de
subduccién mexicana y los tiempos de recurrencia més largos (~ 70 aiios; Singh et af, 19853). Debido a
los grandes dafios que ocasioné el temblor del 19 de septiembre de 1985 en la Ciudad de México, se
sugiri6 que la irradiacion de este sismo pudo ser andmalamente energética, al menos para los periodos
cercanos a los de resonancia de los sitios del valle con suelos de origen lacustre. Esto fuc confirmado
por Singh et al (1988) a partir del andlisis de las aceleraciones registradas en el sismo del 19 de
septiembre de 1985 en varios sitios de terreno firme en y cerca de la Ciudad de México. A partir de
registros de datos telesismicos de banda ancha, Singh er af (1990) mostraron que el origen de esta
anomalia proviene de la fuente del terremoto y que tiene un periodo caracteristico cercano a 2.5 s.

En la brecha de Petatldn se originé el sismo que produjo el colapso de la Universidad Iberoamericana
de Ia Ciudad de México en 1979. Se trata de un sismo con M=7.6. También en esta region tuvo origen
la réplica del gran terremoto de Michoacan de 1985 con M=7.7. Ambos temblores produjeron
intensidades sismicas similares en el valle de México. Por otra parte, el catalogo de sismos histéricos
indica que la brecha de Ometepec tiene los periodos de recurrencia mas cortos de la costa mexicana del
Pacifico (de 20 a 30 afios; Singh y Suarez, 1988). En 1937 y 1950 ocurrieron grandes terremotos con
M>7.8. Desde entonces se han producido dos temblores intensos. Uno de ellos con M=7.4, ocurrido el
2 de agosto de 1968 y el otro ocurrido el 14 de septiembre de 1995, con M=7.3. En particular, el 7 de
junio de 1982 se generaron dos temblores con M=6.9 y 7.0 en un lapso de 6 horas, conocidos como el
"doblete de Ometepec”.

Existe consenso general en la comunidad cientifica de que actualmente la regién con mayor potencial
sismico en el pais es, precisamente, el area cubierta por las brechas de Guerrero y San Marcos (Singh,
et al, 1981, 1982; Nishenko y Singh, 1987a,b). En esta regién ocurrieron grandes temblores en 1845
(M~8.2), 1899 (M=7.9), 1907 (M=7.7), 1908 (M=7.6, 7.0}, 1909 (M=6.9) y 1911 (M=7.6). El primero
de estos (conocido como el temblor de Santa Teresa a causa de la iglesia derrumbada) fue uno de los
sismos mas intensos para la Ciudad de México durante el siglo pasado. La intensa actividad sismica de
principios de siglo ceso por 46 afios. En la madrugada del 28 de julio de 1957 se generd olro gran
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temblor. Se contaron numerosos dafios materiales y, lamentablemente, la pérdida de decenas de vidas
humanas. Hasta entonces, este evento conocido como "Temblor del Angel", habia sido €l mas intenso y
destructivo para las estructuras y obras civiles de la Ciudad de México. Los sismos intensos mas
recientes generados en esta regién tuvieron lugar el 11 de mayo de 1962 (M=7.2) y el 25 de abril de
1989 (M=6.9}. Este ltimo es un temblor moderado pero ha sido el mas intenso para las estructuras de
la Ciudad de México desde los sismos de 1985. En resumen, en la zona noroeste de esta region (desde
cerca de Petatlan hasta Acapulco) no se han producido grandes temblores en los tiltimos 80 afios,
mientras que la porcion sureste (desde Acapulco hasta cerca de Ometepec) no ha dado Iugar a grandes
temblores después del terremoto de 1957. Por otro lado, se han obtenido relaciones empiricas entre el
momento sismico, que es una medida de la energia liberada durante el proceso de ruptura de un
temblor, y el periodo de recurrencia. Para un periodo de 80 afios se encontrd que la energia acumulada
en las brechas de Guerrero y San Marcos seria suficiente para generar 1 6 2 temblores con M=8.0, o
bien, de 2 a 4 con M=7.8. Asimismo, relaciones empiricas entre el drea de ruptura y Ja magnitud
indican que esta brecha (con dimensiones maximas de 230 por 80 Km, estimadas por Singh et al, 1982)
podria generar un temblor con M=8.3.

Otros estudios indican que los grandes temblores de subduccion en México se originan cerca de las
costas, con profundidades entre 16 y 20 K (Singh et al, 1984; Singh y Mortera, 1990) y que ¢l ancho
de la ruptura no excede 80 Km (Singh et o/, 1995). Ademsas, se ha observado que estos eventos pueden
ser generados por varias © una sola ruptura (UNAM, Seismology Group, 1986; Singh, er al, 1984;
Singh y Mortera, 1990). También se sabe que e} nimero de réplicas que se generan después de un gran
temblor es anémalamente pequefio (Singh y Suarez, 1988), pero que pueden ser de gran magnitud (p ej,
cl gran sismo de Jalisco de 1932 con M=8.3 dio lugar a una réplica con M=7.9; el doblete de Ometepec
cn 1982 con M=6.9 y 7.0; y el sismo del 21 de septiembre de 1985, con M=7.6, que se origino en la
region de Petatlan como réplica del gran sismo de Michoacan de 1985). No se sabe qué tan frecuente
ocurre, pero se ha observado que una brecha sismica puede dar lugar a més de un gran temblor en
tiempos relativamente cortos. Por ello, después de un gran temblor no puede considerarse que la zona
de ruptura esté necesariamente liberada de potencial sismico para un futuro inmediato.

Con menor frecuencia ocurren grandes temblores bajo el continente, con profundidades mayores que 50
Km, conocidos como sismos de profundidad intermedia. También se conocen como sismos de
fallamiento normal porque se producen por un mecanismo de fallamiento normal de la litésfera
ocednica subducida (Singh er al, 1985). El 19 de junio de 1858, un terremoto (M~7.7) se sintio
fuertemente en la Ciudad de México, Michoacan, Puebla, Guerrero, Morelos, Jalisco, San Luis Potost,
Queré¢taro, Veracruz, Colima, Tlaxcala y Estado de México. Al parecer, se trata de un temblor de
profundidad intermedia que causd graves dafios, tanto en la Ciudad de México, como en otras
poblaciones importantes de centro del pais (apéndice IV). En este siglo, los eventos mds destructivos
que se han originado por este mecanismo de ruptura cortical son los sismos de Oaxaca con M=7.8 (15
de enero de 1931), de Orizaba con M=7.1 (28 de agosto de 1973) y de Huajuapan de Leén con M=7.0
(24 de octubre de 1980). Rosenblueth ez a/ (1989) sugieren que la condicion més desfavorable para la
Ciudad de México se tiene ante un sismo con M=6.5 originado a 80 Km de profundidad.

También se generan temblores en el interior de la placa continental. Estos pueden ser pequefios
(llamados de origen local) o moderados ¢ intensos (llamados de intraplaca). Los temblores locales
siguen un proceso de ruptura carente de memoria (proceso poissoniano). Ello significa que su
ocurrencia es independiente de la historia sismica de la localidad, aunque se ha identificado que las
actividades humanas (llenado de vasos de presas, sobrexplotacién de agua subterranea), pueden inducir
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el inicio de una ruptura. De hecho, se ha asociado el llenado de presas con la ocurrencia de temblores
destructivos con M > 6 (Gupta et al, 1972).

Los temblores intraplaca se relacionan con la ruptura a lo largo de fallas de varios kilémetros. Figueroa
(1964) sefiala que existe un alineamiento descrito por tres terremotos, con magnitud entre M=7.0 y 7.8,
que dejaron huellas en la superficie del terreno, tanto de destruccién de poblaciones como de rupturas
visibles de importantes tramos de terreno. El primero de estos temblores ocurrié el 11 de febrero de
1875. Fue un temblor devastador en Jalisco, especialmente en Zapopan. El segundo ocurrié el 19 de
noviembre de 1912, que entre otras poblaciones, destruy$ a las de Acambay y Tixmadejé. El tercero
ocurri6 el 3 de encro de 1920 a lo largo de un tramo de la Falla Oxochoacan. Este temblor destruyd
varias poblaciones en Veracruz y Puebla. Las primeras letras de los epicentros de estos tres eventos
sirvieron a Figueroa para dar el nombre Falla Zacamboxo a este alineamiento en el sistema de fallas
que corre a lo largo del eje volcanico transmexicano. Se han estimado periodos de recurrencia mayores
a los 1000 afios para algunas porciones de este sistema de fallas corticales (Rosenblueth et al, 1989).
Sin embargo, desde 1912, la Falla Zacamboxo ya ha producido cinco temblores intensos (M>7.5). Para
Rosenblueth ez al (1989), el candidato de mayor peligro que es razonable esperar para la Ciudad de
Meéxico es un sismo con M=7.0 originado en la terminacion oriental del graben de Acambay. Para la
region de Kobe, en Japon, se habian estimado periodos de recurrencia mayores a 1000 afios después de
una moderada actividad ocurrida hace 70 afios. Sin embargo, €l 17 se enero de 1995 ocurrié un temblor
intraplaca con M=6.7 que resulté ser muy destructivo en las areas urbanas cercanas a la region
epicentral.

2.1 Respuesta sismica regional del valle de México

La observacion instrumental de los movimientos del terreno ocurridos en los tiltimos afios en el valle de
México, ha permitido identificar grandes variaciones espaciales en los registros del movimiento del
terreno, cuya duracion es excepcional, particularmente en sitios de la zona del lago (p ej Kawase v Aki,
1989). Son numerosos los estudios para explicar la naturaleza de la respuesta sismica del valle de
México. Los trabajos de Chavez-Garcia y Bard (1994), Singh et af (1995) y Sanchez-Sesma y Luzén
(1996) son avances recientes en esta bisqueda. Singh y Ordaz (1993) explican convincentemente la
duracién del movimiento a partir de los primeros registros de banda ancha obtenidos en la zona de
terreno firme de la Ciudad de México. Estos autores proponen que la larga duracion es una propiedad
intrinseca del campo incidente y que probablemente se debe al multitrayecto que siguen las ondas
sismicas desde la fuente hasta el valle de México. Es factible que este fendmeno esté relacionado con
las conspicuas amplificaciones regionales sefialadas por ellos (Ordaz y Singh, 1992). En efecto, los
autores afirman que atin en la zona firme del valle de México existen amplificaciones en el intervalo de
frecuencias entre 0.3 y 0.4 Hz que no se explican con los modelos mas simples de fuente y trayecto, o
que no tienen correlacién con la atenuacion sismica observada en otras regiones.

En el apéndice I se presenta una formulacion para estimar las caracteristicas del campo incidente. Se
trata del uso de una representacion espectral del movimiento ondulatorio que permite indicar las
amplitudes, velocidades y direcciones de propagacién que siguen los componentes mas significativos
del campo incidente. Esta representacion es la densidad de potencia espectral del movimiento regional
en los dominio del mimero de onda y la frecuencia. Ademas, se hace un andlisis cinemético que permite
descomponer el campo total en términos desacoplados que producen desplazamientos longitudinales y
lransversales a la direccién de propagacion. El analisis de los registros producidos por el sismo del 25
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de abril de 1989 sugiere que los componentes mas importantes del campo incidente corresponden a los
modos superiores de ondas superficiales del tipo Lg y Rg. Se observd que las maximas amplitudes se
tienen alrededor de 0.3 Hz y que, para estas frecuencias, las direcciones de propagacion no coinciden
con la direccidn epicentral. Estos resultados pueden interpretarse como enfocamientos de energfa
sismica producidos por la difraccion de ciertos componentes del campo incidente en una estructura
geoldgica de varias decenas de kilémetros. De ser correcto, estos enfocamientos, originados en el
flanco sur del eje volcanico transmexicano, podrian explicar parte de las amplificaciones regionales
sefialadas por Ordaz y Singh (1992).



3 ESTIMACION DE MOVIMIENTOS FUERTES DEL TERRENO

Esteva y Villaverde (1973) obtuvieron relaciones empiricas, llamadas leyes de atenuacién, para
aceleracion y velocidad maximas del terreno a partir de una base de datos mundial que incluia registros
de temblores mexicanos. Bufaliza (1984) propuso expresiones similares obtenidas a partir de datos
registrados exclusivamente en México. Posteriormente, Singh er a/ (1987) obtuvieron relaciones
tomando so6lo los datos registrados en la Ciudad Universitaria (CU) de la Ciudad de México. Por afios,
el espectro de respuesta, que es una descripcién de las fuerzas sismicas maximas que produciria un
temblor en un conjunto de estructuras, se determind a partir de los valores méximos de aceleracion y
velocidad del terreno (Esteva, 1970). Se han buscado esquemas mas completos para suministrar estos
estimadores del dafio estructural, ya que la correlacion entre el dafio estructural y los valores maximos
de aceleracion y velocidad del terreno es relativamente baja. En efecto, la estimacion del espectro de
respuesta ha mejorado gracias al uso de la teoria de vibraciones aleatorias (TVA, Boore, 1983) y de una
descripcion mas completa del movimiento sismico del terreno, en particular, del contenido energético
de frecuencias o espectro de amplitudes de Fourier (EAF) y de {a duracion del lapso mas intenso del
movimiento.

Castro ef al (1988) construyeron un modelo empirico para predecir las ordenadas del EAF de las
aceleraciones del terreno para el sitio CU. El modelo se basa en la regresion lineal de los datos a partir
de una forma funcional que esta de acuerdo con modelos tedricos de fuente sismica (Brune, 1970;
McGuire, 1978). Para superar la insuficiencia de datos, Ordaz et al (1994a) construyeron un modelo de
regresion basado en el teorema de Bayes. Este teorema permite incorporar informacion previa a los
datos; por ejemplo, la que proviene de modelos y estudios tedricos, o bien, de la experiencia en otras
regiones. Bajo este tratamiento, las regresiones son mas estables y contienen toda la informacion
existente. En particular, la regresidn de las amplitudes de Fourier de las aceleraciones registradas en CU
preserva los rasgos prominentes debidos a la amplificacion regional sefialada por Ordaz y Singh (1992).
Este fenémeno de amplificacién se observo en el intervalo de frecuencias entre 0.2 y 0.7 Hz y se ha

concluido que no existe ningun sitio exento de es*a amplificacion dentro del valle de México (Singh es
al, 1995).

3.1 Determinacion de espectros de Amplitudes de Fourier (EAF) para terreno firme

Existe un método complementario en el que se emplean los registros de sismos pequefios para simular
el movimiento producido por sismos mayores. La idea original fue propuesta por Hartzell (1978), quien
se apoy6 en la hipdtesis de que la complejidad observada en los registros estara presente en aquéllos
producidos por sismos de mayor magnitud originados en la misma region epicentral. Haciendo uso de
un modelo tedrico para el escalamiento de la fuente sismica, Ordaz et al (1993, 1994b) obtuvieron
excelentes resultados al simular los registros del sismo del 25 de abril de 1989 (M=6.9), a partir de los
registros producidos por un sismo pequefio (M=5.0) ocurrido en la misma regién el 2 de mayo de 1990.
La bondad de este modelo de escalamiento es preservar los rasgos mas significativos del movimiento
atribuidos a la fuente sismica, al trayecto y al sitio de observacién. En principio, bastaria observar, en
un lapso relativamente corto, la sismicidad de una regién para hacer una buena estimacién de las
caracteristicas que tendria un gran temblor originado en ella.



En el presentie trabajo se hace uso del modelo tedrico @2 {Aki, 1967; Brune 1970) para el escalamiento
de las amplitudes del movimiento del terreno observado en CU. Con este modelo se busca preservar las
peculiaridades espectrales, atribuidas a la fuente sismica y al trayecto, en la estimacién de movimientos
del terreno producidos por posibles sismos futuros de gran tamafio. Para la frecuencia angular de
excitacion o, el espectro de amplitudes de Fourier A(w) esta definido por

2 -oR2QB

(3.1)

Donde R ¢s la distancia desde el sitio de observacion hasta el area de ruptura (en cm), f es la velocidad
de propagacion de ondas de corte (en cm/s), Q es el factor de calidad, w, = 2xf, es la frecuencia de
esquina angular y C una constante dada por

¢ Roq £ PRIITN
4rpp?

(3.2)

en la que p es la densidad de masa (en gr/em’), Ry = J2/5 es el factor de irradiacién para ondas de

corte (Aki y Richards, 1981), F§ =2 es el factor de superficie libre y PRTITN = 1/ V2 es el factor de
reduccién con que se toma en cuenta la particién de energia en dos componentes horizontales. El
término Mg es el momento sismico (en ergs), que se puede estimar haciendo uso de la magnitud M y
de 1a expresion propuesta por Hanks y Kanamori (1979)

Para estimar la frecuencia de esquina f, (en Hz) se tiene la relacion de Brune

1. =4.96x 10°B(Ac/M, ) (3.3)

donde Ac es la caida de esfuerzos (en bares). En esta expresion, la velocidad de ondas de corte § se
suministra en kny/s.

Si con los subindices o y p se designa a los temblores observado y postulado, y se acepta que el
producto Qf vy la constante C (en especial el término Ry,) son los mismos para ambos temblores, ¢l

cociente leérico de amplitudes de espectros de Fourier Glo)=A p(a) ) / A,{o) se escribe como
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Puede verificarse que el valor estatico (para frecuencia cero) de la funcién de escalamiento G(co) es el
cociente de momentos sismicos Mop /Moo » ¥ que al aumentar Ja frecuencia, la amplitud predicha para

el escalamiento se reduce con tendencia asintdtica al valor (Mg, / M,,)' *(Ac, / Ac,)?>. En efecto, a

medida que crece el tamafio de un temblor, las amplitudes del movimiento de periodo largo crecen mas
riapidamente que las del movimiento de periodo corto. En otras palabras, si se desea caracterizar el
movimiento que produciria un temblor de mayor magnitud, seria incorrecto multiplicar las amplitudes
del EAF por una cantidad constante. En las aplicaciones presentadas en este trabajo, los EAF de sismos
postulados se especifican mediante el producto A p(m) = G(m)Ao(m), siendo A O(m) el EAF de algun
temblor registrado en CU.

3.2 Respuesta sismica de los depdsitos lacustres

Se ha premovide el desarrollo de modelos tedricos y empiricos encaminados a predecir la naturaleza
del movimiento del terreno producido por un lembior de magnitud y localizacién especificada.
También se han redoblado esfuerzos por cuantificar la respuesta dinamica del terreno atribuida a las
condiciones locales, en particular, a la presencia de estratos superficiales de suelo blando. El
reglamento actual para la construccion de obras civiles en la Ciudad de México contiene espectros de
disefio sismico en los que se estipulan las fuerzas sismicas que las estructuras deben resistir sin llegar al
colapso. Ademds de considerar un gran sismo de disefio cuya seleccion se basd, principalmente, en la
observacion de los registros del temblor de Michoacan de 1985, en este reglamento se reconoce la
presencia de diferentes tipos de suelo. En efecto, se fijaron coeficientes sismicos para cada una de las
tres zonas geotecnicas reconocidas (lago, transicion y lomas o terreno firme). La zonificacion actual,
que es un refinamiento de la propuesta origina! de Marsal y Mazari (1959), es congruente con la
distribucion de los dafios producidos por los grandes temblores recientes (1957, 1979 y 1985).

Se ha reconocido que en las zonas de transicién v de lago de la Ciudad de México existen grandes
amplificaciones del movimiento simico del terreno relativas al movimiento observado en la zona de
lomas. De acuerdo con numerosos investigadores (p ¢j Rosenblueth, 1952; Bustamante, 1964; Zeevaert,
1964; Herrera et al, 1965; Rosenblueth y Elorduy, 1969) estos efectos de amplificacién se deben a las
condiciones geotécnicas, geolbgicas y topograficas del terreno. Singh et al (1988) describen en forma
cuantitativa las amplificaciones relativas del movimiento del terreno mediante funciones de
transferencia empiricas (FTE). Para ello, los autores hicieron uso de la coleccién de acelerogramas
producidos por el sismo del 8 de febrero de 1988 (M=5.8), registrados en decenas de sitios por las
estaciones de la Red Acelerométrica de la Ciudad de México (RACM). De acuerdo con los autores, las
amplificaciones relativas de cada componente del movimiento (norte-sur v este-oeste) se pueden
representar medianie el cociente
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donde H (o) v |A,~(o:>)] son la FTE y el EAF del movimiento en el sitio i, respectivamente, mientras

|ACU(03)! es el EAF del movimiento en el sitio CU. Con respecto a esta referencia, los autores reportan

que existen sitios donde el movimiento de cierta frecuencia puede amplificarse hasta 50 veces. Ademas,
sefialan que de acuerdo con los registros sismicos, el comportamiento dinidmico de los depositos
lacustres es elastico y sensiblemente poco amortiguado, aun durante sismos tan intensos como los de
1985. Ordaz et al (1989) adoptaron esta hipotesis de linealidad para formalizar un enfoque empirico
que permite predecir los EAF del movimiento que se tendria en los sitios instrumentados de 1a Ciudad
de México ante posibles grandes temblores. Con los EAF que se obtienen de las aceleraciones
registradas en CU, correspondientes al sismo del 19 de septiembre de 1985, los autores hicieron una
posdiccion de los EAY esperados para este temblor en varios sitios de 1a RACM. Para ello, tomaron el
producto que se deduce de la ec 3.6 entre el EAF de CU y las FTE de Singh et a/ (1988). Los pocos
registros de este temblor que se obtuvieron en las zonas de lago vy transicién, permitieron a Ordaz et al
(1989) ilustrar el gran poder predictivo de este enfoque empirico.

Una de las contribuciones del presente trabajo es una extensién del enfoque de Ordaz ef al (1989),
hecha con el proposito de predecir el movimiento del terreno que se tendria en sitios no instrumentados
dentro del valle de México. Para resolver este problema, que se centra en la estimacion de las FTE de
sitios con coordenadas arbitrarias, se desarrollé un esquema de interpolacidn espacial basado en los
trabajos de Lancaster y Salkauskas (1986), Pelto et a/ (1988) y en el teorema de Bayes (Broemling,
1985). En esta formulacién, detallada en el apéndice II, se hacen intervenir soluciones tedricas y
numericas, ast como las incertidumbres relacionadas con el tratamiento numérico, a fin de reducir y
cuantificar los niveles de error que se tienen en las predicciones.

En resumen, para cada sitio de registro sc obtuvieron medidas estadisticas para describir las
amplificaciones dinamicas observadas en las FTE debidas a varios temblores. Se calcularon las FTE
promedio (dos componentes horizontales) y los coeficientes de variacion, que son relativamente
pequefios (entre 0.1 y 0.3). El propdsito fué con el propdsito de construir una base de datos de FTE
(llamadas FTE observadas) para el modelo de interpolacion espacial propuesto en el apéndice II.
Siguiendo las modalidades identificadas como con dato y sin dato, se interpolaron las FTE en las
coordenadas de todos los sitios instrumentados de las zonas de lago y transicién. La primera modalidad
se refiere al hecho de interpolar las FTE considerando Ia totalidad de los datos. Para la mayoria de los
sitios, las diferencias entre las FTE observadas y las FTE interpoladas con esta modalidad se traducen
en coeficientes de variacién comparables con los coeficientes obtenidos del tratamiento estadistico de
los registros de varios temblores. La segunda modalidad corresponde al hecho de interpolar las FTE en
las coordenadas de un sitio instrumentado cuyas FTE no se han incluido en la base de datos. Con esta
modalidad, en la que se estudia propiamente el problema de interpolacidn, los coeficientes de variacidn
entre las FTE observadas e interpoladas se incrementan en zonas con insuficiencia instrumental. Para la
zona con mayor densidad instrumental, los coeficientes en ambas modalidades son practicamente
iguales.
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4 RESPUESTA SISMICA ESTRUCTURAL

A diferencia de las amplitudes del movimiento del terreno (EAF), las fuerzas sismicas son una medida
cuantitativa de la accidn de un temblor sobre las estructuras. Usualmente, se caleulan los valores de las
fuerzas sismicas méaximas que obrarian sobre un grupo de estructuras eldsticas en un sitio determinado.
Este conjunto de valores, conocido como espectro de respuesta sismica (ERS), tiene implicaciones
directas en el disefio sismico de estructuras.

Rosenblueth et af (1989) describen el proceso que siguieron para construir los espectros de disefio
contenidos en la norma vigente para la construccidn de obras civiles en la Ciudad de México (NTCDS-
RCDF, 1987,1995). En su trabajo, los autores indican los sismos mas desfavorables que es razonable
esperar durante la vida ulil de las estructuras. Sefialan que ademés de un gran sismo de subduccion
proveniente de las costas de Guerrero, es factible la ocurrencia de sismos intensos originados en el
interior del continente (temblores intraplaca o de origen local) o bien, bajo el continente (temblores de
fallamiento normal generados a profundidad intermedia). Los autores propusieron formas espectrales
sencillas para cada uno de estos temblores. Para el de subduccién se adapté una forma trapecial a partir
de la observacion de los EAF del sismo de Michoacan de 1985 con M=8.1. Para los otros tembiores, los

autores calibraron los parametros del modelo de fuente sismica 0’ a partir de la observacion de los
EAF de dos sismos intensos de fallamiento normal (ocurridos el 6 de junio de 1964 con M=7.3 y el 24
de octubre de 1980 con M=7.0) y de un tembior local (ocurrido el 12 de julio de 1974 con M=3.7). Para
tomar en cuenta las amplificaciones dinamicas producidas por suelos blandos, los autores calibraron el
modelo unidimensional de propagacion de ondas de corte. Los espectros de respuesta se calcularon con
la teoria de vibractones aleatorias (TVA} (Trifunac y Brady, 1975; Boore, 1983; Reinoso ef al, 1990).

El detalle de las formas espectrales propuestas por Rosenblueth er al (1989) para el terreno firme es
congruente con el conocimiento que entonces se tenia sobre la respuesta sismica de los depédsitos
lacustres de la Ciudad de México. Después de las experiencias de 1985, se han obtenido avances
notables en el componente empirico de este conocimiento, debido principalmente a {a productividad de
un grap nimero de acelerometros instalados en las zonas de lago y transicién. Por ejemplo, se tienen
medidas cuantitativas de las amplificaciones del movimiento del terreno del valle de México que
difteren significativamente de las predichas por el modelo unidimensional de propagacién de ondas de
corte. Estas amplificaciones tienen grandcs variaciones espaciales. Es razonable suponer que el origen
de las variaciones espaciales del movimiento, en combinacién con las peculiaridades que se pueden
sefialar para cada fuente sismica, den lugar a un nimero importante de condiciones desfavorables para
las estructuras de la ciudad. ‘

En este trabajo se propone incorporar el conocimiento empirico en los lineamientos especificados por
Rosenblueth et a/ (1989). E! interés es identificar los escenarios de mayor riesgo sismico en la Ciudad
de México. Se adopta el uso de la TV A para estimar las ordenadas de los ERS, pues no se cuenta maés
que con algo mas de la mitad de la informacién necesaria para el calculo exacto. Sélo se conoce el EAF
del movimiento del terreno v, en principio, su duracién. En efecto, para un sitio arbitrario, el EAF se
especifica mediante el producto entre 1a FTE del sitio y el EAF que se tendria en el terreno firme ante
un sismo postulado. La duracidn se estima con expresiones sencillas, basadas en consideraciones fisicas
y calibradas a partir de la observacion de cientos de acelerogramas registrados en las zonas de lago y
transicion.
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Ea el apéndice I1I se presenta una sinopsis de los principales resultados de la TVA. Ademas, se discute
un andlisis estadistico de las incertidumbres que se tienen en la estimacién de los ERS para sitios
arbitrarios del valle de México. Se encontrd que las principales fuentes provienen de cuairo conceptos
no correlacionados o independientes: a) hacer uso de la TVA, b) estimar un valor de duracién, c)
cuantificar los efectos de sitio mediante FTE y d) especificar ¢! EAF de sismos futuros. Se encontrd que
tipicamente el error estandar (o coeficiente de variacidn) debido a ta TVA es del 15%, mientras que el
error debido a la estimacion en la duracidn es del orden del 10% en los sitios de periodo largo y que
puede llegar al 30% en los de periodo corto. Por otra parte, en el error asociado con la FTE se toma en
cuenta que siempre existen variaciones aleatorias de origen desconocido, ademas del hecho de haber
observado una muestra estadistica de FTE relativamente pequefia y de hacer uso de un método de
interpolacion espacial. Para sitios arbitrarios en las zonas densa y moderadamente instrumentadas, el
error en la estimacion de ERS por el uso de FTE es del 30%. También se observé que con el método
propuesto por Ordaz er af (1993) para especificar los EAF de sismos que no han ocurrido, el error es
del 35%. En este método bayesiano para determinar los EAF de terreno firme se toma en cuenta ajustes
en los pardmetros de la fuente sismica y del trayecto. Debe considerarse este error, al menos, si se hace

uso del modelo de fuente o2 para el escalamiento de los EAF de sismos pequefios con el propdsito de
especificar sismos futuros mds intensos. En el mismo apéndice se discute que si estos errores son
pequefios, el error cuadratico totai en la estimacién de ERS seria la suma de los errores cuadraticos
debidos a cada uno de estos conceptos. Se comprobd que, en promedio, csta relacion se cumple
razonablemente, aunque se encontré que cuando los errores crecen, 10s errores esperados estan
significativamente sobrestimados en comparacion con los errores reales. Este hecho se observd en las
zonas menos instrumentadas del valle, donde los errores esperados en la interpolacién son tipicamente
elevados. Para una gran porcién de la ciudad, los errores esperados en [a estimacién de ERS son
cercanos a 50%.

En el apéndice IV se muestra que el uso de las FTE obtenidas de sismos de subduccion suministra
buenos resultados cuando se estiman los movimientos producidos por sismos de profundidad
intermedia. Ello permitié predecir las ordenadas espectrales y los niveles de dafio estructural que se
podrian presentar en el valle de México ante la ocurrencia de uno de estos sismos con M=7.7, similar al
que ocurrid el 19 de junio de 1858, a 220 km al suroeste de la ciudad.

4.1 Seleccion de temblores intensos

Se han revisado los acelerogramas registrados en CU con el propésito de identificar posibles rasgos
debidos a los efectos de fuente y/o trayecto sismicos y, por ello, qué puedan estar presentes durante los
proximos grandes temblores. La mayoria de los registros han sido producidos por sismos de
subduccién. Los més intensos (M>6.9) se presentan en la tabla 4.1. También se indica la fecha de
ocurrencia, la magnitud y la distancia mas corta entre el area de ruptura y el sitio CU, asi como la
regién sismogénica a la que cada sismo pertenece, de acuerdo con la clasificacion de brechas
sismogénicas propuestas por Nishenko y Singh (1987a, b). Esta clasificacién se ilustra en Ja fig 4.1
junto con las 4reas de ruptura de los sismos estudiados. En la fig 4.2 se ilustran las aceleraciones
registradas en CU producidas por estos sismos. Los EAF envolventes de los componentes NS y EW se
ilustran en la fig 4.3, En cada recuadro se comparan los espectros de los sismos originados en la region
especificada (indicados con lineas gruesas) con los espectros de los sismos originados en el resto de la
zona de subduccién en estudio (indicados con lineas delgadas). También se ilustra la comparacién entre
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los EAF de los registros de los sismos de Playa Azul del 25 de octubre de 198] (M=7.3), de San
Marcos del 23 de abril de 1989 (M=6.9) y de Ometepec del 14 de septiembre de 1995 (M=7.3). Se trata

de sismos originados en diferentes regiones, con distancias epicentrales a CU que varfan entre 290 y
330 Km.

Sismo Fecha M R (Km) | Brecha sismogénica
1 23/VHI/65 7.8 466 Qaxaca Este
2 02/Vil/68 7.4 326 Oaxaca Oeste
3 29/X1/78 7.8 414 Qaxaca Ceniral
4 14/111/79 7.6 287 Petatlan
5 25/X/81 7.3 330 Michoacan
6 07/v1/82 6.9 304 Ometepec
7 07/VI/82 7.0 303 Ometepec
8 19/1X/85 8.1 295 Michoacan
9 21/IX/85 7.7 318 Petatlan

10 30/1V/86 7.0 409 Michoacan
11 25/1V/89 6.9 290 San Marcos
12 14/1X/95 7.3 320 Ometepec

Tabla 1 Sismos de subduccién con M>6.9 registrados en CU desde 1965

Latitud
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Fig 4.1 Zonas sismogénicas y areas de ruptura de sismos de subduccion ocurridos desde 1957
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Aceleraciones producidas por sismos de subduccion en la Ciudad Universitaria
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Fig4.3 Espectros de amplitudes de Fourjer (EAF) de los acelerogramas ilustrados en la fig 4.2
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La fig 4.3 permite hacer las siguien.fes observaciones:

a) Los dos grandes sismos de la brecha de Petatldn que se han registrado son, practicamente, del
mismo tamafio (M=7.7 y 7.6) y originados a la misma distancia epicentral del sitio CU (318 - 287 Km).
Las amplitudes de sus EAF son muy similares. En particular, son los sismos de subduccién mas
energeticos para frecuencias mayores que 1 Hz, que se han registrado en CU. Al parecer, la corteza
terrestre entre la brecha de Petatlin y la Ciudad de México es muy eficiente para la propagacion de
ondas de alta frecuencia, o bien, la irradiacion de energia de alta frecuencia es mayor en esta brecha que
en las brechas vecinas. Ello podria explicar el colapso de la Universidad Iberoamericana, la cual se
encontraba en un sitio de la zona del lago con periodo dominante alrededor de 1 s, asi como otros dafios
observados principalmente en la porcion de la zona de lago cercana a la de transicién. En cambio, se
observa que para frecuencias menores, las amplitudes son comparables a las que se producen por
sismos de menor magnitud originados en las otras brechas sismogénicas sefialadas en este estudio. No
se cuenta con los registros del "Temblor del Angel" del 28 de julio de 1957 (M=7.7), originado en la
brecha de Guerrero, pero puede inferirse que, para periodos entre 2 y 3 s, los grandes temblores de
Petatlan fueron significativamente menos energéticos. En particular, los dafios sin precedentes
producidos por el "Temblor de! Angel" revelaron que la zona lacustre de la ciudad estaba expuesta a
altos niveles de peligro sismico debido, principalmente, a las condiciones geotécnicas del subsuelo.

b} El sismo del 25 de abril de 1989 es el tnico evento importante de la brecha de San Marcos
que se ha observado instrumentalmente en CU. En gran parte de la Ciudad de México, este sismo con
=6.9, originado a 300 km, produjo mayores intensidades que otros sismos costeros de mayor
magnitud, originados a distancias ligeramente mayores (320-330 km). Al parecer, la diferencia entre las
distancias epicentrales no es suficiente para explicar porqué el sismo de San Marcos es maés intenso que
los sismos de Playa Azul del 25 de octubre de 1981 (M=7.3) y Ometepec del 14 de septiembre de 1995
(M=7.3), sobre todo para el intervalo de periodos entre 2 y 3s. Si son anomalias energéticas tipicas de
la fuente y/o el trayecto sismicos, podria explicarse que el "Temblor del Angel" causd dafios tan
cuantiosos porque, en realidad, Jos sismos que ocurren frente a las costas de Guerrero (brechas de
Guerrero y San Marcos) suelen ser los mas intensos para las estructuras ubicadas en la zona lacustre de
la Ciudad de México.

c) Al parecer, la region de Ometepec es la de mayor actividad. Desde que se instald el
acelerégrafo de CU en 1964, se han registrado cuatro sismos importantes y numerosos sismos pequefios
con M < 5. Aungue las magnitudes de los sismos importantes varian entre 6.9 y 7.3, la diferencia en
estos tamafios no es apreciable en los EAF. En efecto, para frecuencias mayores a 0.4 Hz, los espectros
tienen practicamente el mismo nivel de amplitud. Ello significa que para las estructuras convencionales
del valle de México, situadas en sitios con periodo dominante entre 2 s y 2.5 s, estos sismos produjeron
fuerzas con intensidades similares, particularmente menores que las producidas por el sismo de San
Marcos de 1989.

Otros autores ya han sugerido que los temblores originados en las brechas de Guerrero y San marcos
pueden ser significativamente més energéticos. En efecto, de los cocientes entre los momentos sismicos
obtenidos a partir de ondas superficiales y de ondas P telesismicas, Singh y Mortera (1990} han inferido
que los sismos que se generan al oeste de la longitud 99°W son més complejos que aquéllos que se
generan al este. En particular, observaron que en esta representacion, el "Temblor del Angel” de 1957
es el mas energético (tres veces mas de lo que tipicamente se observa en sismos con igual magnitud,
originados en ofras regiones). Ellos sugicren que existe una segmentacién de Ja placa oceanica
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subducida cerca de los 99°W, y que al oeste, el desplazamiento sobre el plano de falla ocurre mas
lentamente que al este. Esta hipotesis es congruente con la distribucion de hipocentros que delimita la
zona de Benioff (Pardo y Sudrez, 1995) y con la actividad del vuicanismo cuatemario. También podria
estar relacionada con el origen de la anomalia energética identificada en los acelerogramas del sismo de
San Marcos de 1989 registrados en la Ciudad de México y en los datos telesismicos del temblor de
Guerrero de 1957. Si asi es, es factible que esté presente en terremotos futuros.

Se hizo uso del escalamiento tedrico deducido del modelo de fuente sismica mz, descrito por fa ec 3.5,
y de los registros del sismo del 25 de abril de 1989 (M=6.9) para estimar los EAF del movimiento
producido por sismos de mayor magnitud, originados en las brechas de Guerrero y/o San Marcos. Por
ejemplo, seria de interés conocer las intensidades que produjo el "Temblor del Angel” del 28 de julio de
1957 con M=7.7 y las que podria producir un gran temblor con M=8.1, igual que el de Michoacan de
1985. En la fig 4.4 se ilustran el EAF del movimiento producido en CU por el sismo de Michoacén y
los EAF de los movimientos debidos a los sismos hipotéticos con M=7.7 y M=8.1, originados en las
costas de Guerrero. Al parecer, un sismo de Guerrero con M=7.7 puede producir amplitudes
comparables a las producidas por el gran temblor de Michoacdn, mientras que uno con M=8.1
produciria amplitudes significativamente mayores. En esta figura también se ilustra el EAF de un
postble sismo con M=6.5 originado a 80 km bajo €l valle de México (por el fallamiento normal de la
corieza sobre el manto terrestre). Para especificar este EAF se hizo uso de los registros del el sismo de
Huajuapan de Leon del 24 de octubre de 1980 (M=7). Estos EAF empiricos son los envolventes de los
dos componentes horizontales del movimiento. Asimismo, se indican los EAF de los sismos de
Guerrero y de fallamiento normal propuestos por Rosenblueth ef al (1989).

102

...... Guerrero (Rosenblueth ef al, 1989)
------- Normal (Resenblueth et al, 1489)
Michogcan M=8.1 (1985)

100 ’:, ——— Guerrero M=8.1, (Este estudio)

I Rt Guerrero M=7.7, (Este estudio) o
N Normal M=6 5, R=80 Xm (Este estudio)} - i

Fig 4.4 Espectros de Fourier para CU correspondientes a varios sismos
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4.2 Intensidad de las fuerzas sismicas debidas a temblores de diferente origen

Ademés de comparar los EAF de los movimientos del terreno en CU relacionados con la ocurrencia de

_varios temblores, es de interés examinar las fuerzas sismicas producidas en las estructuras de la Ciudad
de México por cada evento. En la fig 4.5 se ilustran los ERS (5% de amortiguamiento estructural) para
los sitios CU y SCT (Secretaria de Comunicaciones y Transportes) correspondientes a cuatro
temblores: a) el temblor de Michoacan de 1985 con M=8.1, b) un temblor de igual magnitud con origen
en las costas de Guerrero, ¢) otro originado en la misma region con M=7.7 (comparable con el
"Temblor del Angel), v d) un temblor de fallamiento normal o profundidad intermedia con M=6.5,
originado a 80 km de profundidad bajo 1a ciudad. Estos ERS se calcularon con la TVA, a partir de los
EAF que se obtienen de acuerdo con el producto que se deduce de la ec 3.6. También se ilustran los
espectros de disefio que se obtienen para estos sitios al tomar en cuenta el periodo dominante del
terreno en el apéndice A4 de las NTC-RCDF (1987, 1995). Se puede verificar que las diferencias entre
los ERS correspondientes a los sismos Michoacin (M=8.1) y Normal (M=6.5, R=80 km) contenidos en
esta figura y los que se presentan en el trabajo de Rosenblueth ef af (1989), son menores que 15%.

35 Ciudod Universitaria {CU) Secretoria de Comunicaciones y Transportes (SCT)
i.4p
ol . Michoacan M=8.1 (1985)
. i Guerrere M=8.1 (postuladc) 12
i — — ~—— Guerrero M=7.7 (postulade) '
25 F‘: Vo e Normal M=7.0, R=80km {postulgda)
et NTC—RCDF 1987, 1995 1.0
\T 20 "3- ‘ . 8
=) H "3
N Ak
v 15 3 A\ B
-
10'}:1 S~ .._‘ _i‘:\_ o ‘:\ 4
.05 I N 2
.00 ' : ' L,
0 1 2 4 5

Fig4.5 Espectros de respuesta esperados ante cuatro posibles temblores para los sitios CU y SCT

Los resultados de la fig 4.5 indican que el "Temblor del Angel" con M=7.7, originado frente a las
costas de Guerrero, pudo producir fuerzas sismicas estructurales similares a las que se presentaron
durante el sismo de Michoacan de 1985, con M=8.1. Un sismo de Guerrero con igual magnitud pedria
producir intensidades 50% mayores, particularmente para periodos estructurales cercanos a T, =2.0s.
En efecto, para este periodo estructural, el sismo de Michoacén produjo acleraciones espectrales
cercanas a 0.1g y 1.0g en los sitios CU y SCT, respectivamente (g = aceleracién de la gravedad =
98lcm/s?). Para el sismo de Guerrero con M=8.1, las aceleraciones esperadas correspondientes son
cercanas a 0.15g y 1.5g, respectivamente, comparables con las que estimaron Ordaz et al (1993).

Para cada vno de los temblores seleccionados se calcularon los ERS en los nodos de una malla regular
que cubre una extensa porcién del valle de México (ver fig 1 del anexo I de este trabajo). En la fig 4.6
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se ilustran las distribuciones de las ordenadas espectrales asociadas a los periodos estructurales
Te =11+ 0.25s. A primera vista se puede sefialar que el sismo de Guerrero con M=7.7 produce patrones
muy similares con intensidades ligeramente menores que las que se tienen para el sismo de Michoacan
(M=8.1). Se tiene la misma configuracion para el sismo de Guerrero con M=8.1, con intensidades 50%
mayores. La configuracién correspondiente al sismo de fallamiento normal es ligeramente distinta y
presenta mtensidades mayores que el sismo de Michoacan para algunos sectores del valle donde los
periodos dominantes del terrenos son cercanos a T; = 1s. Al parecer, para los periodos estructurales
T = 1+0.25s, solo un sismo de Guerrero con M=8.1 superaria significativamente las intensidades
maximas esperadas para un sismo de fallamiento normal con M=6.5 a R=80 km. En la fig 4.7 se
ilustran las distribuciones de las ordenadas espectrales esperadas para periodos estructurales
Te =2+0.5s. Ahora, las intensidades méximas se distribuyen a lo largo de la zona de periodos del
terreno cercanos a Ty = 2s. Nuevamente, se puede reconocer que se tienen patrones muy similares para
los sismos de Michoacan con M=8.1 y Guerrero con M=7.7, con intensidades ligeramente menores
para ¢ste ultimo. En este caso, un sismo de Guerrero con M=8.1 podria producir intensidades 50%
mayores que el sismo de Michoacdn, en tanto que un sismo de fallamiento normal produciria
intensidades 50% menores.

En la fig 4.8 se ilustra la distribucion de las ordenadas méaximas del espectro de respuesta a cualquier
periodo estructural. Sin ser una regla, los valores méximos se presentan para periodos estructurales
cercanos a los periodos dominantes del terreno. A diferencia de los casos anteriores, las intensidades
maximas producidas por los sismos de Michoacan con M=8.1 y de Guerrero con M=7.7 siguen
patrones ligeramente distintos. Por ejemplo, el sismo de Michoacén produce intensidades mayores que
el sismo de Guerrero en sitios cercanos a la frontera entre las zonas de lago y transicion, mientras que el
de Guerrero se identifica por ser mas intenso en los sitios de la zona de lago con periodos mayores que
T; = Zs. También es notable que mientras el sismo de Michoacan puede producir intensidades mayores
que Sa = 1g (g=9.81m/s?) en un 4rea importante a! noreste del cruce entre el Circuito Interior y Calzada
de los Misterios, el sismo de Guerrero puede superar estas intensidades en un area comprendida entre el
lago de Xochimilco y el Anillo Periférico. Al noreste del lago de Texcoco también se pueden sefalar
diferencias entre las intensidades producidas por los temblores de Michoacan y de Guerrero con M=7.7,
aunque éstas son de menor significancia. Por su parte, el temblor de Guerrero con M=8.1 produce la
misma distribucién de intensidades que el sismo con M=7.7, con valores 50% mayores. Finalmente, la
distribucion que se tienc para el sismo de fallamiento normal revela que este tendria amplitudes
mayores que Sa = 0.8g en dos amplias regiones: una porcion de la zona del lago situada al poniente del
Cerro de la Estrella y otra en la zona de transicién situada al noreste de la ciudad, en Azcapotzalco.
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5 CRITERIOS DE DISENO SiSMICO: EFECTOS DE SITIO Y DE INTERACCION
SUELO-ESTRUCTURA

5.1 Reduccion de las fuerzas sismicas debida al comportamiento inelastico estructural

El comportamiento ineldstico de sistemas estructurales es uno de los aspectos més importantes en el
disefio sismico contemporaneo. Se acepta que al admitir cierto nivel de dafio material, es decir,
incursiones dentro del infervalo no lineal del comportamiento mecanico de los materiales, las
estructuras pueden ser disefiadas para fuerzas sismicas equivalentes significativamente menores que las
obtenidas para el comportamiento elastico.

El modelo més simple de una estructura no lineal es un oscilador de un grado de libertad, definido por
su masa, su coeficiente de amortiguamiento viscoso y su rigidez, en el cual la relacién fuerza-
deformacion es clastopléastica, Para esta clase de comportamiento, la fuerza restitutiva en el resorte es
proporcional al desplazamiento hasta que se alcanza el desplazamiento de fluencia, y constante para
desplazamientos mayores. La maxima fuerza que puede desarrollarse en el resorte es la resistencia de la
estructura, la cual se relaciona con el desplazamiento de fluencia mediante la rigidez inicial del sistema,
La respuesta de esie tipo de osciladores se estipula usualmente en términos de la demanda de
ductilidad, definida como el cociente entre el méximo desplazamiento relativo de la masa y el
desplazamiento de fluencia.

Veletsos y Newmark (1960} analizaron osciladores elastoplasticos sometidos a cierto tipo de
movimientos del terreno y desarrollaron métodos aproximados para calcular espectros inelasticos. Uno
de sus resultados, que ha sido usado extensivamente en el disefio moderno de edificios, establece que el
maximo desplazamiento del sistema elastoplistico es aproximadamente igual al que se tiene en el
correspondiente oscilador elastico; por tanto, para desarrollar una demanda de ductilidad igual a la
ductilidad disponible, el sistema elastoplastico puede proveerse con una resistencia igual a la resistencia
elastica dividida por el factor de ductilidad. Este resultado, valido para periodos del oscilador no muy
cortos, se conoce como la regla Veletsos-Newmark y, particularmente, ha sido adoptado en muchos
reglamentos modernos de disefio sismico para reducir las fuerzas de disefio en estructuras sometidas a
carga sismica severa. Este es el mas simple de los métodos para relacionar respuestas inelasticas con
respuestas elasticas. Newmark y Rosenblueth (1971) propusieron reglas més sofisticadas y precisas, las
cuales, con pequefias modificaciones (Pérez-Rocha y Ordaz, 1991) funcionan muy bien para tipos muy
diversos de acelerogramas.

Después del temblor del 19 de septiembre de 1985, Meli y Avila (1988) examinaron los espectros
elastoplésticos del registro obtenido en la estacidon SCT de la Ciudad de México, el cual es casi
monocromatico con periodo de 2 s, y més de 40 s de fase intensa. Estos autores sefialaron reducciones
extremadamente grandes en las ordenadas espectrales debidas al comportamiento elastoplastico
comparadas con las predichas por la regla Veletsos-Newmark. En otras palabras, explicaron que para
movimientos de banda espectral angosta, la ductilidad favorece la reducccién de las respuestas en
estructuras con periodo fundamental inicial cercano a aquél para el que se presenta el maximo en el
espectro de respuesta elastico. Rosas et af (1989) examinaron los espectros de respuesta elastoplésticos
de varios acelerogramas obtenidos en sitios blandos del valle de México y observaron el mismo tipo de
comportamiento. Concluyeron que las reducciones sefialadas por Meli y Avila (1988) eran
sistemdticamente mayores que las predichas por la regla Veletsos-Newmark. Despties del examen de
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numeroso registros, Miranda (1993) propuso reglas empiricas en las que se toma en cuenta el tipo de
terreno (firme o blando). Ademas, es la primera vez que en reglas de este tipo, s¢ considera que las
reducciones dependen del cociente T/ T,, donde T es el periodo fundamental de la estructura y T esel
periodo dominante del movimiento. Ordaz y Pérez-Rocha (1993), mostraron que el tamafio de la
reduccién por ductilidad para el periodo T = T, esta controlada por el ancho de banda del movimiento.

Como parte de la presente investigacion se prepard un cédigo numérico para calcular las respuestas de
osciladores elastoplasticos sometidos a una coleccién extensa de registros de aceleracion, tanto de
zonas epicentrales como de la Ciudad de México. Ademas de confirmar los resultados de Ordaz y
Pérez-Rocha (1993), se llegd a la conclusién de que las reducciones por ductilidad se pueden estimar a
partir de los espectros eldsticos de aceleracién, velocidad y desplazamiento relativos y de los valores
maximos de aceleracion, velocidad y desplazamiento del terreno. En general, se encontrd que los
errores que se cometen con esta estimacion, son menores a los que se cometen haciendo uso de otras
regresiones (p ej. Miranda 1993). En el apéndice V se discuten las aportaciones de esta investigacidn,
asi como las principales conclusiones ¢ implicaciones en la practica de ingenierfa sismica.

5.2 Efectos de interaccion suelo-estructura en suelos blandos

La interaccién dinémica suelo-estructura consiste en un conjunto de efectos cineméticos e inerciales
producidos en la estructura y el suelo como resultado de Ia flexibilidad de éste ante solicitaciones
dinémicas. En sintesis, modifica los pardmetros dinamicos de Ia estructura asi como las caracteristicas
del movimiento del terreno en la vecindad de la cimentacidn.

El problema de interacciéon suelo-estructura se puede descomponer en una parte inercial y otra
cinematica (Kausel et al, 1978). El alargamiento del periodo fundamental de vibracion, el incremento o
la reduccién del amortiguamiento y la reduccién en la demanda de ductilidad, con respecto a los valores
que tendria la estructura en su condicién de base rigida, son producidos por la interaccidn inercial,
debida fundamentalmente a la inercia y elasticidad del sistema acoplado. Usualmente, es conservador
efectuar sdlo el andlisis de interaccién inercial, siempre y cuando los efectos de sitio sean considerados
en la dsterminacion del movimiento sismico en la superficie del terreno, en particular, tomado como
excitacién efectiva en la base de la cimentacién. Aunque esta excitacién no tiene componentes de
rotacién, generalmente es mas desfavorable que el movimiento efectivo obtenido de un analisis de
interaccidn cinemaética.

Se sabe que el periodo fundamental de la estructura interactuando con el suelo siempre se incrementa,
porque el sistema acoplado tiene una flexibilidad mayor que la de la estructura supuesta con base
rigida. También se sabe que el amortiguamiento del sistema acoplado generalmente se incrementa,
porque existc una disipacion adicional de energia producto de los amortiguamientos material
(comportamiento histerético) y geométrico (radiacién de ondas) del suelo (Jennings v Bielak, 1973;
Veletsos y Meek, 1974). Como la interaccién suelo-estructura reduce la efectividad del
amortiguamiento estructural, es posible que el amortiguamiento efectivo del sistema acoplado sea
menor que el amortiguamiento de la estructura con base rigida, a menos que esta reduccion se
compense por el incremento debido al amortiguamiento del suelo. Para fines de reglamentacion
sismica, se acostumbra temer en cuenta los efectos de interaccion sélo en el modo fundamental,
empleando para ello un enfoque simplificado que consiste en reemplazar el sistema acoplado por un
oscilador equivalente con base rigida, caracterizado por el periodo y amortiguamiento efectivos del
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sistema acoplado. Con estos parametros se recurre a los espectros de disefio estandar para obtener las
aceleraciones en la estructura en términos de su periodo y amortiguamiento (Veletsos vy Meek, 1974).
En el apéndice VI se examinan y se proponen algunos criterios simplificados para considerar los
efectos de la interaccion inercial en el periodo y amortiguamiento del modo fundamental,

Atin no se han desarrollado expresiones para evaluar el incremento o la reduccion en las demandas de
ductilidad de sistemas suelo-estructura con respecto a los valores correspondientes de la estructura
supuesta con base rigida. En consecuencia, actualmente no es posible determinar sencillamente la
resistencia de fluencia de un sistema acoplado que, ante una excitacién dada, se requiere para limitar la
demanda de ductilidad a una ductilidad disponible especificada. Solamente se ha sugerido que la
ductilidad del sistema acoplado se reduce, segin se infiere del comportamiento de una estructura de un
grado de libertad con comportamiento elastopléstico, en que la ductilidad es funcidn decreciente de!
alargamiento del periodo por interaccién (Rosenblueth y Reséndiz, 1988). En el apéndice VII se estudia
el problema de vibraciones torsionales de una cimentacion con el uso de los amortiguamientos de tipo
histerético, de Voigt y de Kelvin. A partir de este estudio se propone una expresion calibrada con el
proposito de obtener funciones causales de flexibilidad o complianza a partir de funciones de
impedancia calculadas con amortiguamiento histerético. Estas funciones de flexibilidad impulsivas se
pueden introducir como integrales de convolucién en problemas de integracién de las ecuaciones de
movimiento resueltos paso a paso en el dominio del tiempo. En el apéndice VI se formula un sistema
ue permite estudiar estructuras con comportamiento no lineal acopladas a sistemas lineales suelo-
cimentacion. Los resultados de un examen paramétrico, orientado a la formulacidén de criterios
pricticos para incluir los efectos de interaccion en la ductilidad estructural, guardan una magnifica
correlacién con las predicciones hechas con la regla propuesta por Rosenblueth y Reséndiz (1988).

Por otra parte, la interaccién cinemdtica reduce la traslacidn de la cimentacién e induce torsién y
cabeceo en ella, a la vez que filtra los componentes de alta frecuencia de la excitacién, debido
esenclalmente a la rigidez y geometria de la cimentacion. Para fines de reglamentacidn sismica, los
efectos de la interaccidn cinemdtica suelen despreciarse, Para estructuras esbeltas, esta medida puede
ser desfavorable por no tomar en cuenta los efectos de cabeceo. En el apéndice 1X se proponen
expresiones simplificadas que permiten tomar en cuenta los efectos de la interaccién cinemdtica en el
periodo y amortiguamiento del modo fundamental.

5.3 Contornos de respuesta espectral

En el apéndice X se propone una representacion de fos efectos de sitio y de interaccion suelo-estructura
en valles aluviales extensos. En esta representacidn, las respuestas esfructurales maximas se expresan
en términos de contormos espectrales que son funcion del periodo dominante del sitio y del periodo
fundamental de la estructura. Los efectos de sitio sc¢ tomaron en cuenta mediante funciones de
transferencia calculadas con el modelo unidimensional de propagacién de ondas de corte en medios
estratificados. Los efectos de interaccién se introdujeron mediante el uso del modelo simplificado
descrito en el apéndice VI

En los contornos de respuesta se puede verificar que las respuestas méximas se presentan en los
periodos estructurales que coinciden con los periodos naturales de vibracién del sitio. En estos
contornos, los valores maximos siguen la traza del modo fundamental de vibracion, siempre que el sitio
sea relativamente firme. Para sitios mas blandos, o de periodo mas largo, las respuestas maximas
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tienden a presentarse a lo largo de las trazas correspondientes a los modos de orden SUperior, a2 mencs
que el contenido energético del movimiento de excitacion sea suficientemente rico en periodos largos,
cercanos o mayores que los del sitio. Esto se presenta cuando los temblores son de gran tamafio.
Cuando los temblores son pequefios, o el periodo dominante del sitio es muy grande comparado con el
contenido energético de la excitacion, las respuestas maximas se concentran en los modos superiores.

La utilidad de este esquema de contornos de respuesta aumenta cuando se introducen los efectos de
interaccion suelo-estructura, principalmente porque facilitan los estudios parameéiricos. En contraste
con las conclusiones propuestas por otros autores (Balendra y Heidebrecht, 1986; Veletsos y Prasad,
1989), los contornos de respuesta permiten sefialar efectos de interaccion importantes para periodos
fundamentales de la estructura medios y largos en sitios con periodo dominante largo.
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6 COMENTARIOS FINALES Y CONCLUSIONES

Por ailos, los espectros de disefio sismico para las construcciones del Distrito Federal se estipularon a
partir de los valores maximos de aceleracién y velocidad del movimiento del terreno. Despues de Ios
temblores de 1985 se adopté una descripeién més completa del movimiento sismico para determinar las
ordenadas de los espectros de disefio. En efecto, para estimar las respuestas estructurales maximas, gue
sirvieron de referencia para fijar las nuevas ordenadas de disefio, se hizo uso del espectro de amplitudes
de Fourier (EAF) y de algunos resultados de la teorfa de vibraciones aleatorias (TVA). En este enfoque
s¢ introducen, en forma explicita, los efectos de la fuente sismica, del trayecto que sigue el campo
ondulatorio en su viaje hacia el valle de México y de las condiciones geotécnicas locales. El
procedimiento consiste en establecer las caracteristicas de los sismos de disefio y estimar el espectro de
amplitudes de Fourier (EAF) del movimiento producido por cada uno de estos temblores en un sitio
localizado en la zona de terreno firme. En estos EAF estan contenidos los efectos de fuente y trayecto.
El EAF del movimiento en suelo blando se estima mediante el producto del EAF del movimiento en el
terreno firme con una funcién de transferencia que describe las amplificaciones del movimiento debidas
a las condiciones geotécnicas locales. Particularmente, para elaborar las normas sismicas de 1985 se
hizo uso de un sencillo modelo tedrico de fuente sismica (para especificar el EAF del movimiento en el
terreno firme) y del modelo unidimensional de propagacién de ondas en medios estratificados (para
determinar las funciones de transferencia de depdsitos de suelo biando). Estos modelos se calibraron

después de examinar los datos sismicos regisirados en unos cuantos sitios de la Ciudad de México
desde 1965.

En 1985 se revisaron los criterios de seguridad para las construcciones de la Ciudad de México, y
ademas, se concentraron esfuerzos por incrementar la capacidad de observacién sismica instrumental.
Se instalé una extensa red de acelerémetros en las zonas de terreno firme, de transicién y de lago. En
pocos afios ya se contaba con una numerosa coleccién de registros sismicos obtenidos en decenas de
sitios. Se observd que en las zonas de lago y transicidn, el movimiento sismico del terreno varia
significativamente entre sitios relativamente cercanos. También se cuantificaron las amplificaciones
relativas del movimiento en sitios de suelo blando con respecto al movimiento del terreno firme. Estas
amplificaciones se describieron mediante cocientes de EAF llamados funciones de transferencia
empiricas (FTE). En la mayoria de estas FTE se identificaron peculiaridades que no se explican
convincentemente con el modelo unidimensional de propagacion de ondas en medios estratificados ni
con modelos tedricos de mayor complejidad.

También se estudid la atenuacién del campo sismico ocurrida en el trayecto hacia el valle de México.
Se encontrd que atin en el terreno firme existen amplificaciones del movimiento que no se explican con
los modelos mas simples de fuente y trayecto, o que no tienen correlacién con la atenuacién sismica
observada en ofras regiones. Se buscd incorporar estas peculiaridades en los esquemas empiricos para
estimar el EAF del movimiento sismico, conocidas la magnitud y la distancia. El esquema mas refinado
fue una regresion lineal de los datos de sismos de subduccion (originados entre Michoacan y Oaxaca)
que se habian registrado exclusivamente en la Ciudad Universitaria (un sitio de terreno firme). Para
superar la insuficiencia de datos se hizo una incorporacion formal de informacidén previa mediante el
teorema de Bayes.

En sintesis, después de los sismos de 1985 se dieron circunstancias que favorecieron el desarrollo de un
procedimiento para estimar el movimiento sismico en la Ciudad de México, tomando en cuenta los
efectos de fuente, de trayecto y de sitio. Los avances mas significativos se han obtenido mediante el uso
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de los enfoques empiricos relacionados principaimente con el tratamiento de los EAF de terreno firme
y las FTE de sitios instrumentados en suelos blandos y de transicién. Mejorar el tratamiento de estos
EAF y FTE fue uno de los propésitos de la investigacién descrita en el presente documento.

En efecto, en esta investigacion se hizo un estudio de las aceleraciones del movimiento sismico
registradas en la zona de terreno firme. En él se distingunieron rasgos caracteristicos en el contenido
energético de temblores de distinto origen. Por ello, se propuso que las amplitudes espectrales de los
sismos de disefio, controladas por los efectos de fuente y trayecto, se determinan mediante el
escalamiento de las amplitudes del movimiento que se ha observado en la zona firme de la ciudad y que
ha sido producido por sismos de diferente origen. El escalamiento adoptado estd de acuerdo con un
modelo tedrico de fuente sismica de notable simplicidad. Entre otros resultados, se identificd que los
temblores mas intensos para las estructuras del valle de México son los que provienen de las costas del
estado de Guerrero. Al parecer, si en esta regién se origina un temblor con M=8.1, los espectros de
disefio estipulados en el reglamento actual pueden dejar desprotegidas a las estructuras de periodo
largo, especialmente las que se localizan en la zona de terreno firme. Con este resultado se justificaria
un estudio detallado del movimiento del terreno firme producido por sismos originados en diferentes
regiones de la zona de subduccién del territorio mexicano. También se desarrolié un método de
interpolacion, basado en la estadistica bayesiana, para inferir las amplificaciones dinamicas del terreno
en sitios no instrumentados. El propésito es hacer uso de Ios registros observados en el terrenc firme y
de las amplificaciones dinamicas del terreno en las zonas de transicion y de lago para predecir las
fuerzas sismicas que se esperan ante la ocurrencia de posibies sismos fituros. Como resultado parcial,
se obtuvo un mapa de periodos dominantes del terreno en el que se ha incorporado toda ia informacién
proveniente de registros de movimiento fuerte y de microtremores.

Con este modelo predictivo también se obtiene el valor de los errores esperados. Se verificé que del
crror total, el componente relacionado con el uso de la teoria de vibraciones aleatorias para estimar las
fuerzas sismicas es poco significativo en comparacién con los componentes relacionados con 1a
especificacién del espectro de amplitudes de Fourier del movimiento en el terreno firme debido a un
sismo postulado y con la determinacion de las amplificaciones dindmicas del terreno. En particular, las
incertidumbres en este dltimo se deben a la interpolacién espacial y a las variaciones exclusivas del
proceso de amplificacién dindmica (variaciones que se han identificado al comparar los registros
producidos por varios temblores). Los errores totales en una amplia zona de la ciudad son modestos,
cercanos a 50%, pero se pueden incrementar hasta en mas de 100% en las zonas insuficientemente
instrumentadas. Para ilustrar Ja utilidad de este enfoque predictivo, se calcularon las fuerzas sismicas
que se tendrian en gran parte de la ciudad, ante posibles temblores futuros. Ello permitié verificar que
la distribucidn de estas fuerzas estd controlada por las caracteristicas de Ia fuente sismica y del trayecto,
ademds de las condiciones locales del terreno y de las propiedades dingmicas estructurales.

En esta investigacidn también se buscd contribuir en otros aspectos del disefio sismico de estructuras.
Se hizo un estudio formal de las reducciones de las fuerzas sismicas debidas al comportamiento
inelastico de los materiales, asi como de los debidos a la interaccién suelo-estructura. Como resuitado
de estas investigaciones se suministran expresiones sencillas con las que es posible tomar en cuenta las
reducciones de las fuerzas sismicas por comportamiento inelastico y los efectos en el periodo, ¢l
amortiguamiento y fa ductilidad estructurales debidos a la interaccién entre el suelo vy la estructura. Con
estas expresiones, que estin disefiadas para incorporarlas en futuros reglamento, se cometen errores
significativamente pequefios. Finalmente, se presentd un esquema de contornos de respuesta espectral
que es funcidn de los periodos del terreno y de la estructura. Ademéas de haber sido de gran utilidad
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para realizar estudios paramétricos de interaccién suelo-estructura, esta representacién ‘permitid
explicar los criterios recomendados en las normas vigentes para ajustar el espectro de disefio a partir del
periodo dominante del terreno. En particular, estas innovadoras recomendaciones reglamentarias se
resumen en un conjunto de expresiones muy sencillas para modificar los parametros con los que se
define el espectro de disefio. Los contornos de respuesta espectral pueden ser de gran utilidad para

calibrar futuras ediciones de este atractivo apartado de la norma sismica para las construcciones en el
Distrito Federal.
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APENDICE 1



ESPECTROS CINEMATICOS DE UN CAMPO ONDULATORIO

RESUMEN

Se presenta un método para el analisis espectral de los componentes horizontales def
movimiento debido a la propagacién de un campo ondulatorio en una region instrumentada.
Se considera que el movimiento registrado es un campo aleatorio homogéneo cuya
representacion espectral, al igual que en los procesos estacionarios, consiste en la
superposicién de las ondas que se propagan. La densidad de potencia del espectro
frecuencia-niimero de onda suministra el valor cuadritico medio de la amplitud de estas
ondas, asi como su velocidad y direccién de propagacién.

En esta formulacién se hace una descomposicién cinematica del movimiento en términos de
componentes ondulatorios que producen desplazamientos en la direccién de propagacidn
(componente longitudinal) y en la direccién perpendicular {componente transversal). Para
cada componente se estima la densidad de potencia del espectro frecuencia-mimero de
onda. El analisis de estos espectros permite reconocer que los componentes longitudinal y
transversai son el resultado de la superposicién de varias ondas. El interés es identificar los
terminos mas significativos de estos componentes y suministrar sus amplitudes,
velocidades y direcciones de propagacion. Estos valores, como funciones de la frecuencia,
forman los espectros cineméticos del campo ondulatorio. En este trabajo se muestran los
resultados obtenidos de los datos registrados por la Red Acelerométrica de la Ciudad de
México (RACM) correspondientes a un sismo de subduccién con Ms=6.9, ocurrido a 300
km de la ciudad ¢l 25 de abril de 1989. Particularmente, en los componentes verticales del
desplazamiento producido por este temblor se puede observar ¢l paso de una forma de onda
prominente. Ello permiti6 establecer una escala de tiempo comin para todos los registros.

INTRODUCCION

El anélisis de datos sismicos que provienen de un arreglo de sensores ha sido de gran
utilidad para el estudio de la propagacién de ondas, en particular, para discriminar entre
temblores de origen natural y explosiones nucleares subterraneas. Con estos fines, en los
1960s y 1970s se difundié ampliamente el empleo de arreglos sismicos, generalmente
disefiados para la deteccién 6ptima de eventos regionales y telesismicos. Por gjemplo, el
LASA (Large Amplitude Seismic Array), localizado en Montana (EUA), fue un arreglo de
525 sismdémetros de periodo corto que cubria un radio de 100 Km mediante grupos de 25
sensores ordenados concéntricamente. En cada grupo, los sensores estaban ordenados en
1gual forma dentro de un 4rea de 3.5 Km de radio (Green et 4/, 1965). Otro arreglo de gran
apertura fue NORSAR, localizado al norte de Noruega. Con una configuracién similar,
NORSAR estaba formado por 132 sismémetros de periodo corto y cubria un radio de 50
Km. Con el transcurso de los afios, el empleo de arreglos sismicos ha sido muy provechoso




en la deteccién de primeros arribos y en la identificacién de las direcciones y velocidades
aparentes de los campos de ondas incidentes. En su trabajo, Ringdal y Husebye (1982)
hacen una revision detallada de estas experiencias.

Desde los primeros andlisis, se ha supuesto que el movimiento registrado por un arreglo de
sensores es un proceso aleatorio estacionario con media 0 y desviacién estdndar o. Esta
hipétesis permite caracterizar al movimiento mediante estimadores de la densidad de
potencia f-k. El estimador es convencional es la varianza del proceso (Yaglom, 1962). Sin
embargo, los estimadores que mayor difusion han recibido son los de alta resolucién,
conocidos como filtros de maxima verosimilitud ( p ej, Capon, et al, 1967, 196%: Kvaema y
Doormmbos, 1986).

En el anélisis de datos telesismicos, es comiin clasificar los componentes de un campo
ondulatorio como P o S si las velocidades aparentes son mayores o menores que 6 km/s?,
respectivamente. En muchas ocasiones, el valor de la velocidad aparente no es suficiente
para una correcta clasificacion, por ello, si se cuenta con sensores de tres componentes, se
puede recurrir a un analisis del movimiento de particula siguiendo métodos similares al
propuesto por Jurkevics (1988). Mykkeltveit et al (1990) sefialan que esta forma de
proceder permite distinguir fases Pn de Pgy Sn de Lg, aunque reconocen que la separacion
consistente es dificil de realizar.

En este trabajo se presenta una formulacion en la que se hace uso del teorema de Helmholtz
para representar un campo ondulatorio en componentes que producen desplazamientos en la
direccién de propagacion y en la direccion perpendicular. Esta descomposicion de caracter
cinematico se ilustra haciendo uso de datos registrados por la RACM, del método propuesto
por Capon (1969) para estimar los espectros de potencia f-k y de una representacion
espectral en la que se indican las amplitudes, direcciones y velocidades de propagacion de
las ondas con polarizacién longitudinal y transversal.

DENSIDAD DE POTENCIA ESPECTRAL DE LOS COMPONENTES
CINEMATICOS DE UN CAMPG ONDULATORIO

Densidad de potencia espectral

Sea u(®,X) el campo de desplazamientos producido por la propagacion de una onda plana,
con velocidad ¢, en la direccién del vector n = ('ﬁx,'ﬁy)T. Si se acepta que es armonico y,

ademas, que o es la frecuencia angular y k= (k,,k, }' es el vector niimero de onda, se tiene
que

w®,X)=u, exp(-ikxnx)exp(—ikyny)exp(imr) (1)



donde X = (x,y)", k, =on,fcy k, =onyfc. Ya que transformada de Fourier de u(w,X)
es

u(m,l?) = H u(m,i) exp(ik,x)exp(ik,y)dx dy A (2)
se tiene que u(w,ic“ ) = u06(kx —k, )B(ky -k, ), donde 6(-) es la funcién delta de Dirac

T sik=k,
o(k—k,)= (3)
0 sik#k,

Es decir, ¢l espectro en el nimero de onda, dado por la ec (2), o bien la densidad de
. —\12 . . g
potencia espectral iu(m k )‘ es diferente de cero en las coordenadas indicadas por el vector

k= E = kx Sy )" . Este hecho se traduce en un esquema de inversién porque es posible

determinar la direccién y la velocidad de propagacion de una onda plana que expiique el
campo de desplazamientos u(®,X). En efecto, la velocidad ¢ y la direccién azimutal de
propagacion 0 se determinan con las expresiones

e=({2, 2 fo) (4)

angtan(k,(n/ky“)_l (5)

[an)
I

Ahora, considérese que el campo de desplazamientos u{w,X) sélo se conoce en M sensores
distribuidos en el espacio Xx-y, v que interesa hacer una estimacion de la densidad de

. . . =2 C s
potencia espectral frecuencia-nimero de onda |u(m,k )| . Capon (1969) disefi¢ un filtro que
permite el paso sin distorsién de cualquier onda plana monocromatica que se propaga con
numero de onda k. El estimador, destacado por ser de alta resolucidn, tiene la forma

N M M _ -1
(o &) =[ZZ&‘(mexz’(ik-@-—i]))} ©)

=1

—

En esta expresion, g;(w) es el elemento jl de la matriz G = F~ : y £ es la matriz de
correlacion espectral con clemento jl dado por f,(w)=u; (m)u,(a)) (aqui * denota
complejo conjugado).



Descomposicion cinemitica

Supéngase que en un medio se propagan ondas P (con polarizacién longitudinal del
movimiento de las particulas) y § (con polarizacién transversal del movimiento de

particulas). De acuerdo con la descomposicién cinemética de Helmoltz, si @ y ¥ son los

potenciales de desplazamiento para ondas P y S, respectivamente, con V- ¥ = 0, entonces
el campo total de desplazamientos se escribe como

U= VO+VxF (7)

Por definicién a” = V@ y @° = V x ¥. Entonces, se puede escribir

+

w (8)

el
it
=]

Si el interés es estudiar la propagacion aparente en el plano horizontal x-y, los
desplazamientos horizontales totales admiten la siguiente representacion

u=0 P/ox+d¥/oy,

&)
v=3®/dy-0¥/ex
ya que ¥ = (0,0,%). Si los potenciales ® y¥' son arménicos representados por
® = @, expliot —ikx - ik,y) (10)
y
W =, explior - ikx — iky) (11)

entonces, los componentes del campo de desplazamientos en las direcciones x e y adquieren
las formas u= —i(dka + ‘Pky) y v= ——i((I)k}r - ‘ka), respectivamente. Si se hace

[ = (Is:y s~k )T, el campo total '11((0 N3 ) se puede escribir como

ﬁ(m,E):-i[®(co,k)k+‘¥(m,k)f] (12)



donde % -1 = 0. En este resultado se puede reconocer que los vectores de propagacion
asociados a las ondas P y S son paralelo y perpendicular al vector k, respectivamente. Otra
interpretacién de este resultado es que el campo de desplazamientos producido por ondas P
es el componente del campo total en la direccién del vector k , mientras que el campo

producido por ondas § es el componente del campo total en la direccién del vector I,
entonces se tiene que

= {u-n)f (13)

i =(a-m)m (14)

Los vectores unitarios fi = (n,,n,)" vy M = (m,,m,)" indican las direcciones de los

nimeros de onda & y I , respectivamente. Es decir, n, = &, / JhE+ k] n, =k, / ke kD,

m, =k, / JE + k; ym, =- kx/ JiE+ k)% . Por su parte, los estimadores de alta resolucion
de los componentes longitudinales, o de onda P, y transversales, o de onda S, adquieren ias

siguientes formas, respectivamente

il

]ﬁp(m,k“)]zz—iig{’(m,i?) exp(ik”-(fj-i,))}_l (15)

‘ﬁs(m,iz)\z = —iig‘? (u),E) exp(i}E.(i{j ~ii))}_] (16)

donde gji(w,k) y gf,(m,lz) son los elementos jl de las matrices Gp= F;' v Gg=F;',

respectivamente. Los elementos jl de las matrices de correlacion espectral F, y Fy estan
dados por

£ (.5 = {u(0) 1)@ () ) (17

£35(o,F) = (§(0)-m)(% (o) ) (18)

La descomposicién cinematica del campo de desplazamientos puede ayudar principalmente
en la discriminacién de ondas superficiales Rg y Lg producidas a distancias epicentrales del
orden de algunas centenas de kilémetros, Desafortunadamente, los tiempos de computo se
incrementan considerablemente, pues se requiere de la inversion de las matrices Fp y Fs
para cada nitmero de onda.



ANALISIS DE LOS DATOS REGISTRADOS POR LA RACM

Los grandes dafios producidos por los sismos de 1985 en la Ciudad de México, revelaron la
necesidad de mejorar el entendimiento que se tenia sobre los mecanismos que controlan la
respuesta sismica del terreno en el que se yergue la ciudad. Ademas de emitir normas
técnicas de emergencia para la reconstruccion de las obras civiles, el gobierno federal apoy6
la instalacion de cerca de 100 acelerdmetros de periodo corto. La capacidad de observacion
instrumental se incrementd en un orden de magnitud. En la fig 1 se indica la localizacién de
las estaciones de la Red Acelerométrica de la Ciudad de México (RACM), asi como la
zonificacién geotécnica y algunas vias principales de referencia. Esta red se extiende en un
radio de 10 km. En la zona central de la RACM, donde se alcanza la maxima densidad
instrumental, 1a separacién entre estaciones es de 3.33 km, en promedio. Estos parametros
sobre el tamafio de la red controlan los limites de confianza en el dominio del nimero de
onda. El namero de onda minimo que se puede estudiar es k ,, =Ak/2n =1/ L, donde L
es la longitud del arreglo en la direccion examinada. Si L=20 km, se tiene que k. = 0.05
ciclos/km. Por otro lado, el ntimero de onda maximo, o de Naquist, que se puede estudiar es
K ax = Fng /20 =1/2Ax. Analogamente, Si Ax = 3.33 km es la separacién minima entre

estaciones, se tiene que k. =0.15 ciclos/km. Este razonamiento indica que la parte
coherente de los registros esta entre 0.05 y 0.15 ciclos/km.

Desafortunadamente, no hay una escala de tiempo comun en los registros de la RACM para
estimar la densidad de potencia espectral contenida en los datos captados por esta red vista
como un arreglo sincronizado. Esta deficiencia se puede superar si se cuenta con la
coleccion de los registros producidos por un temblor que haya dejado huella de una fase
prominente. En efecto, si una forma de onda estd contenida en todos los registros, la
correlacién cruzada entre ellos suministra los tiempos de inicio que permiten ajustar una
escala de tiempo comiin. En particular, en los componentes verticales de todos los registros
producidos por el sismo de Guerrero (Ms=6.9) del 25 de abril d= 1989 (Sanchez-Sesma et
al, 1993) se identificé una onda prominenie con periodo caracteristico de 10s, precedida por
otra con periodo caracteristico entre 3 y 4s. Campillo et al (1989) observaron esta
peculiaridad en los registros producidos por el sismo de Michoacin (Ms=8.1) del 19 de
septiembre de 1985 y propusieron un modelo de corteza que les permiti6 postular que la
fase de periodo largo corresponde al modo fundamental de ondas superficiales de Rayleigh
y que la de periodo corto esté asociada con la propagacién de modos superiores de ondas
superficiales Lg.

Para este estudio se eligié la coleccién de los registros producidos por el sismo de 1989. Se
adopto el modelo cortical de Campillo ef al (1989). Ademas, se aceptd su hipotesis sobre la
naturaleza de la forma de onda de periodo largo. Ello permitid establecer una escala de
tiempo comtn. Para ello, se fijaron como velocidad de fase y direccién de propagacion de
ondas de 10s, los valores ¥, = 3.25 Km/s y 8,=N59E. Se selecciond la ventana de tiempo
que contiene a las formas de periodo corto y largo identificadas claramente en los
componentes verticales. Esta ventana cubre ¢l intervalo de 20 a 60 s de los desplazamientos
ilustrados en la fig 2, en una escala de tiempo comun. Se frata de los tres componentes del
desplazamiento en seis sitios arbitrarios de la Ciudad de México. En la parte superior



izquierda se indican la forma de onda atribuida al modo fundamental de Rayleigh Ryyla
parte precedente relacionada con la propagacion de modos superficiales del tipo Lg, y al
parecer, también del Rg.
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Fig 2. Desplazamientos (en cm) en seis sitios arbitrarios indicados a la izquierda. El nimero
indicado entre paréntesis corresponde al periodo dominante del terreno. En este trabajo se
ha seleccionado la ventana que cubre el intervalo entre 20 y 60 s.

Siguiendo las expresiones 15 y 16 se estimaron las densidades espectrales de los
componentes cinemdticos del campo de desplazamientos. Estos estan asociados a la



propagacion de ondas superficiales de Rayleigh (con polarizacion longitudinal) y Love {con
polarizacion transversal). En la fig 3 se ilustran los especiros de potencia correspondientes a
las componentes longitudinal y transversal para f=0.1 Hz (T=10s) y 0.3 Hz (T=3.3 5). En
esta figura se ha empleado la representacién en términos de lentitudes en las direcciones
norte-sur y este-oeste, obtenidas mediante las relaciones Syg=4,/ 0 y Sgw = k /o,
respectivamente. Si en realidad se trata de la propagacién de ondas superficiales, la
interpretacién de estos resuitados indica que las ondas de periodo largo corresponden, en su
mayoria, al modo fundamental de Rayleigh y que éste se propaga en la direccién epicentral
N35OFE con velocidad de fase ¥, = 3.25 Km/s, mientras que las de periodo corto
corresponden a los primeros modos superiores de ondas Rg y Lg. Notese que estos se
propagan en direcciones sensiblemente diferentes a la direccion epicentral (entre N159E y
N259E), con velocidades de fase mayores que 4 Km/s.

Longitudinai (f=0.1 Hz) Longitudinal (f=0.3 Hz)

"Sys (1/km)

0 i i f 1 I 1

Transversal (f=0.1 Hz) Transversal (f=0.3 Hz)
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Fig 3 Densidad de potencia especiral de los componentes cinematicos del campo
ondulatorio. La densidad e intensidad de los contornos es proporcional a la amplitud. Con
el trazo grueso se indica el vector lentitud S=k/w.



Para visualizar la transicidn entre estos modos de propagacion se estimaron los espectros de
potencia para varias frecuencias en el intervalo 0.05<f<0.5 Hz. Se hizo una bisqueda de los
maximos espectrales con el propdsito de determinar las amplitudes, direcciones y
velocidades de estos modos de propagacion. Estos valores se ilustran en la fig 4 mediante
una representacion que permite identificar las caracteristicas espectrales de los
componentes cinematicos del campo ondulatorio. En la parte inferior se indican las
amplitudes de Fourier. Los simbolos de mayor tamafio corresponden a las amplitudes
mayores. El tamafio de los simbolos se preservé con el propédsito de correlacionar estas
amplitudes con las direcciones y velocidades de propagacion, ilustradas en la parte media y
superior de la fig 4, respectivamente. En la parte superior, con lineas discontinuas, se
indican las velocidades maxima y minima correspondientes al intervalo de confianza en el
dominio del nimero de onda, entre 0.05 y 0.15 ciclostkm.

De acuerdo con estos resultados, para frecuencias menores que 0.2 Hz las mayores
amplitudes del campo de desplazamientos estén relacionados con la propagacion del modo
fundamental de ondas de Rayleigh. Esta propagacion sigue la direccion epicentral con
velocidades cercanas a 3.1 Km/s. Para frecuencias mayores, se detectan ampiitudes
comparables en ambos componentes cinematicos y, ademas, cambios significativos tanto en
las direcciones como en ias velocidades de propagacidén. Estos hechos hacen suponer que en
el intervalo de frecuencias de 0.2 a 0.5 Hz, el campo de desplazamientos estd formado por
el acoplamiento de los modos superiores de ondas superficiales Rg y Lg. Al parecer, los
cambios en las direcciones de propagacidon y la presencia de varios maximos en los
espectros de potencia son testimonio de los difractores de gran escala que enconird el
campo incidente, asi como del multitrayecto que siguid en su viaje desde la region
epicentral hasta el valle de México. Los tiempos de retraso inducidos por el frayecto
multiple pueden determinarse mediante un andlisis de ias densidades de potencia espectral
de ventanas temporales sucesivas. Esta determinacion no esta exenta de incertidumbres. Por
ello, debe sujetarse a la consideracién de modelos corticales mas realistas y a la correlacion
con estructuras geoldgicas que puedan explicar el retraso de los eventos tardios.

CONCLUSIONES

Se ha discutido la importancia de la estimacién de la densidad de potencia espectral
frecuencia-nitmero de onda (f-k) en el analisis de la propagacion de ondas a partir de los
datos de un arreglo de sensores. También se discutié la utilidad de separar el campo
ondulatorio en componentes longitudinal y transversal, los cuales producen
desplazamientos en la direccion de propagacion y en la direccién perpendicular,
respectivamente. Con este proposito, se desarrollaron filtros de maxima verosimilitud que
son estimadores de alta resolucion de los componentes cinemadticos de la densidad de
potencia espectral.

Las velocidades de fase obtenidas del analisis de los datos de la RACM, en el intervalo de
0.1 a 0.5 Hz son congruentes con las que se obtienen de las curvas de dispersion de los
modelos tedricos de corteza aceptados para el territorio mexicano. Una discontinuidad en
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Fig 4. Espectros cinematicos del campo ondulatorio. Se indican las velocidades de propagacion (parte
superior), las direcciones de propagacién (parte intermedia) y las amplitudes (parte inferior) de cada
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los resultados experimentales alrededor de £=0.2 Hz, tanto en las velocidades de fase como
en las direcciones de propagacion, sugiere una posible conversién de ondas superficiales a
modos de orden superior Rg y Lg, probablemente generadas en el flanco sur del eje
neovolcanico transmexicano. Al parecer, el trayecto cortical desde esta estructura geologica
hasta el valle de México, es muy eficiente para la propagacion de estas formas modales.
Este hecho se infiere de las conspicuas amplitudes del espectro de potencia de estas formas
de propagacidn y, probablemente, estd relactonado con el fendmeno de amplificacién
regional sefialado por Ordaz y Singh (1992). La resolucion de los estimadores de la
densidad de potencia se reduce rapidamente para frecuencias mayores que 0.5 Hz. Ello es
consecuencia del aumento en la relacion ruido-sefial debido, principalmente, a que la
distancia minima entre los sensores de la RACM es del orden de 3 Km y que las longitudes

de onda son menores que 6 km, ya que las ondas se propagan con velocidades horizontales
menores que 3 kim/s.
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INTERPOLACION ESPACIAL DE LAS AMPLIFICACIONES DINAMICAS DEL TERRENO

RESUMEN

Se describe un método para resolver un problema de interpolacion espacial. Los datos son funciones de
transferencia que describen las amplificaciones relativas del movimiento en la superficie del terreno del
valle de México. Estas funciones se han obtenido a partir de los espectros de Fourier de acelerogramas
producidos por varios temblores y registrados en decenas de sitios en las zonas de terreno firme,
transicion y lago. Se plantea un esquema estadistico para restringir la interpolacion espacial de las
funciones de transferencia mediante el uso de las técnicas de regresion bayesiana. Ello permite hacer
una incorporacién formal de la informacién que se tiene acerca de los efectos de sitio en la respuesta
dinamica del terreno. Esta formulacion suministra soluciones mas estables y racionales que las que se
obtendrian al seguir esquemas de regresion convencionales para la interpolacion espacial de datos
geofisicos.

INTRODUCCION

El interés por conocer la naturaleza del movimiento sismico del terreno se ha promovido en fa mayor
parte dec las zonas sismicas altamente pobladas dei mundo. Gracias al desarrollo tecnolégico, se ha
incrementado la capacidad de observacion instrumental y, con ello, el conocimiento experimental en la
sismologia y la ingenierfa sismica. En estas ciencias, buena parte del conocimiento es empirico, ya que
sc basa principalmente en la interpretacion de los registros de movimiento fuerte. A su vez, esta
interpretacién estd guiada por modelos tedricos e hipdtesis sobre la mecénica de la ruptura y la
propagacién de ondas. Los esfuerzos por reducir el efecto destructivo de los grandes temblores han
contribuido en el desarrollo de diversos esquemas para estimar el movimiento del terreno producido por
posibles sismos futuros. En México se han desarrollado diversas técnicas, desde simples relaciones de
atenuacion hasta modelos semiempiricos para tomar en cuenta los efectos de fuente, de trayecto y de
sit10,

A partir de una base de datos mundial que incluia registros de temblores mexicanos, Esteva y
Villaverde (1973) obtuvieron refaciones llamadas leyes de atenuacién, para aceleracidn y velocidad
maximas del terreno. Bufaliza (1984) propuso cxpresiones similares obtenidas a partir de datos
registrados exclusivamente en México. Posteriormente, Singh ef al (1987) obtuvieron estas relaciones
tomando s6lo los datos registrados en la Ciudad Universitaria (CU) de la Ciudad de México. También
se buscaron esquemas que suministren una mejor caracterizacion del movimiento, en particular, el
contenido de frecuencias y la duracién. Por ejemplo, Castro ef al (1988) construyeron un modelo para
la regresién de las amplitudes del espectro de Fourier (EAF) en el sitio CU. Més adelante, Ordaz y
Singh (1992) encontraron que existe un efecto de amplificacién regional en el valle de México. Los
autores sefialan que atn en la zona firme del valle existen amplificaciones en un intervalo amplio de
frecuencias que no se explican con los modelos mas simples de fuente y trayecto, 0 que no tienen
correlacién con la atenuacién sismica observada en otras regiones. Tomando en cuenta estas evidencias,
Ordaz et al (1994) construyeron un modelo de regresién de los EAF para el sitio CU. Esta formulacidén
difiere de la propuesta por Castro ef al (1988) porque en ella se incorpora toda la informacion existente
haciendo uso del teorema de Bayes. De acuerdo con los autores, las regresiones son mas estables y
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tienen una relacion mas estrecha con la naturaleza fisica del problema. Recientemente, Pérez-Rocha er
al (1996) encontraron que en la coleccion de acelerogramas registrados en CU pueden sefialarse rasgos
espectrales que probablemente provienen de la fuente sismica y el trayecto. Seria de interés extender el
modelo de Qrdaz ef al (1994) para tomar en cuenta estas peculiaridades de la fuente sismica y/o del
trayecto. Al parecer, los temblores que se generan en frente a las costas de Guerrero son mas
energéticos y particularmente destructivos para las estructuras de la Ciudad de México.

Un gran interés por reducir el peligro sismico que enfrentan la estructuras y obras civiles de la Ciudad
de México se despertd con los acontecimientos sismicos de 1985. Como parte de las primeras
iniciativas, se instalaron docenas de acelerémetros, principalmente en aquelios sitios en los que se han
observado huellas de temblores intensos, tanto de destruccién de obras civiles como de rupturas en el
terreno. Esta red instrumental, aqui 1lamada Red Acelerométrica de la Ciudad de Meéxico (RACM),
cuenta en la actualidad con mas de 100 acelerdmetros sobre la superficie del terreno.

Con los primeros registros de la RACM, Singh et a/ (1988) obtuvieron una coleccion de funciones de
trasferencia empiricas (FTE) mediante el cociente entre los EAF observados en sitios en las zonas de
transicion y de lago y el que se observé en el sitio CU que esta en terreno firme. Encontraron que én la
zona del lago, el movimiento del terreno estd fuertemente controlado por ia respuesta dinamica de los
estratos de suelo blando més superficiales. De acuerdo con los autores, tipicamente se tienen
espectaculares amplificaciones en aquellas frecuencias del movimiento que coinciden con las
frecuencias dominantes del terreno y sefialan que estas amplificaciones pueden estar presentes en los
proximos grandes temblores. En efecto, Singh ef al (1988) encontraron que €l comportamiento
dinamico de los depdsitos lacustres es eléstico y significativamente poco amortiguado, ain en sismes
tan intensos como los de 1985. Esta hipétesis de elasticidad linealidad permite hacer uso de las FTE
obtenidas de los registros de sismos pequefios para predecir el movimiento producido por sismos
intensos. El enfoque se debe a Ordaz et al (1989). En sintesis, se trata de una formulacién completa
para el calculo de espectros de respuesta elasticos en sitios instrumentados mediante el uso de las FTE
medidas en estos sitio y ¢l EAF que se tendria en el sitio de referencia CU. Los autores compararon
exitosamente las intensidades medidas en 1985 en estaciones de la zona de lago con las posdichas para
estos sitios a partir de las FTE de Singh ez af (1988) y el EAF observado en CU en 1985.

Con el analisis de los acelerogramas producidos por varios temblores de subduccion, Reinoso (1991)
identificé que ¢l movimiento en el terreno firme tiene variaciones importantes. Sefiala que si las FTE se
calculan con respecto al EAF promedio del terreno finme, la amplificacion obtenida para la mayoria de
los sitios es razonablemente constante de temblor a temblor, sin importar la magnitud, la distancia
epicentral o el azimut de la incidencia. Para algunos sitios, esta amplificacion puede ser explicada,
razonablemente, mediante €] modelo unidimensional de propagacion de ondas de corte. Sin embargo,
también hay evidencias de que los accidentes topograficos y geologicos pueden tener efectos
importantes en las amplificaciones locales, en particular en los sitios cercanos a la frontera entre zonas
de transicion y de lago.

La estabilidad de las FTE medidas en sitios instrumentados estimulé el desarrollo de un modelo para
cuantificar estas funciones de amplificacién dindmica en sitios no instrumentados (Pérez-Rocha et al,
1991; Reinoso et al, 1992; Ordaz et al, 1992) mediante el uso de los modelos convencionales de
interpolacién espacial de datos geofisicos (Lancaster y Salkauskas, 1986; Pelto ef al, 1988). Para los
sectores densamente instrumentados se obtienen resultados excelentes. Sin embargo, se encontré que la
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inestabilidad numérica se incrementa draméticamente en sitios alejados de la estaciones de la RACM y
en las porciones del valle donde las condiciones geotécnicas locales presentan grandes variaciones
espaciales. En este trabajo se recurre al teorema de Bayes para incorporar informacion adicional que
permite superar las limitaciones debidas a la insuficiencia espacial de datos. En los parrafos siguientes
se hace una descripcion formal de este enfoque bayesiano para interpolar las FTE de sitios con
coordenadas arbitrarias.

INTERPOLACION ESPACIAL DE DATOS GEOFISICOS

Para la interpolacién espacial de datos geofisicos se requiere un método para estimar los valores de una
variable en un arreglo bidimensional irregular. Este problema ha sido resuelto por numerosos autores
con diversos objetivos. En particular, Lancaster y Salkauskas (1986) sefialan que en unos problemas se
buscan tendencias que suavizan las variaciones espaciales de los datos, y que en otros, se hace el ajuste
de formas funcionales para interpolar los datos. Los autores presentan resuitados con los que ilustran
diferencias espectaculares al resolver un problema arbitrario con los métodos mas comunes.

Supdngase que en » puntos (x,, ;) $¢ conocen los valores z; de un campo continuo en una regién def
dominio X-y. Si los datos son suficientes, se obtiene una buena descripcion de las variaciones espaciales
del campo mediante una representacion en series de Taylor. En efecto, para determinar el valor z, del
campo en el punto (x,,Y,), Pelto ef al (1988) proponen el ajuste de los coeficientes de la siguiente
forma funcional, deducida de un desarrollo de segundo orden,

z(X,y) =0 +a1(x-xo)+az(y-yo)+a3(x-xo)2 +ag(Y-Yo ) +as(X-X)(Y-Yo) (1)

imponiendo que el error estandar sea minimo. Para garantizar variaciones espaciales suaves, a cada dato
z;, Se asigna un peso w; que decrece con la distancia entre las coordenadas (x;,¥;) ¥ (%o,¥,). Si s¢
busca que al interpolar en (x;, ;) s¢ tenga z = z;, los autores recomiendan la forma

W =— (2)

donde 1',2 =(% —x, )2 +{y; - vo )2 . Si el componente i-ésimo de la funcion de error es

&; =(a0 + o (X5 - Xg) + 00 (¥ - Yo ) +o3(X; X0 )2+ o4 (¥, - Vo) +as(x; 'Xo)(Y'YU)“Zi)Wi (3)

se tiene el sisiema de ecuaciones



XWX o =XTWz (4)

con la matriz X dada por

1 (XI'Xo) (YI‘yo) (Xl‘xo)z, (YI'YO)Z (XI'XO)(YI'YO)
coll (2% (2-¥0) (2-%¥ (12-¥0) (x2-%0)(2-%o)

. (5)
2 2
1 (Xn'"xo) (Yn'yo) (Xn"xo) (yn'yo) (Xn“xo)(Yrt'yo)
W es una matriz formada por los pesos w;;, con
_ : =i
wij—wiwjé')g, BU:LO i;ﬁj’ i=j=12,..n (6)
T T .
Z=(21> Zy, " zn) es el vector de datos y « =(u0, oy, cxs) es el vector de coeficientes,
determinados mediante la expresion
Tww | xT
o =[x wx] xTwz 7

T
si w(x,y) =1 (x-x0), (x-%0)%, (v-0), (y-vo)% (x-%o)(y-¥o)) » para las coordenadas
(X0>¥o)» € tiene

z=v O =04y (8)

MODELO BAYESIANO DE INTERPOLACION ESPACIAL

La técnica sugerida por Pelto et al (1988) se resume en hacer uso de la ec (4) para resolver un problema
de interpolacién. Esta ecuacién es un esquema de regresién que se puede mejorar si se imponen
restricciones adicionales a las que se tienen con el criterio del minimo error (Broemling, 1985).



Supéngase que en el proceso de interpolacidn, el vector de errores € = (g, €3, - sn)T, con el i-ésimo
componente dado por la ecuacion (3), tiene una distribucion normal con media cero y varianzas

T .
6? = (G%, 0’%, Gﬁ) . Los coeficientes o = (ag, oy, - a5)T también pueden interpretarse como

variables aleatorias en el sentido de que nuestro conocimiento actual sobre ellos puede describirse
haciendo uso de la teoria de probabilidades.

De acuerdo con el teorema de Bayes, la densidad de probabilidades que incluye el conocimiento previo
de o y &, asi como la informacién contenida en los datos, cumple con la proporcionalidad

pla,o |a)ocp(a,o)L(s o, o) (9)

donde p{c,c) es la densidad previa conjunta con que s¢ introduce el estado del conocimiento sobre
los coeficientes o antes de examinar Jos datos, p(a,o |e) es la densidad conjunta posterior al examen
y L{e |a,5) es la verosimilitud de los valores observados de £ como una funcion de o y 6. En general,
si la distribucidn de ¢ ]a ,G ¢s normal, y si los errores € estén correlacionados a través de la matriz de
covarianzas COV(&) {con diagonal principal dada por el vector de varianzas o? y coeficiente de
correlacion Kg;; Para g; y € ), se tiene la signiente forma analitica

Lie |a,0)=k"/26xp(-%8TCD 8) (19)

En esta expresion / es la precision y @ es una matriz adimensional que cumple con CoV(g) = o

Una aplicacion de este teorema se presenta en Ordaz et al (1994). Los autores proponen un método de
regresion para la atenuacion de amplitudes de movimientos sismicos a partir de una forma funcional
deducida de un modelo tedrico de fuente. En su formulacion obtienen una expresion del error estandar
similar a la ec (3). Seftalan que el estado del conocimiento previo de los coeficientes o se puede
describir mediante el uso de una funcidn de densidad previa conjunta que sea conjugada natural del
proceso. Esta funcion tiene la propiedad de tener la misma forma funcional que la densidad posterior
conjunta, Extendiendo sus resultados, puede demostrarse que el valor esperado de o, posterior al
examen de z, €S

Elale) =R (R'a' +XT0 2) (1))

El vector o’ contiene los valores esperados previos de ., en tanto que



}\'r

r'=1

R = (cov(a))’ (12)

R"=R'+X'®X (13)

Los parametros A’ y #’ estan relacionados con la precision 4 a través de £ (h)=r/\y A (n)=1r,
donde ¢ denota coeficiente de variacién. Estos parametros reflejan la incertidumbre que se tiene en la
informacién previa o." con respecto a la que se tienc en los datos sujetos a la forma funcional propuesta,
en este caso, descrita por la ec (1). Nétese que solo interesa conocer a. De hecho, sélo se tiene
informacién previa de este coeficiente, que adquiere sentido fisico porque z(xy,¥o)=®g. Esta

. , T
conocimiento se resume en los pardmetros oy =z, y § = (s, ©, ®, o, 0, 0}, donde s? es el vector
de varianzas del conocimiento previo de a'.

No se tiene conocimiento sobre la correlacion Koy (entre o; y ;) ¥ Kg i (entre los errores €; y ;).
Por simplicidad, para construir las matrices COV(a) y COV(g} se propone que k i = Key = B;;, con
8; definido como en la ec (6). La funcién de densidad predictiva de z, dado ¢ y un nuevo vector de

variables no aleatorias v, es la distribucién de z, dados los parametros o y o, promediada con respecto a
la distribucién posterior p(a,c le) Esta funcién de densidad tiene distribucion ¢ de Student con 2"

grados de libertad. Si para las coordenadas (x,,y,,) se tiene que v = (1, 0, 0, 0, 0, O)T, entonces

E(z s, v)=vTE(ale)=aq (14)

?L"

VAR(z |e, v) = 7 0d

(15)

donde VAR(-) denota varianza y

r":r'+;JTCDJ; con J' =(,, 1,1, 1,1) (16)

l,,zl,_*_%[a,’i‘ R;a: _ O(."T R”OL" + ZT(D'Z] (17)
T T 7Y

d=1-v (R‘+X QX+ ) v (18)



Las ecs (11) y (15) son el principal resultado de esta aplicacién del teorema de Bayes. La ec (11)
suministra una combinacion formal del conocimiento previo o con una solucién similar a la que se
obtiene de un ajuste convencional con el criterio del minimo error. En efecto, st en la ec (11) se hace
COV(a) =0 sc llega a E{ale)=a'. En cambio, cuando COV(a) es infinita, se tiene que

E(o |&) = (X"® X) ' (X"® z), que es el resultado usual de minimos cuadrados. Por su parte, la ec
(15) es una medida tedrica de los errores que se cometen en la interpolacion de z. En esta cantidad se
toman’ en cuenta las incertidumbres asociadas con los errores aleatorios, con los datos y con los
parametros del modelo funcional.

Nétese que con la teoria de probabilidades se introducen pesos que dependen de las varianzas
conocidas o y de los coeficientes de correlacion Kgjj @ través de COV(g). Para formular un esquema

de interpolacién espacial de datos geofisicos es recomendable que las varianzas se definan con un

criterio similar al que se consigna en la ec (2). Este criterio se traduce en una varianza espacial de la

2 2 2.2 . .o . 22 r .
forma o,; = ¢ p; z , donde ¢; es un cocficiente de variacién espacial y p, = {r;/r,)° es un término

adimensional con el que se toma en cuenta la distancia 1, = J(T;,- —X, P +(y,—vy,) entre las
coordenadas del dato z y del sitio de interés, en tanto que r, es un radio de referencia.

Ademis de la distancia entre las coordenadas de los datos y el sitio de interés, se pueden introducir
otras particularidades de los datos que sean de utilidad en el problema de interpolacion. Un ejemplo se
tiene cuando en cada punto se realizan varias observaciones independientes de los datos, y ademas, el
examen estadistico sefiala que existen puntos en los que se presentan grandes variaciones, mientras que
en otros, las variaciones son relativamente pequefias. Bajo esta condicién, el problema de interpolacion

se puede restringir para que la solucion tienda al dato z; en sitios cercanos al punto i, siempre que se
determine que en este punto la varianza estadistica csf sea pequefia. Si la varjanza es grande, la

solucién debe sujetarse a lo que dicte una combinacién de todds los datos basada en las varianzas
totales. Para el punto i, la varianza total o; adquiere la siguiente forma

o? = 222 +¢2) (19)

donde ¢ =0 /7. Al fijar los valores de ¥, M vy h, el problema de interpolacién se resuelve
calibrando los pardmetros s, ¥ ¢,. Con el coeficiente s, se define la proporcién con que participa la
informacién previa o' en comparacion con los datos z. En general, se busca que la informacién previa
domine en los sectores donde los datos son escasos. Con el coeficiente ¢, se regula la participacion de
fos datos en funcién de sus distancias 1, al sitio de interés y de sus varianzas 0512. Sic es
suficientemente grande, la participacion de los datos solo depende de las distancias r;. En cambio, si
¢ = 0, la participacion se sujeta a la proporcién relativa entre las varianzas css?.



APLICACIONES A L.OS DATOS SiSMICOS REGISTRADOS EN EL VALLE DE MEXICO

La red actual de acelerometros de la Ciudad de México cuenta con mas de 100 estaciones en la
superficie del terreno. En la fig 1 se indican las estaciones en operacion y aquéllas que han sido
retiradas pero que han suministrado datos para este estudio. Asimismo, se indican las zonas geotécnicas
(terreno firme, zona de transicién y zona de lago) y las principales vias de la ciudad. Los principales
eventos sismicos registrados con esta red de acelerdmetros se indican en la tabla I. La mayoria de ellos
son de subduccion, originados a centenas de kildmetros al sur de la ciudad.

FECHA ORIGEN | MAGNITUD | LATITUD | LONGITUD | DISTANCI
M N W A
Km
| e — - —— e
85/09/19 Subduccion 8.1 18.14 102.71 295
88/02/08 Subduccién 5.8 17.00 101.00 289
89/04/25 Subduccion 6.9 16.00 99.00 304
89/05/02 Subduccion 5.0 16.30 99.35 305
50/05/11 Subduccion 53 17.15 100.85 295
90/05/31 Subduccion | - 6.1 17.15 100.85 295
93/10/24 Subduccion 6.7 16.50 99.00 310
94/05/23 Normal 6.0 18.03 100.57 205
94/12/10 Normal 6.3 18.02 101.56 290
95/0914 Subduccidon 7.3 16.80 98.60 300
95/10/09 Subduccién 8.0 18.60 104.00 560

Tablal Sismos estudiados para calcular periodos dominantes del terreno
y funciones de transferencia empiricas (FTE).

El examen de los acelerogramas del primer sismo registrado por esta extensa red (ocurrido el 88/02/08)
permiti6 a Singh ez al (1988) reconocer los importantes efectos de amplificacion dindmica debidos a las
condiciones del terreno. Los autores proponen una descripcién cuantitativa de estos efectos mediante
funciones de transferencia empiricas (FTE). De acuerdo con Reinoso (1991), la estabilidad de las FTE,
observadas de un temblor a otro, aumenta si se toma el cociente entre ¢l especiro de amplitudes de
Fourier (EAF) observado en cada sitio y el EAF promedio observado en las estaciones de terreno firme.
Posteriormente, el andlisis de los registros producidos por los sismos de fallamiento normal ocurridos
los dias 94/05/23 y 94/12/10, permitié identificar que las diferencias en las FTE producidas por
temblores de distinto origen, son comparables a las que se tienen entre las FTE producidas por
temblores del mismo origen (Pérez-Rocha et al, 1995). Al parecer, esto puede deberse a que la distancia
epicentral de estos eventos es comparable con la distancia tipica de los sismos de subduccién, tomando
como referencia a la Ciudad Universitaria. Para la mayoria de los sitios, el analisis estadistico de las
FTE sugiere que gran parte de los efectos de amplificacion estara presente en eventos futuros.
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En este trabajo se presenta una formulacion para cuantificar las amplificaciones dinamicas de] terreno
en sitios no instrumentados. El método se basa en hacer una interpolacién espacial de las ordenadas
espectrales de las FTE descritas en términos de periodos adimensionales (Pérez-Rocha et al, 1991,
Reinoso et al, 1992; Ordaz et al, 1992). Esta representacién, que es exacta para €l modelo
unidimensional de propagacién de ondas de corte, consiste en normalizar los periodos de la excitacién
con respecto al periodo dominante det terreno Ts. Por definicion, los maximos de estas funciones se
presentan en el periodo adimensional unitario. Para un sitio arbitrario se inicia con la interpolacion del
periode dominante del terreno Ts. Para cada abscisa adimensional se calcula la ordenada
correspondiente de una funcion de transferencia a priori FTP que se introduce en el esquema bayesiano
para la interpolacién de la funcién de transferencia a posteriori. La FTE objetivo se obtiene al escalar
las abscisas de la funcién a posteriori con Ts.

En este esquema probabilista de interpolacion, se busca que al fijar un coeficiente de variacién ¢, se de
mayor influencia a los periodos dominantes més largos v a las ordenadas espectrales de mayor
amplitud, especialmente en zonas insuficientemente instrumentadas. Por ello, se hace que la variable z
sea el inverso de los datos que intercsa interpolar, es decir, el inverso de los periodos dominantes del
terreno y de las ordenadas de las FTE. De esta forma, las varianzas o’ = ¢’z* menores (mayor peso o
influencia) corresponden 2 los valores menores de z. En adelante, z es el inverso de los datos, aunque se
le refiere como el dato mismo vy no como su inverso. Asimismo, el coeficiente de variacién se refiere a-
la estadistica de los valores inversos.

PERIODOS DOMINANTES DEL TERRENO

Haciendo uso de todos los registros de cada estacién de la RACM, se calcularon los promedios de los
periodos dominantes del terreno obtenidos de los componentes horizontales NS y EW. Estos valores se
determinaron mediante la localizacién de los maximos espectrales de las FTE medidas en estas
direcciones. Ya que se cuenta con ay; observaciones independientes del periodo dominante en cada sito

con coordenada (x;,y;), se tiene una varianza estadistica cmiz de esta cantidad (en realidad, de su

inverso z;). En general, se cuenta con diferente nimero de observaciones en cada sitio. Ello se puede
compensar al hacer uso de las ecs (15), (16), (17) y (18), e introducir un coeficiente de variacion ¢,

: 2
como referencia. En efecto, si para cada dato z; se hace A’ = (cmozf) , RR=R"=0, ®=m;, X=1,

I=Cpp V=1, =2yds= m; [(m, +1), se tiene que la varianza csf adquiere 1a forma

2 )
) ((cmozz-) A % Gmiz )(mi + 1)

Og = .
(1 + n21!£ )m!-

Para cada estacién en las zonas de transicién y de lago se calcularon los promedios de los periodos
dominantes en las direcciones NS y EW (Tsyg v Tsgyw, respectivamente) y el promedio entre ellos (Ts).

(20)



También se calcularon los coeficientes de variacion que se tienen entre los periodos Tsyg ¥ Tsgy con
respecto a la media Ts (denotado con cy;), asi como los coeficientes de variacion después de ny
observaciones (c,,;) y los que se obtienen con la ec (20) con el propédsito de compensar el hecho de que
en algunas estaciones sélo se cuenta con una observacidn de los datos (¢;). Los resultados mas
significativos se presentan en la fig 2 mediante histogramas de los coeficientes ¢y, ¢, ¥ ¢. Se puede
verificar que los periodos dominantes del terreno en una direccidn tienen variaciones mayores de
temblor a temblor, que las que se tienen entre los periodos medidos en las dos direcciones horizontales.
En efecto, las diferencias entre los periodos dominantes del terreno medidos en direccion NS y EW, se
traducen en coeficientes de variacion ¢, < 0.01 para mas del 40% de las estaciones. Para casi el 100%
se tienen coeficientes ¢; < 0.05. Estos coeficientes son sensiblemente menores que los coeficientes ¢,
(al centro de la fig 2), los cuales alcanzan valores cercanos a 0.1 y tienen media ¢,,=0.05. Estos
coeficientes describen las variaciones de los periodos dominantes de temblor a temblor. Para calcular
los coeficientes ¢, ilustrados en la parte derecha de la fig 2, el coeficiente de referencia ¢, se hizo
igual al valor de la cota superior de ¢, es decir, ¢, = 0.1. Con esta cotreccidn, los nuevos coeficientes
¢, varian entre 0.05 y 0.12, en tanto que el valor promedio es ¢;=0.08. Con base en estos resultados,
para las estaciones de terreno firme se {ijé Ts = 0.5s con ¢;=0.005. Este valor de ¢ es la décima parte
del valor promedio para las zonas de transicion y de lago (cercanc a ¢,=0.05 }, ya que s¢ esperan
variaciones no significativas de los periodos dominantes en la zona geotécnica firme.

% de la RACM

Fig 2 Histogramas de los coeficientes de variacidon de los periodos dominantes del terreno. A la
izquierda se indican los coeficientes de variacion al medir los periodos en las direcciones NS y EW
(cy); al centro se indican los coeficientes de variacidén obtenidos de temblor a temblor (¢,,); 2 la
derecha se indican los coeficientes de variacién modificados (c¢;) al introducir el coeficiente de
referencia ¢y, =0.1 en la ec (20).

Estos resultados son medidas estadisticas del periodo dominante del terreno que se obtuvieron del
analisis de los acelerogramas de varios temblores registrados en mas de 70 sitios en las zonas de
transiciéon v de lago. También se cuenta con una coleccién de periodos dominantes obtenidos por
Lermo et al (1988) a partir del registro de microtremores en centenas de sitios. De acuerdo con los
expertos, los valores obtenidos de los registros de microtremores son menos confiables que los que se
obtienen de los registros de movimiento fuerte. Se les asignd un coeficiente de variacion c,,=0.15. Este
valor es ligeramente mayor que el valor maximo reportado para las estaciones de la RACM (¢, =0.12).
Finalmente, para confinar la zona del terreno firme se colocaron puntos de control a lo largo de la
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frontera con la zona de transicion, espaciados a cada 3 km, aproximadamente. Al igual que en los sitios
instrumentados del terreno firme, en estos sitios hipotéticos se ha fijado Ts = 0.5s y ¢, = 0.005.

En ausencia de informacion previa, la ec (11) adquiere la forma

Elofe)=(XTox) " (xT® ) @1

El coeficiente de variacion ¢, se calibré de forma que el promedio de los coeficientes de variacion
esperados después de interpolar los periodos dominantes en los sitios instrumentados

/2
C, =[VAR(z le, v)]L /z, fuera comparable con el promedio de los coeficientes de variacidn c;. El

parametro 7, relacionado con la ec (19) se hizo unitario. En la fig 3 se muestran cuatro coeficientes de
variacidn (c,,¢q,¢.,¢7) que dependen de ¢,. Estos coeficientes son el promedio de los coeficientes
calculados para las estaciones de la RACM en zonas de transicion y de lago. El coeficiente ¢, se refiere
a la diferencia medida entre los datos y los valores interpolados, en tanto que el coeficiente ¢, es el
valor esperado, obtenido al hacer uso de la ec (15). Con el propdsito de conocer los errores que se
tendrian en sitios no instrumentados se calcularon los coeficientes medido ¢, y predicho ¢;. En esta
modalidad, llamada en adelante sin dato, se extrajo el dato de cada sitio al momento de la interpolacion.
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Fig3 Coeficientes de variacién relativos al error en la interpolacién de z v.s. ¢,

De acuerdo con estos resultados, el coeficiente Optimo estd cerca de ¢, = 0.3. Para este valor, los
coeficientes de variacion sin dato (¢, y ¢4) son muy parecidos, cercanos a (.15, en tanto que los
coeficientes de variacién con dato (¢, ¥ ¢) va se han reducido a valores menores la media estadistica
¢,=0.08 (fig 2). En la fig 4 se confirman estas tendencias. Se trata de los histogramas de los coeficientes
Cas Cpy Cc Y €4 CON ¢ = 0.3. Para la modalidad con dato, los errores medidos (¢, ) y esperados (), en
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promedio, son cercanos a 2 % y 6%, respectivamente,
modalidad sin dato son, en promedio, del 15%.

mientras que los errores correspondientes a la
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Fig 4 Histogramas de los coeficientes ¢,, ¢, ¢, ¥ ¢4

Finalmente, se hizo un examen del sesgo que se comete

con este modelo de interpolacion. En la fig 5 se

muestra la variacién del los coeficientes sesgados con dato cg, y sin dato cg. cOn respecto a c;.
Practicamente, cstas curvas son asintéticas a 0.0 y 0.12, respectivamente, para valores grandes de c;.
Aqui, el sesgo positivo indica que los periodos dominantes interpolados sistematicamente son mayores

que los periodos dominantes reales.
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Fig 5 Coeficientes de variacion sesgados v.s. ¢,
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En la fig 6 se muestra un mapa con curvas de periodos dominanies del terreno. Estos contornos se
obtuvieron al evaluar el periodo dominante en los nodos de un arreglo cartesiano equiespaciados a 0.5
km en las direcciones NS y EW. Los errores esperados se indican en el mapa de la fig 7. También se
indican las estaciones de la RACM vy los sitios donde se midieron los microtremores incluidos en este
estudio. Dos de las zonas de mayor incertidumbre se centran en los cerros Pefién de los Bafios y Pefion
del Marqués. Ello se debe a la insuficiencia de datos para explicar grandes variaciones del periodo
dominante en distancias del orden de centenas de metros. Las grandes zonas de alta incertidumbre
situadas al NE del Lago de Texcoco y SE del Lago Xochimilco-Chalco obedecen al mismos efecto en
una escala de kilébmetros. Los errores maximos son del 70%.

FUNCIONES DE TRANSFERENCIA EMPIRICAS

La mayor parte del conocimiento sobre la respuesta sismica de los depésitos lacustres del valle de
México se ha adquirido después de las episodios sismicos vividos en 1985. El analisis de las FTE
obtenidas de los registros sismicos permite ilustrar que los espectaculares efectos de sitio observados en
la zona del lago no se explican completamente con la teoria de propagacion unidimensional de ondas
elasticas. Tampoco se explican con modelos numéricos de mayor complejidad, aunque estos reflejan la
naturaleza tridimensiona! del movimiento v los sorprendentes efectos que pueden tener en ¢l las
irregularidades topograficas y geoldgicas de pequefia y gran escala (Sanchez-Sesma et al, 1992). Este
es el conocimiento que se tiene sobre las amplificaciones dinamicas de los depdsitos lacustres, previo a
la interpolacién espacial de los datos. De acuerdo con la formulacion, para cada sitio de interés se
introduce una descripcién cuantitativa de este conocimiento como funcidn de transferencia a priori
(FTP). La FTP no debe ser significativa en la soluciéon cuando se trata de interpolar FTE en zonas
densamente instrumentadas. Ante la insuficiencia espacial de datos, se busca reducir las inestabilidades
numéricas que obstaculizan las soluciones razonables y fisicamente plausibles. También es de interés
que la solucién preserve las peculiaridades observadas solo en el vaile de México. De hecho, mientras
menor sea la diferencia entre la FTP y las FTE datos, menores serdn los errores debidos a la
interpolacion.

Funciones de Transferencia a priori (FTP)
Se construy6 un modelo empirico para determinar la FTP de un sitio arbitrario. También es un modelo

de interpolacién en el que se ajustan los coeficientes de la siguiente forma parabdlica descrita como
funcién del logaritmo de los periodos dominantes del terreno (Ts).

2(10g(Ts)) = Bo + By (log( Ty Ts,)) + B (10g(T§/Ts, )’ (22)

En este ajuste, el i-ésimo componente de la funcién de error adquiere la forma
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&; =(Bo + By log(Ts;/Tso ) + B Jog(Ts; /T, ) - 2 Jo; (23)

donde Ts, y Ts; son los periodos dominantes de] terreno en el sitio de interés y en el sitio i,
respectivamente, en tanto que z es el inverso de la FTE promedio (de las FTE obtenidas de m
temblores) en este sitio, evaluada para el periodo adimensional especificado por 1 =T/Ts;. En la

varianza 0;?' se toma en cuenta la similitud entre Jos periodos Ts, y Ts;, asi como las variaciones que se
tienen de un temblor 2 otro en la FTE del sitio i. Por un lado, ¢l criterio estipulado en la ec (2) se puede

. . 2 . .
traducir en la varianza G’r;?' = c% xl-z 212, con y; = (log(Ts,- / Tso)) . Por otro, las vaniaciones que se tienen

en las FTE de un temblor a otro se pueden cuantificar mediante cmf =zizcm?, donde ¢, es €l

coeficiente de variacion estadistico de temblor a temblor. Estos coeficientes son el promedio de los
coeficientes que se tienen para cada frecuencia. Los valores oscilan entre 0.15 y 0.30 con media igual
0.2. Se optd por mantener los dos componentes horizontales en el esquema de iterpolacion porque se
observd que las variaciones que se tienen entre las FTE de ambos componentes son comparables o
mayores que las que se tienen en un componente de un temblor a otro. Por estos conceptos, <l

componente i-ésimo de la varianza total adquiere la forma o;?' = Zi2 (c%x,z + cmz).

¥
4

Este enfoque es similar al que se presenta para la interpolacién de los periodos dominantes del terreno
porque el esquema de regresion se resuelve en ausencia de informacién previa. Se calcularon los dos
componentes horizontales de las FTP que se tendrian para todas las estaciones en zonas de transicion y
de lago. Para las estaciones que s6lo han registrado un evento sismico se¢ hizo ¢, = 0.3. Este valor es
cercano a los valores méximos determinados de la estadistica de las FTE producidas por vartos
temblores. A la vez, el valor de ¢y se ajusté de forma que se obtengan FTP con variaciones suaves en el
dominio de Ts y que los coeficientes de variacién que se obtienen al comparar las FIE con las FTP
(denotados como ¢, ) fueran comparables con los valores de c,, para la mayoria de las estaciones. Se

obtuvieron coeficientes ¢, que varian entre 0.1 y 0.5, con media 0.23. En la fig 8 se ilustran los
histogramas de los coeficientes ¢, ¥ ¢,,. Notese que existe un incremento que obedece a que las FTE de

algunas estaciones tienen grandes diferencias con el resto (en escalas normalizadas t=T/Ts). El
coeficiente c,, es un indicador de Ia precision de las FTE de un sitio debidas a dos conceptos. Uno es el

introducir las variaciones que se tienen de un temblor a otro. El otro puede interpretarse como ia
comparacién de estas FTE con las FTE de otros sitios con igual periodo dominante.

Fn la fig 9 se ilustran los dos componentes de las FTP que se tiene para sitios con periedos dominantes
Ts=0.5, 0.6, ..., 5.4 (s). Ademés de que se tienen diferencias significativas entre ambos componentes,
estas FTP guardan diferencias aéin mayores con la solucion que predice €l modelo unidimensional de
propagacién de ondas, en particular, en el ancho de banda alrededor del modo fundamental y en las
amplitudes y posiciones de los modos superiores de vibracidn del terreno.

En zonas densamente instrumentadas, las FTE de estaciones con valores grandes de ¢, (~ 0.5) no

deben influir significativamente en las interpolaciones. En zonas de insuficiencia instrumental, se busca
que las interpolaciones dependan principalmente de los datos aislados ahi contenidos y de la
informacién a priori (FTP).
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Fig 9 Funciones de transferencia a priori (FTP)

Interpolacion espacial de las FTE

Para la interpolacién espacial de las FTE se hace ¢;; = Cp, €N la ec (19). En este esquema también se
introducen puntos de control que definen la frontera del terreno firme. Para estos sitios se propone
¢;; = 0.125. Una vez seleccionado el sitio de interés se calcula el periodo dominante del terreno Ts. Con

este valor se determina la informacion a priori o FTP (componentes NS y EW) para cada valor de
1="T/Ts.

Para la calibracién de los parametros ¢, de la ec (19) v ¢, introducido para definir la matriz COV(a),
se calcularon las FTE considerando y excluyendo los datos en cada sitio instrumentado (modalidades
con dato y sin dato, respectivamente). Para ambos casos se calcularon los coeficientes de variacion
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esperados, siguiendo la ec (15), y los que se deben a las diferencias entre los datos y los valores
interpolados en cada sitio instrumentado (llamados aqui errores o coeficientes de variacion medidos).
Estos coeficientes (denotados por ¢, ,¢,,¢,,¢4) corresponden a los que se definieron para la calibracién
del modelo de interpolacién de los periodos dominantes del terreno. A la izquierda de Ia fig 10 se
ilustra la variacion de estos coeficientes con respecto a ¢, haciendo sy = 0.3. A la derecha se ilustra la
variacion con respecto a sp, haciendo ¢, = 0.1. Se encontré que con los vatores ¢; = 0.1 y s = 0.3, los
coeficientes de variacion esperados con dato (cp) son comparables a los coeficientes c,, en zonas
densamente instrumentadas y, ademés, que las FTE interpoladas en zonas insuficientemente
instrumentadas son razonables y tienden adecuadamente a la solucione previa. En la figura, se observa
que a medida que se incrementa el coeficiente ¢, los errores medidos con dato y sin dato (indicados
por los coeficientes ¢,y ¢, respectivamente)} se reducen lentamente, mientras que los errores
esperados para las modalidades con dato y sin dato (coeficientes ¢,y cy, respectivamente) se
incrementan répidamente para valores de ¢, > 0.1. Asimismo, al incrementar el coeficiente s, los
errores medidos y esperados en la modalidad con dato (coeficientes ¢, y ¢, respectivamente) se
reducen, mientras que los errores en la modalidad sin dato (coeficientes ¢, y c;, respectivamente) se
incrementan para valores de sg > 0.2 y 5o > 0.3, respectivamente.
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Fig 10 Coeficientes de variacion relativos al error en la interpolacion de las FTE

En la fig 11 se ilustran los histogramas de los errores medidos en las modalidades con dato y sin dato
(coeficientes ¢, ¥y ¢, respectivamente). De acuerdo con los resultados ilustrados a la izquierda, los
coeficientes ¢, tienen media 0.1 y son menores que los coeficientes c,, de la fig 8. A la derecha se
ilustra Ja distribucién de los coeficientes ¢,. Estos oscilan entre 0.08 y 0.5, con media 0.2. Los
histogramas de los errores esperados (coeficientes ¢ y ¢;) se ilustran en la fig 12. En la modalidad con
dato, Jos errores varian entre 0.1 y 0.45, con media 0.23. Por su parte, los errores sin dato varian entre
0.1 y 1.0 con media 0.32. Noétese que los errores esperados sin dato mayores que 0.5 se reducen
substancialmente cuando se calculan en la modalidad con dato. Esto significa que, los efrores esperados
se sobrestiman sistematicamente en zonas insuficientemente instrumentadas.
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Fig 11 Coeficientes de variacidn medidos en las modalidades con dato y sin dato

Fig 12 Coeficientes de variacién esperados en las modalidades con dato y sin dato

En la fig 13 se comparan las FTE observadas (lineas continuas) con las FTE interpoladas con dato
(lineas discontinuas) y sin dato (lincas punteadas) para seis sitios en los que se obtuvieron errores con
dato, medidos y esperados, menores que 10 % y 20%, respectivamente (ver figs 11 y 12). Los
resultados son excelentes. Por ejemplo, las estaciones 04 y 62 estin en la zona con mayor densidad
nstrumental, separadas por 4 km, aproximadamente. En estas estaciones los periodos del terreno son
muy parecidos (Ts=1.95s y Ts=2.05s, respectivamente). También lo son las funciones de transferencia,
aunque se pueden identificar ligeras diferencias (principaimente el ancho de banda, las amplitudes
maximas alrededor del periodo dominante y la forma del primer modo superior situado,
aproximadamente, en T=0.8s). Al parecer, las interpolaciones sin dato reflejan extraordinariamente
estas peculiaridades. Ello se debe a que la informacidén a priori no es significativa en la interpolacion de
las FTE de estas estaciones.
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Fig 13 Comparacion entre FTE observadas (lineas continuas) con las FTE interpoladas con
dato (lineas discontinuas) y sin dato (lineas punteadas) para sitios con errores con dato,
medidos y esperados, menores que 10 % y 20%, respectivamente (ver figs 11 y 12)

En la fig 14 se hace la misma comparacién para algunos de los sitios con los errores sin dato, medidos
y esperados, mayores que 20%. Para elegir estos sitios se busco ilustrar la gama de pertodos
dominantes posibles para el terreno del valle de México. En todos los casos, las soluciones con dato y
sin dato sugieren una combinacién gradual entre las FTP y las FTE observadas. En la fig 15 se ilustran
FTE cormrespondientes a los sitios con errores esperados sin dato mayores que 60% (estaciones 19, 33,
tx y 14). Estos valores son un indice de los errores que se deben esperarse para las zona menos
instrumentadas. Los errores pueden ser mayores, pero no es desalentador al tomar en cuenta que para
las estaciones maés alejadas de lared (19, 33 y tx) se tienen errores medidos con dato y sin dato bastante
modestos.

En la fig 16 se muestra un mapa con la distribucién de los errores esperados en la interpolacion espacial
de las FTE (¢, = ¢, sin excluir datos). Se han sombreado las 4reas donde se esperan errores en los
intervalos 0.2 <¢, <0.3; 0.3<¢, <0.5; 0.5<¢, <0.8 y ¢, >0.8. Para la zona de terreno firme, el
error esperado es ¢, =0.125. Nétese que en la zona del lago, los errores menores se esperan en el area
con el mayor indice instrumental, mientras que en las regiones no instrumentadas los errores son
¢, 2 0.8. Estos valores pueden ilegar a ¢, > 1.25.
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Fig 14 Comparacioén entre FTE observadas (lineas continuas) con las FTE interpoladas con
dato (lineas discontinuas) y con dato (lineas punteadas) para sitios con errores con
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Fig 15 Comparacion entre FTE observadas (lineas continuas) con las FTE interpoladas con
dato (lineas discontinuas) y sin dato (lineas punteadas) para sitios con errores esperados
sin dato mayores que 60 % (estaciones aisladas).
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En la fig 17 se muestran las FTE interpoladas a to largo de una seccidn entre las estaciones 52 y 31.
Estas estaciones tienen periodos dominantes de Ts=0.8s y Ts=5.3s, respectivamente. La seccidn cruza
el 4rea con el menor indice de error. Entre otros aspectos, puede verificarse que las variaciones
espaciales son suaves y que existen diferencias significativas entre los componentes NS y EW. En la fig
18 se presentan las FTE interpoladas a lo largo de una seccion entre la estaciones t9 y un sitio arbitrario
(SA) con coordenadas -98.95W, 19.50N. Los periodos dominantes son Ts=5.1s y Ts=1.12s,
respectivamente. Esta seccidn se tiende sobre el drea con el mayor indice de error. Se puede verificar
que la solucién esta controlada por las FTP en mayor cuantia a medida que aumenta la distancia a la
estacion t9 (ver fig 9). Finalmente, en la fig 19 se ilustran las FTE interpoladas a lo largo de una
seccion entre las estaciones 15 y 35. Esta seccidn se escogid porque cruza el 4rea donde se presentan las
mayores inestabilidades numéricas cuando el coeficiente de variacién refativo a la infortnacion a priori
es inadecuadamente grande (sp ~ 1.0). Si el coeficiente es menor (sy ~ 0.3) se obtienen resultados
razonables y congruentes con naturaleza fisica y con las observaciones.

T{s) 6.5

Fig 18 FTE interpoladas a lo largo de una seccion entre el sitio SA y la estacion t9
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Fig 19 FTE interpoladas a lo largo de una seccidn entre las estaciones 15 y 35

CONCLUSIONES

Se ha descrito un método para resolver un problema de interpolacion espacial. Los datos son las
funciones de transferencia empiricas que se han obtenido de los acelerogramas de varios temblores
registrados en decenas de sitios en las zonas de terreno firme, transicién y lago det valle de México. El
planteamiento de un esquema estadistico para tratar la interpolacion espacial de las funciones de
transferencia mediante el uso de las técnicas de regresion bayesiana, ha permitido incorporar
formalmente la informacidn que se tiene acerca de los efectos de sitio en la respuesta dinamica del
terreno. Esta formulacidn suministra soluciones mas estables y racionales que fas que se obtendrian al
seguir esquemas de regresion convencionales para la interpolacién espacial de datos geofisicos.

Para cada estacién, se interpolaron las FTE (dos componentes horizontales) y se compararon con las
FTE medidas en los registros (llamadas FTE observadas). Se encontré que las diferencias entre estas
FTE son menores que las que se observan en las FTE producidas por un temblor y por otro. También se
identificaron los errores que se cometen por el hecho de interpolar las FTE en sitios no instrumentados.
Para ello, se calcularon las FTE de cada estacion sin considerar los temblores registrados en ella y se
compararon con las FTE observadas. Estas modalidades en el célculo de FTE se identifican como comn
dato vy sin dato, respectivamente. Se encontré que en las zonas densamente mstrumentadas, los errores
esperados en la interpolacién de las FTE son del orden del 20%, en tanto que en las zonas
insuficientemente instrumentadas pueden ser del 100%.

Como resultado parcial, se obtuvo un mapa de periodos dominantes del terreno, con base en foda la
informacién proveniente de registros de movimiento fuerte y de microtremores, asi como una medida
de los errores cometidos en la interpolacién de estas cantidades. Para la zona con mayor densidad
instrumental, los errores pueden ser menores que 5% y pueden liegar al 70% en las zonas con
instrumentacidn deficiente.
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ESTIMACION DE ESPECTROS DE RESPUESTA PARA
SITIOS LACUSTRES DEL VALLE DE MEXICO

En este estudio se hace uso de la teoria de vibraciones aleatorias {TVA) (Boore, 1983; Triffunac y
Brady, 1975; Reinoso ef al, 1990) para estimar las ordenadas de los espectros de respuesta sismica
{ERS) que se tendrian en sitios arbitrarios del valle de México. Ademas de una medida empirica del
periodo dominante del terreno en estos sitios, se tiene conocimiento de las amplificaciones dindmicas
debidas a las condiciones locales mediante cuantiles reconocidos como FTE. Ante un temblor
postulado, el movimiento del terreno se especifica con el EAF que resulta del producto entre la FTE y
el EAF esperado para un sitio de referencia en el terreno firme del valle de México.

TEORIA DE VIBRACIONES ALEATORIAS

Supéngase que A (o) es el espectro de amplitudes de Fourier (EAF) de las aceleraciones del terreno.
De acuerdo con la TVA el valor esperado de la pseudoaceleracion maxima (denotado por E(Sa)) de un
oscilador con periodo T, = 2n/Q (Q = frecuencia natural angular) y amortiguamiento . esta dado por

E(Sa)= Amns x [ 0]

El término A ¢ es la aceleracidén cuadrética media del oscilador. Este valor se estima mediante la
expresidn

My
A = [— 2
ms De ( )

en donde D, es la duracion del movimiento del oscilador y ny es ¢l momento de orden cero del
espectro de amplitudes de las aceleraciones del oscilador Ag(®)= Ay{@)x He (). Aqui He(o) es el
médulo de la funcién de trasferencia del oscilador. Esta cantidad adquiere Ia forma

QZ
He(w)= > (3)
J(QZ o) +420%0°

Por su parte, el término conocido como factor pico f,, se estima cozn la expresion asintética



fp= ﬁﬁ—lﬁl; ¥ =0.5772... (4)

en la que fn=.2 In(n), siendo n=2 f D; el nimero de cruces por cero del movimiento. En esta

igualdad D, es la duracién del movimiento del terreno y f = Jmy m, /21: es la frecuencia
caracteristica. El término m, es el momento de orden 2. Los momentos de orden k del espectro de
amplitudes A.(w) estan dados por

1 o0
my = ;IAe(u})Z o* do (5)
1]

Para hacer uso de estas expresiones sélo resta definir las duraciones de los movimientos del terreno D¢
y del oscilador D,. La duracién D, puede determinarse haciendo uso de la aproximacion propuestas
por Joyner (1984). Si r, =D, /T, se tiene que

T re3

D. =D+
¢ At 2413

)

Es racional suponer que la duracién del movimiento del terreno Dy en la zona del lago esté controlada
al menos por dos conceptos. El primero se debe a la duracién del movimiento en el terreno firme D,,.
Para sismos de subduccidn, se puede suponer que la duracion del movimiento en el terreno firme es la
duracién de la ruptura cortical D, mas el incremento debido a la dispersion energética que ocurre
durante el trayecto D, es decir D, = D; + D, Para un temblor especificado por la magnitud M, la

caida de esfuerzos Ao y la velocidad de propagacién de la ruptura B, la duracion D, se puede estimar
como D, =1/ f,, donde f.=4.96x IOGB(AG/ Mo)”3 ¢s la frecuencia de esquina (f, en Hz, B en km/s

v Ao en bares, el término Mg = 108-5(MHI0.7) o5 of momento sismico). Asimismo, el incremento
debido al trayecto se puede estimar como Dy, = R;/20, donde R; (en km) es la distancia entre el sitio
de observacién y el area de ruptura (Singh y Ordaz, 1993). El segundo concepto es el incremento
adicional debido a la resonancia tipica en los depésitos de suelo blando Dg. Para determinar esta
duracién se hizo una adaptacién de la expresion propuesta por Joyner (ec 4.6). Si = Dy /T, se tiene
que

_ Ts 1'53-
2nL +4n, 1+13

(7
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donde T, y & son el periodo dominante y el amortiguamiento del depdsito de suelo, respectivamente,
en tanto que my es el contraste de impedancias entre el depdsito y el medio subyacente. Al combinar
estos resultados se tiene que la duracién del movimiento del terreno se puede estimar como

p-Ll,k T, K

+ =+ 8
f. 20 2mg +4nm, +13 ®

ANALISIS DE INCERTIDUMBRES

Ademas del resultado resumido en la ec 1, la TVA suministra una medida teérica de los errores que se
cometen en la estimacién de las respuestas méximas. En efecto, la desviacién estandar en esta
estimacion o, tiene la forma

T
= A 9
Frva fy J6 s 9

Con el analisis de decenas de registros de aceleracidn, Reinoso et al (1990) enconiraron que para
obtener errores comparables con los que se predicen con la ec 9, debe hacerse uso del valor de duracién
correspondiente a la duracién de la fase intensa del movimiento del terreno. Si esta duracién se
desconoce y por ello se estima con la ec 8, se tiene un error adicional por este concepto. Se introduce
dos errores mas si el EAF de las aceleraciones del terreno se especifica mediante el producto

Ado)=H o)A (o) (10

donde Hs(m) es la FTE del sitio y A (®) es el EAF de las aceleraciones de referencia. En efecto,
formalmente se tienen incertidumbres, tanto en las FTE como en los EAF de referencia, sobre todo
cuando el propésito es predecir las acciones oroducidas por posibles sismos futuros. Por estos
conceptos, las pseudoaceleraciones méaximas del oscilador admiten la siguiente representacion

Sa=E(Sa)~:~fsTVA +€pyr T EpTE + EXC (an

donde €1y, Epurs EFre Y Epxc Son los errores debidos al uso de 1a TVA, al uso de la ec 8 para estimar

la duracién Dy, al uso de FTE y al hecho de especificar el EAF de un sismo postulado como excitacion,
respectivamente. Si estos errores no estan correlacionados y son logaritmicos (& = log{z/ z)), entonces

2
VAR(Sa) =0y, + Gpur_ +Opre. +OExc (12)



donde VAR denota varianza. Si los errores son pequefios, el coeficienie de variacién total en la
estimacion de Sa (denotado por c(Sa]Dy,Hg, A, )) se puede escribir como

C(Sa’Dt’Hs’Ao) = \[OIVAZ + CDURZ + CFTEz + Cexcz (13)

El coeficiente ¢y, se determina directamente con lasecs 1 y 9

s)
Crva = YA (14)

Para cuantificar el coeficiente ¢,z se optd por medir y examinar los coelicientes de variacién que se
tienen entre los ERS exactos y los ERS estimados con la TVA haciendo uso de los EAF obtenidos de
los registros de sismos de subduccién (EAF observados en zonas de lago y transicion) y de la ec 8 para
estimar la duracién del movimiento del terreno. En estas condiciones

c(SaIDt,HS,AO) = c(SalDt) = yerua? +cour’ » (15)

ya que cpe = Gaxe = 0. En la fig 1, a la izquierda, se ilustra el histograma de los coelicientes ¢y, de
todas las estaciones de l]a RACM ubicadas en las zonas de transicién y de lago. Estos coeficientes (y de
hecho todos los coeficienies examinados) son el valor promedio de todos los coeficientes que se tienc
en cada estacién (dos componentes horizoniales, decenas de ordenadas especirales y varios temblores).
A la derecha se ilustra el histograma de los coeficientes de variacion medidos entre ERS exaclos y

estimados (denotados con ¢'(SajDy)).
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Fig 1 Histogramas de los coeficientes ¢y, ¥ ¢'(Sa|Dy)

4



De acuerdo con los resultados de la fig 1, los coeficientes c;y, varian entre 0.12 y 0.20 con media 0.15,
mientras que los coeficientes medidos ¢’(Sa|Dy) varian entre 0.14 y 0.50 con media 0.25. Se encontré

que los coeficientes c’(Sa}Dt) son mas grandes a medida que el periodo del terreno T; es méas corto.
Ello permiti6 calibrar una forma sencilla para estimar del coeficiente ¢ 5. Se llegd a la expresion

T, '
o [ 16
Cpur [Ts+2Tr) (196)

donde T; = 0.5s es un periodo de referencia. En la parte izquierda de la (ig 2 se muesira el hislograma
de los coeficientes c(Sa| D), calculados con las ecs 14, 15 y 16. En la parle derecha se comparan los
coeficientes c(Sa]Dt) y c’(SalDt).
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Fig 2 Histograma de los coeficientes de variacion c(SalDt) y comparacion c(Sa|Dt) .VS.C'(SalDt)

El examen de estos resultados indica que el coeficiente predicho por la ec 16 es un excelente estimador
del error que se inlroduce en la estimacién de ERS al hacer uso de la duracién dada por 1a ec 8. En

efecto, los coeficientes predichos c(Sa(Dt) varian entre 0.15 v 0.40, con media 0.25 y, cht plomedlo
estos difieren de los coeficientes reales c (SaIDt) en menos de 10% apro‘umaddmenle

Con el proposito de cuantificar los coeficientes cpy; se calcularon los ERS haciendo uso de los EAY
que se obtienen con la cc 10. Para cada temblor, el movimiento A,{w) se hizo igual al EAF promedio
de terreno firme, ya que las FTE se midieron con respecto a esta referencia (Reinoso, 1992). Los errores
que se cometen en la estimacién de ERS por introducir FTE {catculadas en las modalidades con dato y
sin-dato) se pueden examinar directamente al comparar estos ERS con los ERS estimados a partir de
los EAF observados. No se liene otra fuente de incertidumbre porque en los calculos sélo se sustituye el
EAF observado en cada sitio por ¢l EAF estimado con Ia ec 10. Se encontré que los coeficientes de

variacidn medidos entre estos ERS, denotados con ¢, (SalHS) y cg (Sa[HS) (modalidades con dato v sin



dato, respectivamente), son sisteméaticamente mayores que los coeficientes de variacion esperados en la
estimacidn de las FTE (denotados en el apéndice 1L por ¢ ¥y ¢4, ¥ aqui por ¢, (Hg) v ¢7(H), para las
modalidades respectivas), aproximadamente en 4/3, es decir

4
Cb,d(sale) = Cprp = Ecb,d(Hs) - N (V)]

En el apéndice T se discute la obtencidn de estas FTE en sitios arbilrarios con un esquema de
* interpolacién que permite identificar los errores debidos a las variaciones que se tienen en las FTE de
un lemblor a otro (modalidad con dato) y los que se deben a este hecho sumado al mélodo de
interpolacién (modalidad sin dato). Los histogramas de estos errores se ilustran en fa fig 12 del
apéndice II. En la fig 3 sc ilustran los histogramas de los coeficientes para fa modalidad con dato
Cp (SaIHS) medidos y ¢, (SalHS) predichios con la ec 17, mientras que en la fig 4 se muestran los
histogramas de los coeficientes para la modalidad sin dafto {cg4 (Sa[HS) Yy ¢ (Sa]HS)). En la fig 5 se
ilustra la comparacién enire los coeficientes medidos cj,,d(Sa’HS) y predichos ¢ 4 (Sa|Hg). Estos
coeficientes reflejan el nivel de incertidumbres que se tienen en los ERS por hacer uso de las FTE. En
la modalidad con dato, los coeficientes medidos ci,(Sa}I—Is)variml enire .18 y 0.80, mientras que los

coeficientes predichos ¢;{Sa|H,) varfan entre 0.18 y 0.64. En ambos casos la media es 0.30. Los
coelicientes se incrementan hasta cerca de 1.0 en la modalidad sin dato, con valores medios medidos de
(.35 y predichos de 0.41. Se puede verificar que los coeficientes predichos son pequeflos en zonas
densamente instrumentadas, y que difieren de los coeficienles medidos en menos del 10%. También se
puede verificar que para zonas insuficieniemente instrumentadas, los coelicientes predichos sou
mayores que los medidos en faclores mayores que dos (en mas del 100%). Al parecer, el coeliciente
¢y Predicho por la ec 17 es una estimacién razonable de los errores que se introducen en el calculo de
ERS al hacer uso de FTE, en particular si el sitio de interés esta algjado de las cstaciones de la RACM.
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Fig 3 Histogramas'de los coeficientes medidos c}, (Sa] Hg)y
predichos ¢, (SalHy) (modalidad con dato)
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De acuerdo con la ec 13, si no existen incertidumbres eu el EAF de referencia (cx¢ = 0), el error total
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que se comete en el calculo de ERS se puede estimar inediante

Con esta expresion se puede verificar la utilidad de la ec 17 para determinar el error esperado en el
calculo de ERS. A la izquierda de la fig 6 se ilustra el hislogramna de los cocficientes de variacién

c(Sa|Dt,H5) = '\/CTVAZ + CDUR2 + CFTEz

7
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cf,(Sa{Dt HS) medidos entre los ERS exactos y los ERS estimados a pattir de los EAF calculados con
Ia ec 10. Estos coeficientes varian entre 0.18 y 0.65 con media 0.40. A la derecha se ilustra el
histograma de los coeficientes cb(Sa!Dt,Hs) predichos con la ec 18, los cuales varian entre 0.25 y 0.65
con media 0.41. Estos histogramas corresponden a la modalidad con dato. En la fig 7 se ilustra el
histograma de los coeficientes cj (Sa|Dt,HS) y cd(SaiDt,Hs) correspondientes a la modalidad sin

dato. Los coeficientes medidos varfan entre 0.18 y 0.8 con media 0.43, mientras que los coeficientes
predichos varian entre 0.25 y 1.0 con media 0.5, aproximadamente. En la fig 8 se ilustra la comparacién

entre los coeficientes medidos ¢, 4 (Sa|Dy,H,) y predichos cb,d(Sa‘Dt,Hs). El emror entre estos
coeficientes varia entre 13% y 20%.
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Fig 6 Histogramas de los coeficientes medidos cj,(Sa|Dy, Hg) y
predichos ¢, (Sa|Dy,H,) (modalidad con dato)
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Fig 8 Comparacién entre coeficientes medidos ¢}, 4(SalD, M) y predichos cb,d(Sa\Dt JHg).

Es de interés cuantificar los coeficientes ¢, con los que se introducen las incertidumbres que se
tienen al postular los EAF de sismos que no han ocurrido. Ello permitirfa {ener una estimacion
completa de los errores en la estimacion de los ERS debidos a posibles sismos futures. Para ello, se
hizo uso de la ley de atenuacidn bayesiana propuesta por Ordaz e al (1993} gue permite estimar Jos
EAF que se tendrian en el sitio CU ante sismos de subduccion. Se postularon los EAF del sitio CU
correspondientes a los sismos que se emplearon para la regresidu de los coeficientes de la ley de
atenuacién y que fueron registrados por la RACM (sismos con M>5.0 ocurridos entre 1985 y 1991).
Con estos EAF se calcularon los ERS para las estaciones de {ransicién y de lago haciendo uso de las
FTE. Los errores en la estimacion de los ERS debidos exclusivamente al EAF postulado (denotados por
c’(SaIAO)) se midieron directamente entre estos ERS y los que se estiinaron al hacer uso de la ec 10
con los BEAF observados en CU y las FTE calculadas en la modalidad con dafo. Se encontré que los
coeficientes c’(Sa|A0) varian enire 0.33 v 0.38 con media 0.35. La variacion de eslos coeficientes es
poco significativa comparada con los coeficientes de variacién que resultan de combinar los
coeficientes cpy ., Cpur ¥ Cprp COMO se indica en fa ec 18, Es razonable hacer ¢pp = 0.35en laec 13.

En la parte izquierda de la fig 9 se ilustra el histograma de los coeficientes de variacion
¢ (SajDy,Hg, Ay) medidos entre los ERS exactos y los ERS calculados con el EAF postulado y las
FTE calculadas en la modalidad con dato. Eslos varian entre 0.28 y 0.64 con media 0.48. A la derecha
se muestra el histograma de los coeficientes ¢, (SalDy, Hg, A,) predichos con la ec 13, los cuales varian
entre 0.42 y 0.72, con media 0.52. Estos coeficientes son una medida de los errores totales que se tienen
en la estimacién de ERS producidos por posibles sismos fuluros en sitios instrumentados. Los
histogramas correspondientes a los coeficientes ¢;{Sa|Dy,Hg,Ay) ¥ ¢7(Sa|Dy,Hg, Ao), asociados a
ERS obtenidos con FTE calculadas en la modalidad sin dato, se ilustran en la {ig 10. Los coeficientes
medidos varian entre 0.28 y 0.80 con media 0.50, mientras que los coeficientes predichos varian entre
042 y 140 con media 0.60, aproximadamenle. En particular, los coeficientes predichos
¢y (Sa|Dy,Hg,Ay) son los estimadores de los errores totales que se cometen en la estimacion de ERS
producidos por posibles sismos futuros en sitios arbitrarios. Finalinente, en la fig 11 se ilustra 1a
comparacion entre los coeficientes medidos ¢, 4 (Sa|Dy,Hg,A,) y predichos ¢ 4 (SajD{,H.A,)- Los
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erTores entre estos coeficientes varfan entre 10% y 20%, aproximadamente. En cerca del 20% de los
casos se cometen errores menores que los predichos en 10%, mientras que en zonas poco
instrumentadas los errores pueden sobrestimarse en mas del 100%.
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Fig9 Histogramas de los coelicientes medidos c;’,(SalDt,HS,AO)
y predichos ¢, (Sa|Dy, Hg, A,) (modalidad con daio)
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Fig 10 Histogramas de los coeficientes medidos ¢y (Sa|D¢; Hgs Ag)
y predichos ¢;(Sa|Dy,Hg,A,) (modalidad sin dato).

La combinacién de los coeficientes de variacién debidos a diferentes conceptos, dada por la ‘ec 13,
permite identificar donde deben concentrarse esfuerzos futuros por reducir los niveles de error
alcanzados en este estudio. Por ejemplo, considerando los valores medios ¢ryy = 0 15y qp =03,y

suponiendo que cgxe = 0, para un sitio con T, = 2s (cpyp = 0.17) se tienc que c(Sa|Dt,HS) =0.38 es
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el coeficiente de variacion esperado en la estimacion de ERS debidos a sismos que ya ocuiTieron y que
se registraron en CU. Si se hace cgy = 0.35, se liene que el coeficiente esperado en la estimacion de
ERS debidos a sismos futuros es c(SatDt ,HS,AO) = 0.51. Del error total que se comete al considerar la
ocurrencia de postbles sismos futuros, el 15% corresponde al hecho de hacer uso de la TVA, el 18%
corresponde al uso de la ec 8 para estimar la duracion del movimiento del terreno, €l 31% corresponde

al uso de FTE y el 36% al hecho de postular un EAF para el terreno firme con la ley de atenuacién
bayesiana propuesta por Ordaz et al (1993). Si se hace uso del escalamiento de un EAF observado con

el modelo de fuente ®2, es racional suponer que error esperado sea al menos el que se obtiene con el
modelo bayesiano, ya que en éste tltimo se ajustan los pardmetros de la fuente sismica y del trayecto de

acuerdo con lo que dicta el conocimiento actual y el examen de los registros del movimiento del
terreno.

1.0
F‘é -8- [ .
< s
IT 6 ;. B Ll Lt
(_:-‘ :5.... [ ] . .- - -
‘.—Tw c-;.' * :::5-25 .-3 e
8 b w5 ! A
\‘-“Z‘ - ..' ..
o * .
° 2b -

0 { ] 1 ! 1 1 i i

.0 4 .8 .0 4 8

cp{Sa 1 DLHA,) c4(SalD,HgA)

Fig 11 Comparacién entre coeficientes medidos cf, 4(Sa|Dy, Hg,Ap)
y predichos ¢ 4 (SaDy, Hy, Ag) .

En la fig 12 se ilustra un mapa con la zonificacion geotécuica del valle de México. Tambien se ilustra la
localizacién de las estaciones de la RACM y algunas de las principales vias vehiculares de la ciudad.
En este mapa se muestra la distribucidn de los coeficientes de variacién esperados en el calculo de ERS
mediante cinco regiones que se indican en la leyenda. Para cada regién, se indican los limites de dos
intervalos. El superior se refiere a los coeficientes de variacién calculados con la ec 18. Estos
coeficientes son los valores esperados en la estimacidn de ERS ante sismos que ya han ocurrido y que
se registraron en la Ciudad Universitaria (denotado en la figura comno ¢, ). El inferior se refiere a los

cocficientes de variacion calculados con la ec 13 haciendo cgye = 0.35. Estos coeficientes son los
valores esperados en la estimacidén de ERS anle sismos postulados como posibles sismos futuros
(denotado en la figura como ¢pe). Se puede seflalar una amplia region al cenlro de la ciudad para la
que se esperan errores meiores que los esperados para el terreno firme. Esta region corresponde al drea
con mayor densidad instrumental. Alrededor de esta region, exiendiéndose sobre la zona de lago, existe
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otra Tegién con errores comparables a los esperados para el terreno firme. Finalmente, en las zonas
insuficientemente instrumentadas, los errores esperados se incrementan dramaticamente debido al
proceso de interpolacién de las FTE. De acuerdo con las figs 10 y 11, estos errores, en promedio, son
menores que los errores reales.

CONCLUSIONES

Se ha presentado una sinopsis de los principales resultados de la TVA y se ha discutido un anélisis
estadistico de las incertidumbres que se tienen en la estimacion de los espectros de respuesta sismica
(ERS) para sitios arbitrarios del valle de México. En particular, se encontré que las principales fuentes
provienen de cuatro conceptos no correlacionados o independientes: a) hacer uso de la TVA, b) estimar
un valor de duracién, ¢) cuantificar los efectos de sitio mediante FTE y D) especificar el EAF de sismos
futuros. Se encontrd que tipicamente el error debido a la TVA es del 15%, mientras que el error debido
a la estimacién en la duracién es del orden del 10% en los sitios de periodo largo y que puede llegar al
30% en los de periodo corlo. Por su parte, el error asociado con la FTE foma en cuenta el hecho de
haber observado una muestra estadistica de FTE relativamente pequefia y de hacer uso de un método de
interpolacién espacial. Para sitios arbitrarios en las zonas densa y moderadamente instrumentadas, el
error en la estimacion de ERS por el uso de FTE es del 30%. Ademas, se observd que con el método
propuesto por Ordaz ef al, (1993) para especificar los EAF de sismos que no han ocurrido se cometen
errores del 35% en la estimacion de ERS. En este método bayesiano para determinar los EAF de
terreno firme se toma en cuenta ajustes en los parimetros de la fuente sismica y del trayecto. Debe

considerarse este error, al menos, si se hace uso del modelo de fuente ®? para el escalamiento de los
EAF de sismos pequefios con el propésito de especificar sismos futuros maés intensos.

Si los errores fuesen pequefios, el error cuadrético total en la estimacion de ERS seria la suma de los
errores cuadrticos debidos a cada uno de estos conceptos. Se comprobd que, en promedio, esta
relacién se cumple razonablemente, aunque se encontrdé que cuando los errores crecen, los errores
esperados estén significativamente sobrestimados en comparacién con los errores reales. Este hecho se
observo en las zonas menos instrumentadas del valle, donde los errores debidos a la interpolacién son

tipicamente elevados. En una gran porcion de la ciudad, los errores esperados en la estimacion de ERS
es del 50%.
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The Great Mexican Earthquake of 19 June 1858: Expected Ground Motions

and Damage in Mexico City from a Similar Futare Event
by S. K. Singh, M. Ordaz, and L. E. Pérez-Rocha

Abstract The description of the great earthquake of 19 June 1858 is unusual:
damage and high intensities were reported both. in the state of Michoacan and in
Mexico City. Although a coastal epicenter for this earthquake cannot be ruled out,
the reports agree better with an intermediate-depth (about 50 km), normaj-faulting
event in the subducted Cocos plate. A careful examination of the reports of this event
and other nommal-faulting events below the Mexican altiplano suggests that a likely
location is 18.0 °N, 100.8 °W, near the epicenter of the 6 June 1964 (M7.3, H = 55
km) event. This location is 220 km SW of the city. The magnitude of the earthquake
is estimated to be about 7.7. We synthesize expected ground motions in CU, a hill-
zone site in the city, from an event similar to that of 1858; using records from the
23 May 1994 earthquake (18.0 °N, 100.6 “W, H = 50 km, M5.7) as an empirical
Green’s function and stress parameter, Ac, of 50, 160, and 300 bar. The expected
peak horizontal acceleration in CU of Ao = 160 bar is about 30 gals. Similar ac-
celeration was recorded in CU during the 1985, Michoacan earthquake (33.0). We
compute expected ground moticns at many sites in Mexico City using empirical
transfer functions and random vibration theory and compare these motions and the
expected damage in the city with those from the 1985 Michoacan earthquake. Results
show that the overall expected damage during the postulated earthquake is % and
1% of that during the Michoacan earthquake for Ag = 160 and 300 bar, respectively.
A greater percentage of low-rise construction, which constitute about 80% of the
total in the city, will be damaged during the postulated earthquake than during the
Michoacan earthquake. The expected ground motions for Ag = 50 bar are smaller
at all periods than those from the Michoacan earthquake. As the present building
code for Mexico City contemplates coastal earthquakes of magnitude greater than
8.0, the case of Ao = 50 bar 1s not of interest in this article. This preliminary study
suggests a need for a more careful evaluation of expected ground motion in the Valley
of Mexico from the postulated earthquake and its impact on the current design spectra
of the city.

Introduction

The Mexican Altiplano is affected by earthquakes of
different type: (1) those that occur at the interplate boundary
between the subducting oceanic plates of Rivera and Cocos
and the continental North American plate; (2) normal-fault-
ing intraplate earthquakes in the subducted oceanic plates;
and (3) crustal events, generated in the trans-Mexican vol-
canic belt. Recent damage to Mexico City has predominantly
been caused by earthquakes of the first type, such as the
Michoacan event of 19 September 1985, However, this has
not been the case in other parts of the Mexican Altiplano.
For example, the great earthquake of 15 January 1931
(M7.8), which caused heavy damage to the city of Qaxaca,
was a normal-fanlting event in the subducted Cocos plate

(Singh er al., 1985). The destructive potential of normal-
faniting earthquakes to the Valley of Mexico was recognized
in the elaboration of the 1987 version of the Mexico City
building code, where an earthquake of this type with M =
6.5, depth (H) of 60 km, and epicentral distance of 60 km
was taken into account (Rosenblueth ef al., 1989). However, -
it is generally agreed by Mexican seismologists and engi-
neers that the seismic potential of such events is poorly
known.

In this article, we study the great earthquake of 19 June
1858. We find evidence suggesting that it was a normal-
faulting earthguake, with location close to that of the 6 June
1964 event (M7.3, H = 55 km}, but with an estimated mag-

1655



1656

nitude of 7.7. After presenting this evidence, we estimate
expected ground motions and damage in Mexico City from
a posutiated repetition of the 1858 earthquake and compare
them with those of the 1985 Michoacan event.

The Great 1858 Earthquake

A basic source of information on felt and damage re-

ports from Mexican earthquakes for the period 1460 to 1888

is the classic work of Orozco y Berra (1887-1888; 1888
1889). However, as expected for events of this period, the
available information for this earthquake is sparse. In Figure
1, we show our designation of Modified Mercalli (MM) in-
tensities for the 1858 event, based on the description of
Orozco y Berra. Below, we briefly recapitulate parts of this
description.

19 June 1858, 09:17: A tremendous earthquake felt in
Mexico City, one of the strongest to hit the city in this cen-
tury. Initially bumpy (trepidatory) motion, followed by N-
S osciliation that changed to E-W. The movement was so
strong that the tower of the cathedral could be seen swaying,
trees appeared as if they had been hit by sirong wind. Water
fountains were left empty. All houses were affected, and
many buildings were damaged. In many places, cracks (a
majority with N-S orientation) appeared on the ground, and
bricks from the pavement were uplifted. Alameda park was
left at the disposal of the public. A curious phenomenon was
observed: of the existing 175 artesian wells, the water supply
doubled in 40, quadrupled in 10, increased by one-third in
another 10. One of the wells went dry. Aqueducts were dam-
aged. It was strongly felt in and around the Valley of Mex-
ico, very strongly felt in Texcoco. Toward east of Mexico
City, it was strongly felt in Amecameca, Ayutla, Puebla,
Tiaxcala, Huamantla, Chalchicomula, Orizaba, and other
places. In Jalapa, it was strongly felt. Tt was very strongly
felt in Morelia, causing extensive damage to buildings, in-
cluding the cathedral. In Pdtzcuaro, the earthquake left many
houses and churches in ruins, many persons were killed. In
Charo and Indaparapeo towns, many houses fell down, It
was felt similarly in Ario, Tacdmbaro, Uruapan, Apatzingin,
and Los Reyes. The earthquake was felt in Toluca, Tenango,
and Tenancingo. In Temascalcingo, the oscillations were so
violent that “organ”™ cactii, used as fences around houses,
broke off, and the church was damaged. The water supply
from springs in Tejocote and Calvario was diminished. [t
was also felt in Temoaya and San Pedro. In Guadalajara, the
oscillatory motion was so strong that it was difficult to stand.
It seemed as if doors had been hit by a hurricane. A duration
of 2 min was reported. It was felt in the State of Guerrero,
although not so violently as in other places. Tt was felt
strongly in Chilpancingo, Iguala, and Huamustitldn, In Co-
lima and Manzanillo, it was felt with “sufficient force.”
Somewhat strong bumpy motion (“trepidatory”) was felt in
the State and City of Oaxaca, but no damage to buildings
was reported. It was felt weakly in places where earthquakes
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are seldom felt: San Juan del Rio, Querétaro, Ledn, Lagos,
Pachuca, and Tulancingo.,

The Location of the 1858 Earthquake

Before attempting to assign a location to this event, it
is instructive to consider the population density of Mexico
during the last century. The population distribution between
1821 and 1899 is shown in Figure 1 (Atlas Nacional de
México, 1990, Vol. 1, Sheet 1I1.1.1). Note that there was no
town along the Pacific coast of Mexico with population
greater than 5000 (except for Colima, which lies about 100
km inland). Between 100 °W and 102.5 W, along the Pacific
coast as well as iniand, the population density was sparse.
This region is marked by a dashed line in Figure 1. A coastal
road connected Acapulco to Colima, but it could only be
transited on foot or on horse or mule (Atlas Naciona] de
Meéxico, 1990, Vol. 1, Sheet II.1.1). It is for these reasons
that felt and damage reports of Orozco v Berra do not men-
tion towns along the coast between Acapulce and Colima-
Manzanillo, nor the small and sparse population centers lo-
cated inland, up to a distance of about 120 km from this part
of the coast. An obvious consequence of this population dis-
tribution is the difficulty in assigning epicentral locations
from intensity reports, especially in the region shown by the
dashed line in Figure 1. Indeed, the intensity distribution of
the 1858 event, shown in Figure 1, provides a good example
of this difficulty: it is nox possible to estimate the epicenter
of the event with any confidence with this map alone. To
constrain the location, we use intensity maps of other events
of the present and the past century. [soseismic maps of many
important events of this century and of soine events of the
past century are given in Figueroa (1986). For events of the
last century, however, Figueroa constructed the intensity
maps based exclusively on the work of Orozco v Berra. Con-
toured intensity maps of Figueroa, thus, give the impression
of availability of abundant felt reports. To avoid bias, we
ignored Figueroa’s maps for the last century and prepared
maps, such as the one given in Figure | for the 1858 event,
which translate Orozco y Berra’s damage descriptions into
MM intensities. We refrain from making intensity contours
from these sparse data.

From the intensity map in Figure 1, the epicenter of the
1858 event can be located along the Pacific coast {thus clas-
sifying it as shallow-depth reverse-faulting earthquake} or
below an inland location (corresponding to an intermediate-
depth normal-faulting earthquake in the subducted Cocos
plate). We note the following:

I. An epicenter along the coast SE of Acapulco can be
safely discarded since events in this region do not give
rise to high intensities in and near Morelia. On the other
hand, such events result in high intensities in Acapulco,
Chilpancingo, Tixtla, andfor in the coastal and inland
towns of the State of Oaxaca [see, e.g., the intensity maps
of Figuerca (1986) for the Acapulco earthquake of 28
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Figure 1. Top: MM intensities for the 19 June 1858 earthquake. Triangles: felt; solid
circles: strongly felt. Numbers attached to solid circles represent MM intensity. Note
that nointensities are available along the coast southeast of Colima, reflecting the sparse
population density, Star shows a likely location of the 1858 carthquake (see text). It is
also the location of the 23 May 1994 earthquake (M5.7), whose recording is taken as
empirical Green’s function to synthesize motions in Mexico City. Bottom: Population
distribution in Mexico, 1821--1899 {taken from Atlas Nacional de México, 1990}. Note
the fow population density along the Pacific coast in general, and within the dashed
arez in particular.
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July 1957 and for the Qaxaca earthquakes of 23 August
1963, 2 August 1968, and 29 November 1978]. This is
not in agreement with the reports of the 1858 event.

2. An epicenter along the coast NW of the epicenter of the
19 September 1985 Michoacan earthquake (18.14 °N,
102.71 °W) appears vnlikely since such events cause high
intensities in Colima, Manzanillo, and Ciudad Guzmén
[see, e.g., isoseismic maps of Figuerca (1986) for the
Michoacan earthquakes of 1985, 15 April 1941, and 7
June 1911, and for the Colima event of 30 January 1973].
The intensities in Figure 1 for the 1858 event are in dis-
agreement with an epicenter along this part of the coast.
Even less likely is an epicenter along the coast of Talisco,
NW of Colima [compare intensities given in Singh ez al.
{1985) for the Jalisco earthquakes of 3 and 18 June 1932
with Fig. 1]. 4

3. An epicenter along the coast between Acapulco and Zih-
uatanejo is worth exploring. In Figure 2, we superimpose
on the intensities of the 1858 event on the isoseismic inap
of Petatidn earthguake of 14 March 1979 (M7.6). The
isoseismic map of 1979 shows islands of high intensity
around Uruapan, Pitzcuaro, Mexico City, and Guadala-
jara. These islands roughly coincide with areas of high
intensity during the 1858 event. The intensities in these
islands, however, are 2 to 3 units less than those during
the 1358 event. Thus, if the epicenters of the two events
were close to one another, then a much larger magnitude
for the 1858 event would have to be postulated so that
the area of intensity VI during 1979 became atea of in-
tensity VI in the 1858 event. This, however, would put
Colima, Manzanillo, and Acapulce in the intensity VIII
region, which does not agree with the avajlable reports
of the 1858 earthquake (Fig. 1).

4. An inland location is a distinct possibility. A shallow-
focus event, however, is not likely because it would cause
the ground motions to decay more rapidly with distance
than a deeper event. An intermediate-depth (H ~ 50 km),
normal-faulting event in the subducted Cocos plate would
more likely generate the observed decay of the ground-
motion amplitude. One possibility is that the epicenter
was roughly in the middle of the region of VIII to IX
intensities, near Morelia, Michoacan. Considering the
wide-spread intensity VIII area, this epicenter does not
appear realistic. For this location, damage near the epi-
central region would have been more severe. This was
the case during the great normal-faulting Oaxaca earth-
quake of 15 January 1931, A7.8 (Barrera, 1931: Singh
et al., 1985),

Finally, let us postulate that the hypocenter of the event
was close to the hypocenters of 6 June 1964 (M7.3} and 23
May 1994 (M5.7) earthquakes (~18.0 °N, 100.6 °W, H ~
50 km). In Figure 2, we superimpose the intensity values of
the 1858 event on the isoseismic map of 1964. In this sce-
nario, the epicentral region of the 1858 event would lie in a
very thinly populated area of difficult accessibility. This pro-
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Figure 2.  Top: MM intensities of the 1858 earth-
quakes superimposed on the isoseismic map of the 14
March 1979 Petatiin earthquake (M7.6), whose epi-
center is shown by a star. Bottom: MM intensities of
the 1858 earthquakes superimposed on the isoseismic
map of the 6 June 1964 carthquake (M7.3). Intensities
from the 18358 event are roughly in accordance with
a hypocenter close 1o the 1964 earthquake (see text).

duces the best agreement with the observations. The ob-
served intensities in and near Morelia during the 1858 event
would have to be explained by assuming a larger magnitude
event Jocated near the source of 1964 event. This would
again give rise to inconsistencies at Colima, Manzanillo, and
Acapulco. Increase in water flow from wells in Mexico City
may support a normal-faulting mechanism for the 1858
event (see, e.g., Muir-Wood and King, 1993). During the
1964 event, which was a normal-faulting earthquake, no
change in water level in the Vailey of Mexico is seen in the
piezometric records kept by the Comisién de Aguas del
Valle de México. This may be due to smaller magnitude of
the 1964 event, difference in the locations of the two events,
or a change in hydrological regime of the Valley of Mexico
since 1858.

From the discussion above, it is clear that a definitive
location of the 1858 event is not possible. Both coastal and
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inland intermediate-depth locations remain viable. In view
of its better agreement with intensity data, we give more
credence to the latter possibility and to a location c’ose to
that of the 6 Yune 1964 event.

Estimation of Magnitude of the 1858 Earthquake

Previously, a magnitude of 7.5 was estimated for this
carthquake by Singh et al. (1981) based on a rough com-
parison with intensity maps of this century’s earthquakes.
Below, we improve the magnitude estimate, by assuming
that the event was located near the 1964 earthquake (M7.3).
Figure 3 shows attenuation of MM intensities with epicentral
distance of the following three normal-faulting intermediate-
depth Mexican earthquakes: 6 June 1964, M7.3; 28 August
1973, M7.0; 24 Qctober 1980, M7.1. The isoseismic con-
tours of these events are not circular (see Figueroa, 1986).
In Figure 3, we show the attenuation of intensities along a
profile that goes from the center of the maximum intensity
area toward Mexico City. Due to well-known amplification
of seismic waves, the intensities in Mexico City are, in gen-
eral, one to two units higher than expected at that distance.
From Figure 3, we conclude that M7.1 + 0.2 events give
rise to an MM intensity of V (VI to VII in Mexico City)
about 200 km away (see also Chdvez and Castro, 1988). The
intensity during the 1838 event in Mexico City was about
VIII. The intensity 7 at a fixed distance R may be related to
magnitude M by

I'=aM + b, (1

where g and b are constants. In the above relation, we have
assumed that the distance R is sufficiently large so that the
point-source approximation is valid. Based on theoretical
grounds and empirical data, Gusev and Shumilina (personal
comm., 1994) propose @ = 1.8. Given that an M7.1 earth-
quake, located 200 km away, causes an intensity between
VI and VII in Mexico City, equation (1) yields a magnitude
between 7.7 and 8.2 corresponding to an intensity of VII
during the 1858 event. Alternatively, we can use the relaiion
between area under a certain intensity and M developed for
intermediate-depth events of Mexico of this century (Singh
et al., 1980). Given the information available for the 1858
event, it is only possible to estimate the area under intensity
IV, A,.. M and A,, are related by

M =logA, + 138 standard error in M of 0.3, (2)
where the area is in km®. Our estimate for 4, of the 1858
event is 4.6 X 10° km?, which gives M7. There is a large
discrepancy in the two estimates of the magnitude. We be-
lieve that M = 7 obtained from equation (2) is due to an
underestimation of A,, caused by poor communication and
sparse population density. On the other hand, M ~ 8 esti-
mated from equation (1) appears (o be an overestimation:
greater damage would have been expected in Michoacan for
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Figure 3.  Attenuation of MM intensity with dis-

tance of three normal-faulting, intermediate-depth
events, Note that the intensities in Mexico City
(marked DF in the box) are higher due to site effects.
MM intensity of VIILin the city during the 1858 earth-
quake suggests a magnitude between 7.7 and 8.2,

an event magnitude 8. For example, the normal-faulting
event of Oaxaca of 15 January 1931, H ~40km, M = 7.8
(Singh et al., 1985) caused more extensive damage in the
City of Oaxaca and towns between the city and the coast, in
and around the epicentral region (Barrera, 1931). Rather sub-
jectively we assign M = 7.7 to this event.

It is clear that both the location and the magnitude of
the 1858 event remain uncertain. In terms of earthquake haz-
ard to Mexico City, the location and magnitude of the 1858
event is not very important. The critical question is whether
an M = 7.7 normal-faulting event pear the location of the
1964 (M = 7.3) earthquake, or at any other location, about
200 km from the city, is a reasonable possibility. We believe
that the answer is yes, Events of this type with M around 7.3
with hypocenters below the Mexican altiptano are relatively
frequent and may reach a magnitude of 7.7 (e.g., the 1931
Qaxaca earthquake).

Synthesis of Expected Ground Motion
in Mexico City

In what follows, we estimate ground motions and dam-
age in Mexico City from a possible M = 7.7 event located
near the hypocenter of the 1964 event. We use the acceler-
ograms from the 23 May 1994 earthquake (N-S and E-W
components) recorded at station CU in the valley of Mexico
as empirical Green's functions (EGF's). The following pro-
cedure was adopted in the synthesis (Ordaz er al, 1983,
Ordaz et al., 1995):

1. Simulation of expected ground motiens for the target
event at CUJ using the EGF technique described by Ordaz
et al. (1995).

Estimation of Fourier acceleration spectra (FAS) at dif-
ferent sites in Mexico City by multiplying those obtained
at CU by the empirical iransfer functions of each site. The
empirical transfer functions at instrumented sites have

!\.J
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previously been obtained by averaging the spectral ratios
between the site and CU for several earthquakes (e.g.,
Singh et al., 1988). Transfer functions for arbitrarily lo-
cated sites are then obtained using the interpolation pro-
cedure discussed in Ordaz et of. (1994).

3. Estimation of response spectra at each site using random
vibration theory.

4. Estimation of expected damage by means of the vulner-
ability relations and the distribution of types of construc-
tion presented in Ordaz et al. (1994).

While steps 1 and 3 have been successfully tested for
Mexico City in other studies, the validity of step 2 has been
so far established only for shallow, thrust earthquakes oc-
curring along the Pacific coast of Mexico, It is possible that
transfer functions for these events differ from those corre-
sponding to intermediate-depth, normal-faulting earth-
quakes. To test the validity of step 2. we compared the trans-
fer functions obtained for the 1994 event wiih those obtained
for several other coastal events, and we found that the av-
erage for each site from the latter group adequately repre-
sents the one calculated for the normal-faulting event. This
can also be inferred from Figure 4, where we compare, for
a few selected stations, the response spectra computed from
the recordings with those computed with the observed FAS
at CU for the 23 May event, the average transfer functions,
and application of random vibration theory. As can be seen,
the estimated spectra are in reasonable agreement with the
observed ones, giving us confidence in the validity of step
2 above to estimate ground motion and damage during the
postulated M7.7 event.

The method proposed by Ordaz et al. {1995) to synthe-
size ground motion for a target event, using a recording of
a small event as EGF, is based on adding N scaled EGF re-
cords, each differed in time with a random delay. The prob-
ability distribution of the delays is such that, on the average,
the simulations follow an w?-source spectral scaling at all
frequencies. Note that it is a point-source approximation and
does not include directivity effccts. We note that the direc-
tivity effect is not expected to be important in the Valley of
Mexico. The strike of fault plane of such events, as deter-
‘mined from focal mechanism stadies, is about 300° (see, 2.8,
Singh and Pardo, 1993). The azimuth of the valley with re-
spect to the location of the postulated earthquake is about
45°, Thus the azimuth of the valley, with respect to the strike
of the fault plane, is about 105° and, hence, the expected
directivity effect is small. The simulation method requires
specification of the seismic moments and stress parameters,
Ag, for both the target event and the EGF. Test cases pre-
sented by Ordaz et al. (1995) show that the simulated re-
sponse spectra from shallow, -large Mexican earthquakes
generally agree with the observation within a factor of 2,
provided that Ao of both the target and the EGF are known.
In the present case, the uncertainty in the simulated response
spectra will be greater since (a) Ao of the postulated earth-
quake is not known; (b) the depth range of the postulated
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event is.larger than for shallow coastal earthquakes, so that
the use of a single EGF to sample the entire fauli plane may
be less adequate; and (¢) the point-source approximation
may be less valid because of closer distance of the postulated
source to the Valley of Mexico. The resulting uncertainty in
the estimation of the response spectra in the valley, which
we are unable to quantify, is certainly greater than a factor
of 2. In spite of this uncertainty, it is useful to get a rough
estimation of the expected ground motion in the valley from
such a postulated earthquake, as this would put the relative
importance of such an event in proper perspective.

The source parameters of the 23 May 1994 event, used
as EGE, are (Pacheco and Singh, 1995) as follows: epicenter:
18.0 °N, 100.6 °W; H = 50 km; My = 2.8 X 107 dyne-
cm; Ag = 160 bar. For the tarpet event, we used a seismic
moment of 6 X 10?7 dyne-cm, corresponding to a moment
magnitude of 7.7, Ag for the target event was taken as 30,
160, and 300 bar. The values of Ao required to explain the
observed source spectra of five recent normal-faulting earth-
quakes below Mexican altiplano lie between 10 and 260 bar,
with three values exceeding 145 bar (Pachece and Singh,
1995). The Ac values of 50, 160, and 300 bar, chosen for
turther analysis, reasonably cover the range of interest since,
as shown later, the ground motions in the Valley of Mexico
corresponding to Ag < 50 bar are dominated by those from
M = § coastal earthquakes and hence are of no consequence
here.

Figure 5 shows one simulated accelerogram at CU (N—
S component, Ac = 160 bar) and the recording used as EGF.
We note that the peak acceleration for the synthetic record-

" ing in Figure 5 (30 gal) is roughly the same as lhat observed

during the great 19 September 1985 earthquake at the same
site (34 gal). Figure 6 shows the simulated average response
spectra, Sa (pseudoacceleration, 3% damping), correspond-
ing to Ag of 50, 160, and 300 bar, as well as that observed
during the 1985 earthquake. It can be noted that the response
spectrum for the postulated earthquake is higher than that of
the 1985 event below 1 sec for Ag = 300 bar, and below
0.5 sec for Ac = 160 bar; at higher periods, it is greater for
the 1985 event. A likely explanation of this result is the
shallower depth of the 1985 event (which results in relative
enhancement of the longer-period surface-wave energy) and
closer distance of the postulated earthquake (and conse-
quently lesser attenuation of the higher-frequency energy).
Figure 7 partly illustrates this. In this figure, we compare
broadband seisinograms and Fourier spectra of two events
recorded at CU (20 samples/sec, E-W component) with
equal magnitude (6.6) and epicentral distance (~300 km).
The two earthquakes differ in their locations and depths: 24
October 1993 was a shallow thrust event (H = 20 km), like
the 1985 Michoacan earthquake, whereas that of 10 Decem-
ber 1994 was an intermediate-depth (H = 50 km) normal-
faulting earthquake, like the postulated event. From Figure
7, it is clear that for {requencies between 0.04 and 0.3 Hz.
the shallower event is much more energetic than the deeper
one, whereas the spectral levels are roughly equal above 2
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Figure 6. Pseudoacceleration response spectra,

5% damping, Sa. for the postulated and the 1985 Mi-
choacan earthquakes at station CU (N-S component).
Three cases corresponding to postulated earthquakes
with M7.7 and Ag of 50, 160, and 300 bar are shown.

Hz. This suggests that the characteristics of the response
spectra in Figure 6 can be explained by the depth and the
distance difference between the 1985 earthquake and the
postulated event,

If Ao of the postulated event is 50 bar or less, then the
respotise spectrum of the simulated event is lower than that
of the Michoacan event for all periods. This earthquake is
of no further interest since the present design spectrum for
Mexico City contemplates coastal events larger than that of
1985 (Rosenblueth ez ai.,, 1989).

Response Spectra and Damage Scenario
in Mexico City

Response spectra (pseudoacceleration, 5% damping)
were calculated, following steps 1 through 3 above, at the
centers of 751 cells in Mexico City; on the average, cells are
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Figure 7. Comparison of seismograms and Fou-
rier spectra of a shallow thrust event {24 October
1993; H = 20 km} with a normal-faulting, interme-
diate-depth event (10 December 1994; H = 50 km}
at CU. The magnitude and hypocentral distance of
both events are very similar. Right bottom comner:
spectral ratio. Note the large deficiency in spectral
amplitudes of the normal-faulting event for frequen-
cies between (.03 and 0.4 Hz.

500 X 500 m. As an example, maps of spectral accelerations
for periods of 0 {peak ground acceleration, PGA), 0.2 sec
and 1 sec, with Ag = 160 bar, are shown on the right-hand
side of Figure 8. For comparison, on the left-hand side of
this figure, we present similar maps computed using the
same procedure for the 19 September 1985 earthquake.
From Figure 8a, it can be noted that, in general, PGA values
are higher for the 1985 earthquake, but the geographical dis-
tributions are similar for both events,

In Figure 8b, we show the distributions of spectral ac-
celeration at T = 0.2 sec for both earthquakes. This period
is of particuiar interest since it is close to the fundamental
period of low-rise (less than 5 storfes) masonry buildings,
which constitute roughly 80% of the constructions in Mexico
City (see Table 1). From this figure, it can be noted that the
geographical distributions of this spectral acceleration are
different for the two earthquakes. For instance, the south-
western part of the city, located on firm ground, shows val-
ues of between 45 and 90 gal for the normal-faulting event,
while for the Michoacan earthquake, values in this region
do not exceed 45 gal. This is not surprising in view of the
difference in frequency contents of the two events and their
interactions with the local soil characteristics. As we will
show later, the differences in the distribution of short-period
spectral accelerations are reflected in the patterns of expected
damage.

In the case of spectral values at 7" = 1 sec (Fig. 8c), it
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Figure 8. (a} Computed PGA (gal) in Mexico City for the 1985 earthquake (feft)
and for the postulated event with Ag = 160 bar (right). (b) Same as (a) but for spectral
pseudoacceleration, Sa (gal) at T = 0.2, (¢) Same as (b) but for T = | sec.
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can be noted that the distributions for the two earthquakes
are roughly the same, although the absolute values for the
1985 event are substantially higher, reflecting its larger mag-
nitude and shallower depth, as compared with the postulated
earthquake. The same happens for longer periods.

In Figure 9, we show expected damage, P, for three
cases: (a) the 1985 Michoacan eveat; (b) the postulated nor-
mal-faulting earthquake with Ag = 160 bar; and (c) the
postulated normal-faulting earthquake but with Ae = 300
bar. P is computed in the following way (Ordaz et al., 1994):
the city is divided into the 751 celis at whose centers re-
sponse spectra were caleulated. Constructions in the city are
divided into several types, attending to frequency of use and
dynamic response to earthquakes. For construction type i

S. K. Singh, M. Ordaz, and L. E. Pérez-Rocha

and cell j, the expected damage, Py, is computed with the
following expression:

Py = AyDy, 3
where A is the area, in m?, covered by construction type i
in cell j, and Dy is the mean damage ratio experienced by
the ith type of construction in the jth cell. D; is related to
intensity, S{7;), through vulnerability rel_at_ions of the form

Dy = KISAT), Dy s 1, )

where K; and a are vulnerability coefficients obtained em-
pirically [see Ordaz et al. {1994) for details]; note that co-

Table 1
Expected damage, in percent, of different types of buildings in the Hill and the Lake-bed zones of Mexico City, during the 1985
earthquake and the two postulated nommal-faulting earthquake (M = 7.7, R = 220 km), with two values of Ag, The amount of
construction, 28 2 percent of the total, is also included for each building type and zone.

Expecied Damage (%) during Michoacan and
Postuiated Normal-Fauiting Barthquakes

Michoacan

Amount of

Normal fault Normal fauit
Zone Building Type 1985 Ag = 160 bar Ag = 300 bar Censtruction (%)
Low rise Q3 0.9 13 331
Hill Medium rise 1.7 0.5 0.9 : 3.6
High rise 0.6 0.1 0.1 3.3
Total 0.5 038 ’ 15 40.0
Low rise 1.9 1.7 33 493
Lake-bed Medium rise i3.9 27 . 52 72
High rise 48 0.3 0.6 35
Total 35 7 14 60.0
Total 2.1 1.4 2.8 100.0

O Minor
4% Moderate
4 High

4 Very High

Figure 9. Expected damage, P (in m?; see text), in Mexico City for the 1985 earth-
quake (left), and for the postulated event with Ao = 160 bar (imiddie) and Ac = 300

bar (right).
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efficient K; depends only on structural type. For ceil j and
structures of type i, intensity, S(T}), is the spectral acceler-
ation measured at period T}, representative of structures of
the ith type. The total damage at cell j is computed adding
the damages associated to each type of construction:

P=2 Py 5)

With this definition, P is the area, in m%, whose reconstruc-
tion value is the monetary loss during the earthquake. In
other words, P should be multiplied by the construction cost
of 1 m? to express the losses in monetary units. Note that P
reflects not only the local seismic intensities but also the
present distribution of the various types of construction in
the area examined.

Resuits are summarized in Table 1. Roughly, the esti-
mated losses for the whole city during the postulated normal-
faulting event with Ag = 160 bar are 2/3 of those estimated
for the 1985 earthquake. If only soft sites are taken into
account, losses for the Michoacan event are two times larger.
However, the losses for the normal-faulting event consid-
ering only firm sites are 1.6 times larger than those estimated
for the Michoacan earthquake. This is due to two facts: on
one hand, short-period accelerations at firm sites are larger
for the normai-faulting event than for the coastal one (see
Fig. 8); on the other hand, the predominant construction type
(low-rise buildings) is sensitive to short-period accelera-
tions. .

In the case of the normal-faulting event with Ao = 300
bar, the total expected damage for the city is 1.3 times that
computed for the Michoacan event {see Table I}. This,
again, occurs because larger damage is expected for low-rise
construction, which constitutes, as mentioned above, 80% of
the total value. Its worth remembering that the heaviest dam-
age during the 1985 earthquake occurred to medinm-rise
buildings situated in the lake-bed zone. Note from Table 1
that expected damage for this type of construction in the
lake-bed zone during this postulated event is only 1/3 of
1985. This means that, very likely, the number of spectacular
collapses would be much lower. In spite of this, the total
expected damage is higher.

We point out that a proper comparison of the risk as-
sociated to the scenarios we have studied should include
probabilistic considerations regarding frequency of occur-
rence. This comparison is beyond the scope of this article.

Conclusions

While the available information for the great 1858
earthquake points to a normal-fauiting, intermediate-depth
event located close to the 1964 (M7.3) earthquake, neither
the location nor the magnitude of the 1858 event (which we
have assigned as 7.7) can be pinned down with certainty.
However, it is a reasonable scenario that such an earthquake
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occurs close to the focus of the 1964 event. We have esti-
mated its effects in Mexico City, in terms of ground-motion
parameters and expected damage. If the stress parameter of
the postulated earthquake is 50 bar or less, then its effects
are dominated by M > 8 coastal earthquakes. For this reason,
this case is of no interest. We have considered two possible
values of Ag: 160 and 300 bar. These values are reasonable
in view of the reported values of Ao of a few normal-faulting
earthguakes in the region. .

We find that, for Ag = 160 bar, expected response spec-
tral levels for T > 0.5 sec are lower than those experienced
during the 1985 Michoacan (M3.0) earthquake; at shorter
periods, some areas of Mexico City could be facing greater
damage from this event, as shown by our estimations. On
average, the monetary losses are 2/3 of those estimated for
the 1985 earthquake.

For Ac = 300 bar, the response spectrum at the hill
zone is higher than that of the 1985 event for T < 0.6 sec,
roughly equal between 0.6 and 1.3 sec, and lower for Jonger
periods. {n this case, although expected damage for medium-
rise buildings in the lake-bed is only 1/3 of that from the
Michoacan event, the total for the city is 1/3 higher during
the postulated normal-faulting event.

Although the damage potential to Mexico City from
normal-faulting earthquakes has not been ignored in the past
(Rosenblueth et al., 1989), it seems now that design spectra
at short period in some parts of the city may be domipated
by the possible occurrence of an earthquake like the one
postulated. It seems desirable to study with more detail its
impact on design spectra with a full-fledged probabilistic
study, taking into account the frequency of occurrence of
such events.

We reiterate that from the point of view of the risk to
Mexico City, the precise epicentral location of the 1858
event is not very critical; it is important only in that it was
an intermediate-depth earthquake and that it happened at that
distance from the city. We believe this is likely, since several
M = 7.3 earthquakes have occurred in the same region in
this century. However, for other cities like Morelia, the lo-
cation of the 1858 earthquake becomes critical since very
different scenarios for a postulated earthquake might be con-
siructed depending on whether one believes that such an
earthquake has already occurred at that-location or not. Un-
fortunately, we cannot give a more precise location to the
1858 event,
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SUMMARY

A new rule is presented to estimate strength-reduction factors in single-degree-of-Ireedom elastoplastic oscillators, in
which reduction factors depend only on displacement elastic spectra, so they are not an explicit function of structural
period. It is found that the proposed rule yields good results when applied to accelerograms recorded in firm and soft
soils, and for damping ratios of 2, 5 and 10 per cent of the critical. It is shown that the proposed reduction rule is more
general than others previously published, and at least as accurate, © 1998 John Wiley & Sons Ltd.
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INTRODUCTION

Contemporary seismic design of buildings requires, among many other things, the estimation of various
structural response parameters in the inelastic range. For instance, since enough strength must be furnished
to limit ductility demand, p, to a specified value, and thus prevent callapse, estimation of p for a given
strength is essential in the design process.

Estimation of required strengths, ductility demands or mc!ast:c displacements is usually done using
strength-reduction factors, R,. For an elastoplastic single-degree-of {reedom oscillator subjected to a given
ground motion, R, is the ratio between the strength required for elastic behaviour and the strength for which
ductility demand equals g If F(T, ) is the spectrum of required strengths, then

F(T,
R (T)-;_.—%f-’% M

where T is the structural period. Thus if R, (T} is known, then the required strength to attain a ductility
demand u can be obtained dividing the corresponding elastic force spectrum by R,(T'). Also, it can be shown
that the inelastic displacement for given ductility and period, D(T, #), can be computed with

D(T,p) = D(T) 2

,;(T)

where D(T) is the elastic relative displacernent spectrum. Therefore, determination of R, (T') allows also
computation of inelastic displacements from their elastic counterparts.

* Correspondence to: M. Ordaz, Ciudad Universitaria, UNAM, Apartado Posial 70-472, Coyoacan 04510, D.F. Mexico. E-mail:
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There are limits imposed by structural dynamics to the strength reduction factors: if T — 0, R (T} — | for
all Quetilities and dampings: also, if T —=x, R{T}— p for all ductilities and dampings. For other periods.
however. there are no theoretical indications as to the values of R,(T'). and many efforts. all empirical in
nature, have been made to give rules to obtain strength-reduction factors. An excellent and thorough review
of these efforts can be found in the work by Miranda and Bertero.'

Perhaps the most widely accepted reduction rule is the one by Newmark and Hall? which, in simplified
forms. is presently included in many building codes to obtain R, (T ). This rule specifies that. for periods not
excessively short, R, = y, which implies that elastic and inelastic displacements are equal, independently of
ductility demand. as shown by equation (2).

Before 1985, all published reduction rules to estimate R,(T) were developed using relatively small
collections of ground motions recorded in firm ground. After analysing the accelerograms obtained during
the 19 September 1985 (M, = 8-1) Michoacan earthquake at several very soft sites in Mexico City, Meli and
Avila® observed, for the first time as to the authors’ knowledge, that for certain periods the R, values were
substantially higher than those predicted by Newmark and Hall's rule. This can be appreciated in Figure 1,
which shows R,(T') for i = 4 {or the SCT recording (EW component) of the 1985 Michoacin earthquake,
along with an estimation using Newmark and Hall's? rule. As noted also by other authors {e.g. Reference 4) it
is clear that R,(T') is underestimated by Newmark and Hall's rule for periods around 2 sec. Rosas et al.’
analysed many accelerograms recorded at Mexico City's soft soils and concluded that, indeed, R, (T} values
at certain periods were systematically higher than those predicted by Newmark and Hall's rule.

Miranda® examined numerous seismic recordings and proposed empirical site-dependent reduction rules.
He showed that for soft soils, strength reductions depend systematically on the ratio T/T,, where T, is the
period for which the 5 per cent damped elastic input-energy spectrum is maximum., It is worth noting that the
reduction rule proposed by Miranda for soft sites is very different from those applicable for hard sites.

In this paper, a new rule to estimate R,(T) is presented, that can be applied to a wide variety of site
conditions. With this rule, R,.{T ) is not an explicit function of structural period—as in al) the rules previously
published in the literature—but a function of elastic spectral displacement. This implies that the variation of
R,(T) with T is mainly controlled by the shape of the displacement spectrum and not by a standard shape
obtained empirically. The effect of site conditions, recognized as a crucial facter in determining R (T), is
therefore automatically included in the rule by means of the shapes of the elastic displacement spectra.

Station SCT (soft soil), p=4

12
=—u— Resal

- s = Newmark and Hak
o 10 4
o \/\-J\
° r
T e
F [ \
=
°
R \
3 \
£ 4 L
- -
2 -
@ - —f—
s Ll rR-F=7

‘/./ R

0 - -
0.0 0.5 10 15 20 25 ap 35 40
T (sec)

Figure 1. Solid line: R, spectrum for p = 4, computed for the 19 September 1985 SCT recording (EW component) in Mexico City.
Dashed line: estimated R, with Newmark and Hall’s rule
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PROPOSED REDUCTION RULE

Figure 2 shows R,(T) for u = 2 for two accelerograms of very differeat nature, both recorded during the
April 25, 1989, M, = 6:9 Guerrero earthquake. The first (Figure 2(A}) was obtained at station 01 {epicentral
distance = 300 km. Mexico City's lake-bed zone} and the second (Figure 2(B}) was recorded at station PARS
(epicentral distance = 70 km. firm ground). R, values are compared with the corresponding relative displace-
ment and velocity elastic spectra, normalized with respect to peak ground values (D{T )/ Dmay and V(T Y/ ¥ pass
respectively). A coincidence can be appreciated in Figure 2 regarding the shapes of functions DT )/ Dyass
V(T )V, and R,: when the spectral levels are Jow (at short period} R, is also low; at long period, when
DAT)/Dpay @04 V(T ) Vo, tend o'l (since D(T) = Dy, and V(T)} — Vo )R, tends to u; and the reductions
peak when D(T'}or V(T') are close to their maxima. For comparison, predicted R, values using Newmark
and Hall's rule are also shown.

It can be noticed in Figure 2 that, in fact, R(T') varies considerably with T, and the differences between
reductions at firm ground and at soft ground are evident. Newmark and Hall's rule works much better for
PARS station {firm ground) than for station 01 (soft soil). But for both sites, most of the characteristics of the
relative velocities and displacements are reflected in the R, spectra. Based on this similarity, the following

reduction rule is proposed:
|4 * T
RUT)=1+ (—‘T—‘) (%1—3) =1 @)

Vmax
Tt can be verified that this expression has correct limits for shert and loag period. regardless of the values of
x and B. We do not have theoretical indications as to the values of these parameters, nor we know whether
R,(T) could be better predicted by D(T )/D g, o1 by V(T )V ia, although, for a wide range of periods, these
two quantities are strongly correlated, so one of them should be irrelevant. Therefore, the answers must be
found by empirical means.

STATISTICAL DATA ANALYSIS

Four hundred and forty-five free-field accelerograms were analysed, recorded by the Guerrero Accelero-
graphic Array {operated by the Institute of Engineering-UNAM and the University of Nevada-Reno) and the

{A)} Station 01 (Soft soil) 5 {B) Station PARS (firm ground)
1
e A
5 || —o-Newmarkand Hall . 5
i —~ O{T)/Dmax
» —a— V(TYVmax
=~ 4 4
=
>
2 3 3 i &
E .
E F A ] 2 3
Q
=
& 1 1 b s
0 beswasrddres o -v-—‘ﬂj
001 0.10 1.00 10.00 g.01 Q.10 1.00 10,00
T {sec) T (sec)

Figure 2. R, spectra computed for iwo accelerograms at firm-ground \A) and soft-soil (B). They are compared with their corresponding
elastic displacement and velocity spectra. normalized with respect to peak ground vaiues, D,y and ¥ ... Tespeciively. Estimations of
: R, with Newmark and Hall's rule are also presented for comparison

£ 1998 John Wiley & Soons, Lid, Earthquake Engng, Struct. Dyn. 27, 000000 (1998)
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Figure 3. Magnitude-focal distance distribution of the strong motion recordings used in this stody. All soft-soil accelerograms are from
Mexico City

Mexico City Accelerographic Array (operated by the Institute of Engineering-UNAM, CENAPRED and
Centro de Instrumentacioén y Registro Sismico AC). Figure 3 shows a magnitude-focal distance plot of the
strong-motion recordings used in this study. Magnitudes (M,) go from 52 to 81, while focal distances vary
from 16 to 550 km. These recordings cover a great variety of site conditions (from bedrock to lake-bed sites).

All ground motions used in this study were digitally recorded with instruments of 12, 18 o7 19 bits, so the
quality of the recordings is very good. No base-line corrections had to be made, except to compensate for
a constant offset in a few accelerograms. Recordings were high-pass filtered (Butterworth, 4 poles) to
eliminate static components in ground velocity. The corner frequency of the filter varied depending on size
and duration of each time history, but the largest corner frequency used was 0-08 Hz (12 sec). If high-pass
filtering at this frequency was not enough to remove the static component in the velocity time history, the
accelerogram was disregarded. Elastic (absolute acceleration, relative velocity and relative displacement) and
inelastic (u = 15, 2, 4 and 8) response spectra were computed for each accelerogram, for { = 3 per cent of the
critical damping, for 31 periods in the period range 0-01 sec < T < 10sec. From this information, R, spectra
were computed. )

Accelerograms were processed in three different groups. The first (152 time histories) includes only
recordings at firm sites; the second (293 time histories) includes only recordings obtained at soft sites; and the
third group comprises all 445 accelerograms. For each group of accelerograms and for each ductility, values
of « and B were found that minimized the root-mean-square logarithmic error, o, defined as

, 11 2 i‘: rog R 2 4
AT ®
where N is the number of recordings analysed, M is the number of structural periods for which R, values
were computed, and R;; and R} are, respectively, the real and computed values of R, for recording i and
structural period j. R values were computed with equation (3) for various values of « and B and, for each
case, those yielding the minimum value of ¢ were selected. It was chosen to minimize the logarithmic error
since R, factors are generally used multiplying or dividing other quantities, 50 an indication of the
uncertainty in the ratio between real and predicted values is usually of more interest. For small values of o,
this quantity is proportional to the coefficient of variation (actually, if we had used natural instead of
common logarithms, ¢ would be almost equal to the coefficient of variation). To gain sensitivity as to the
values of &, one can recall that with high probability {68 per cent, if the logarithmic error had normal
distribution), the true value of R, would fall between 1077 and 107 times the estimated value.
Values of « and § were obtained for three regression models: modet A, where R,(T') is assumed to depend
only on V{T)/Vaa, which amounts to fix § =0; model B, where R (T} is assumed to depend only on

£ 1998 John Wiley & Sons, Lid. Earthquake Engng. Struct. Dyn. 27, 000-000 {1958)
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D(T )i Dpas. that is, fixing 2 = 0; and mode! C, where R,(T) is assumed to depend on both V{T )V, and
D(T )/ Dpas . Results of the statistical analysis are presented in Tables I-111.

" SELECTION OF REGRESSION MODEL

Several observations can be made from Tables I-111

{1} For the three groups of accelerograms and all values of ductility, the smallest o is obtained with model
C, this is, when R,(T') is assumed to depend on both V(T )/V .. and D{T)/Dp,,. However, the best
model is not necessarily the one with the smallest standard error, but one that combines simplicity (a
small number of parameters) and accuracy. This is the case, for instance, of results for g = 15, where
for the three groups of accelerograms, o values obtained for model A (R,(T) depends only on
V(T')/Veaa) are only marginally larger than those obtained for model C.

Table I. Results of model A (R,(T) depends onily on elastic spectral velocities)

Ductility
Accelerogram
group Parameter -5 2 4 3

% 436 o567 0-609 0630

Firm sites B 0000 6000 0-000 0000
G 0043 0062 0104 0151

2 0403 (443 L0531 0-609

Soft sites B 000 0000 0000 000
G 0041 0059 0110 0-158

b o407’ 0451 0-542 0621

All sites - B 000 0000 0-000 0-000
' 0042 G060 0109 0155

Table [I. Results of model B (R, (T) depends only on elastic spectral displacements).
Numbers in boldface correspond to the preferred model (see text ahead)

Ductility
Accelerogram
EToup Parameter 15 2 4 8
R 0-000 0-000 0-000 0000
Firm sites B 0-303 0357 0-440 0500
o 0052 G072 0-091 0096
x 0-000 G000 0-000 {-000
Soft sites B 0359 0297 G479 351
o 0044 0059 92 0113
x 0000 0000 £-000 0000
All sites B 0-348 0.338 0-472 0-543
g 0048 5065 0094 o110

© 1998 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn. 27, 000000 {1998)
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Table I11. Results of model C (R, {T") depends on baoth elastic speciral displacements
and velocities)

- Ductility
Accelerogram
group Parameter 15 2 4 8

x 0440 0-408 {280 0163

Firm sites B — 0002 0073 0240 0387
o 0043 0059 0081 0093

X 0257 0094 -iT - {359

Soft sites B G131 0313 0631 0869
o 0041 0058 0092 0113

x 0328 0-242 105 0009

All sites B 0-065 0182 0382 0536
¢ 0042 0059 0092 oil¢

{2} From Table 111 it can be noticed that, for all ductilities, z and § differ considerably depending on the
group of accelerograms used. This means that the reiative influence of D(T) and V(T) in predicting
R,{T}is different for firm sites than for soft sites. Then, although on average model C wouid be better
to predict — in the sense of a smaller standard error—it does not seem robust enough.

(3) For models A and B, 2 and f values do not differ much depending on accelerogram group, that is,
depending on site conditions. This gives generality and robustness to models A and B.

(4) For the small ductilities, R,(T) is better predicted by model A {velocity-dependent) whereas for the
larger ductilities a best fit is obtained with model B {displacement-dependent). However, a combined

model (A for small-ductilities, B for larger) would be discontinuous, since a boundary between ‘small’
and ‘large’ ductility would have to be drawn.

These observations led us to disregard modet C. In view of the fact that ¢ values associated to model
B (displacement-dependent) are more uniform (they change less with ductility), this model was selected as the
preferred one for all ductilities and accelerogram groups, with the B values given in Tabie 11 for the
accelerogram group that includes al} recordings processed {boldface numbers in Table ).

It can be noticed that the model, so far, is discontinuous, in the sense that § values have been determined
only for four selected ductilities. In this form, the model cannot be used, for instance, to solve the inverse
problem, that is, to find the ductility demand given the value of R,. To solve this problem, a continuous
variation of § with y has to be constructed. Figure 4 shows computed § values as a function of y (triangles),
along with a continuous approximation, which has the following analyticai form:

By = 0388 - 17 \ 3

Small errors are induced using this approximation instead of the computed point values.
In summary, after analysing the statistical results, and the advantages of the various regression models
examined, the proposed model to estimate R,(T') is given by

- D Blu)
R(T)=1+ ( Dm) (—-1) (®

with B(u) given in equation (3).

£ 1998 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn, 27, 000-000 (1993)
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Figure 4. Dots: § values computed foc the ductilities, pr, examined (1-5, 2, 4 and 8}, Solid line: continuous approximation of ff as
a fonction of

PERFORMANCE OF THE PROPOSED RULE

Figure 5 shows real and predicted R, spectra for ductilities 2 {top row) and 8 {bottom row) for six selected
firm-ground recordings. Predicted R,(T } have been computed with the model described by equations (5) and
(6); note that the fit is satisfactory. Also, predicted R,(T ) closely follow details of the real ones, which would
have not occurred had standard reduction rules been used.

Figure 6 shows real and predicted R, spectra for six soft soil recordings. The fit is, again, satisfactory, even
when the shapes of R, spectra in soft soil differ considerably from those at firm sites and among themselves
{compare, for instance, results for recordings 5425 NS and 8025 EW in Figure 6). It is worth recalling that
predicted R, spectra for soft soils have been computed using exactly the same model used for firm sites
{equations (5) and (6)). '

It would be very difficult to present direct comparisons between real and predicted R, values for many
accelerograms. Instead, the accuracy of the proposed rule will be compared with that of some selected
reduction rules previously published in the literature. There is not, to the authors’ knowledge, another
reduction rule general enough to be used for both firm and soft soils. In view of this, comparisons were made
with different rules depending on soil type.

For firm sites, two recently developed reduction rules were used. The first, by Nassar and Krawinkler
(1991), for 5 per cent damping, is given by

RuT) =1+ C(T)p - 11D 0
T 042
W=7 | ®

The second rule, by Miranda,® is the following:

(-1

R(T) =1+ g ©)
HT)=1 +-———l——--—-iexp{—2(ln7'——0~2)2) {10}
12T — T 5T

© 1998 John Wiley & Sons, Ltd. Earthquake Engng. Struct. Dyn. 27, 000-000 (1998)
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Figure 5. Continuous line: real R, spectra for u = 2 {top row) and u = 8 (bottom row), for several firm gound recordings. Triangles:

R, spectra computed with the rule proposed in this study
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Figure 6. Continuous line: real R, spectra for u = 2 (top row) and x = 8 (botlom row), for several soft-soil recordings. Triangles:
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For soft soils, the rule by Miranda et al.” was used. Here, R,(T') is also given by equation (9), but with
a different expression for ®{T}:

i~ T T A
=l 3 — 2171 — —095] — -217t = —o,
YT)=1+ 37T 348exp( 2!7(T 095) exp( ”(T 095))) (11)

where T, as mentioned earlier, is the motion's predominant period. In Miranda's® original definition. T, is
the period for. which the input-energy spectrum is maximum. It was found that, although this definition
works well for many recordings, it fails for sites with very long predominant period (T, > 3 sec). In these
cases, T, was selected as the period that produced the smallest average estimation error for cach recording,

R,(T') were computed for all accelerograms, at 31 periods in the range 0-01 < T < 10 sec, using the various
reduction rules. For each computed R, value, the estimation error was obtained as the common logarithm of
the ratio between real and computed values. The cumulative distributions of estimation errors (the probabil-
ity of an error being lower than a specified value) are presented in Figure 7, for the four ductilities examined
and, separately, for firm and soft soils. These results are summarized in Tables V and VI, where values of the
error associated to percentiles 16, 50 and 84, E, 4, E4o and Es,, respectively, are presented.

Eso can be considered a measure of the average estimation error and is also a measure of bias: the
estimation is unbiased if Eq; = 0. It can be appreciated in Tables V and VI that, for most of the cases, the
proposed rule is almost unbiased. Exceptions are the cases of # =4 and 8 in soft soils. where Egq = — 0-04
and - 0-03, respectively, which means that, on average, R, factors will be underestimated by factors of
107%%* =091 for y=4 and 1079°% < (89 for sz = 8. Note that an underestimation of R, means an
overestimation of the required strength, so this is an error on the conservative side. In general, the proposed
rule is less biased that the others examined. E, ¢ gives a reasonable bound for the underestimation error that
could take place, while Eg, measures the largest overestimation of R, that could be committed. With the
proposed rule, the largest value of Eg, is 0-11 and occurs for ¢ = 4 at first sites. In this case, a reasonzble value
for the largest overestimation of R, would be a factor of 10%!* = 1.29,

——Thes sty
— e (e asten)
—— A Bt Krawinikier -
#=1.5, i sites =2, firm gites p=4, firm sies =8, frm shes
1.00 * 1 100
- i . 7
ors 078 [X;] 078
E 080 E 0.50 Eom + Eow ~
[ 4 & £ [} He ]
025 0.2% [+ ’ 028 +
LT 0.co voo o/ 000 —J ]
050 025 000 025 0% 050 025 000 02% 0.5 45 028 000 025 o B D2 000 025 QAs
Errar Error Error Error
—Thes Shudy
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Figure 7. Probability distribution of the estimation error {probability that the error in the estimation of R, is lower than given values)
. for several ductilities, soil types and estimation rules
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Table V. Esumation errors for firm sites, associated to different per-
centiles, ductilities and reduction rules

- Percentile
" Rule 16% 50% 84%
This study — 002 001 007
15 Miranda® (firm sites) - 003 — 001 0-07
Nassar and Krawinkler® —004 — 001 0-07
This study — 004 000 010
2 Miranda® (firm sites) - 007 - 002 009
Nassar and Krawinkler® — 006 — 002 10
This study — 006 000 o1l
4 Miranda® (firm sites) - 015 ~— 006 012
" Nassar and Krawinkler®* —0-08 - 002 14
This study - 008 000 ¢-10
g Miranda® (firm sites) -0 16 ~ 004 017
Nassar and Krawinkler® —=§10 -~ 002 16

Table V1. Estimation errors for soft sites associated to different per-
centiles, ductilities and reduction rules

Percentile

n Rule 16% 50% 84%
15 This study - 003 -00l 004
Miranda® (soft sites) — 003 000 006

2 “+ This study - 006 — 01 301
Miranda® (soft sites} ~ 005 000 0-07

4 This study —-0l4 — 004 gl
Miranda® (soft sites) — 3! - 302 0-05

8 This study 019 — Q05 0-00
Miraada® (Grm sites) — 18 — 06 004

Note in Tables V and VI that the estimation errors associated to the proposed reduction rule are, in many
¢cases, the smallest. It must be said, however, that comparison of errors produced by the various reduction
rules is not strictly fair, since the parameters of the proposed model have been determined to minimize these
errors, while parameters of the other rules were obtained with different sets of strong-motion recordings. It is
conceivable that if parameters of reduction rules by other authors were re-determined with the 445
accelerograms used in this study, their corresponding errors would be smaller, but, very likely, not much
smaller. Therefore, it can be concluded that the proposed model is at least as accurate as the other rules
examined. The proposed model, however, is more general, since it is applicable, with exactly the same
patameters, for a wide variety of soil types.

© 1998 John Wiley & Sons, Lid. ‘ Earthquake Engng. Struct. Dyn. 27, 000000 {1958)
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Table VII. # values that minmmize the estimation error. o. for several
damping ratios and ductilities; o values are aiso included. Results corres-
pend 10 ai] recordings processed . |

Duetitity

Damping Parameter 15 2 4 8
2% 8 0355 0395 0481 0556
5% B 0348 0-388 0472 0-543
10% B 0-337 0377 0457 0519
Average B 0347 0387 0470 0-540
2% o 0063 0080 o103 0116
% [ 0048 0065 094 10

10% a 0-040 0057 0085 0-100

RESULTS FOR OTHER DAMPING LEVELS

Results presented so far correspond to a single-degree-of-freedom osciilator with 5 per cent of the critical
damping. It is interesting to investigate the validity of the proposed model for other damping ratios, Two and
10 per cent values were chosen, since they reasonably cover the interest of structural engineering. Results
show that the proposed model predicts with similar accuracy the R, spectra, as long as D(T ) in equation {6)
are the spectra with the corresponding damping ratio, that is, 2 and 10 per cent in our case. For these two
damping ratios, the § values that minimize the error are approximatety the same than those obtained for the
case of § per cent. These values, and the corresponding estimation errors are presented in Table VII; values
associated to S per cent damping are also included for comparison.

In view of this, the proposed model (equations (5) and (6)) with damping-independent parameters can be

safely used for damping ratios between 2 and 10 per cent, as long as D{T ) in equation (6) is computed for the
appropriate level of damping.

DISCUSSION

Examination of the literature on the subject shows that the behaviour of R, factors has been considered so
different depending on soil type that derivation of site-dependent rules has been justified. It is not clear,
however, where the boundary between ‘soft’ and ‘firm’ sites has to be drawn. Ordaz and Pérez-Rocha’®
attributed the difference of behiviour between firm and soft sites to the motion’s bandwidth. This effect is still
present in the proposed model, but it is now implicit in the shapes of the elastic displacement spectra. Also
implicit is the dependence of R,{T) on the ratio T/T,, but the rule proposed in this paper has the advantage
that T, is not used, so ambiguity in its definition is resolved. In consequence, the proposed model is useful for
various site conditions, which, in a way, unifies the treatment of reduction rules. )

Dependence of R,(T) on period, a fact documented long ago, remains in the proposed model, but in an
implicit manner: R,(T) depends on period inasmuch as D(T)depends on T Furthermore, limits imposed by
structural dynamics to R,(T) at very short and very long periods are correctly satisfied with the rule
proposed.

As it can be noticed in equation {6), computation of R,{T) requires the knowledge of the peak ground
displacement, Dp,,. Estimation of this ground motion parameter is also required in other rules. For instance,
to apply Newmark and Hail's rule, D,y and Vg, must be known (see, for instance, Reference 6. p. 361). The
same happens with the rule by Riddell and Newmark.'® D_,, is sometimes difficult to estimate; its value may

D 1998 John Wiley & Sons, Lud. Earthquake Engng. Struct. Dyn. 27, 000000 (1998}
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change depending on the filters or the inteeration algorithm employed. However, when processing the 445
digital accelerograms used in this study. it was found that in most of the cases, computed Dy,,,, was reasonably
stable. In the cases of unstable determinations of Doy, a tetralogdrithmic representation of D{T}) was
constructed and D,,,, was seletted according to the observed spectral tendencies. In many cases. D,,_ can be
taken as the spectral elastic displacement for long period {T > 5 sec at firm sites, T/ T, > 4 at soft sites).

R, factors predicted with the proposed rule are expected values. This means that errors can be made both
for the sale side (underestimating R, ) as well as for the unsafe side {overestimating R,). There are very few
studies regarding the uncertainty associated to estimation of R, Tactors, which is rarely accounted for in
determination of safety factors or risk evaluation. A full-fledged probabilistic analysis would treat R, as
a random variable and would compute safety factors integrating with respect to all possible values of
R, weighted by the corresponding probability density. A practical solution to this problem is io use
R, factors that are associated to lower percentiles, that is, to higher probabilities of exceedance. For instance,
the R, value associated to percentile 16 (84 per cent chance of exceedance) could be used. This value can be
estimated by that predicted by the proposed rule multiplied by 107, a factor that lies between 0-8 and 09,
depending on ductility (see Table 2).

As defined in this paper, R, factors are not design parameters but response parameters. They relate
strength (a design parameter) with ductility demand {a response parameter; see equation (1)) or inelastic
displacement (a response parameter) with ductility demand and strength (see equation (2)). Since many
building codes admit that R, = y for a certain period range, it is easy to take g for R,. Codes usually specify
the maximum allowable ductility for a given structural system. In order to compute the appropriate strength
to fimit ductility demand to the specified value, R, factors should be computed with rules as accurate as
possible. In many cases, as shown in this and other papers, the rule R, = p is not accurate enough.

Real buildings are not single-degree-of-freedom elastoplastic oscillators. Therefore, the discussion in the
previous paragraph is a simplification of the actual problem. We believe, however, that it is important to
study with detail the real behaviour of the model that, as simple as it is, is the core of our present design
practices. This paper addressed the reduction of elastic response spectra to estimate inelastic response
spectra. In order to reduce elastic design spectra to obtain inelastic design spectra, the results of this paper
must be modified by taking into account at least the following aspects: structural overstrength, uncertainties
on period estimation, uncertainties in estimation of R, itself, and multi-degree-of-freedom effects.

SUMMARY AND CONCLUSIONS

Based on the similarity between elastic displacement spectra, D(T), and spectra of strength-reduction factors,
R,(T), a tule to estimate this quantity has been proposed, in which R,.{(T} depends only on D{T) and two
empirically determined parameters (se¢ equations (5)6) and Table ).

It has been shown that the proposed rule has appropriate limits for short and long period, and that is at
least as accurate as other rules proposed in the literature. However, it is more general in two senses: (a) it
applies for a wide variety of site conditions, which are implicit in the model since they are included in the
shape of D(T'); and (b) it can be used for damping ratios between 2 and 10 per cent, as long as D{T) is
computed for the appropriate damping. .

A physical interpretation of the proposed rule is unknown to the authors, Nevertheless, this is (temporar-

ily, we hope) replaced by empirical confirmation of its adequacy when applied to more than 400 accelero-
grams of very different characteristics.
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Ou the basis of sotne simplifying assumptions, a parametric analysis is made of the ~

interaction effects on the effective period and damping of structures with
embedded foundation in a soil layer. A simplified three-dimensional interaction
model is used, in which the depth of 3 cylindrical foundation, the degree of contact
between the ground and the footing walls and the depth of a homogeneous stratum
over figid rock are considered variable, The soil is replaced with impedance
functions that are taken from a data base obtained with an appropriate numerical
technique, so that suitable springs and dashpots dependent on the excitation
frequency are used. The system period and system-damping are determined from
the steady-state response of an equivalent single oscillater with fiexible base
subjected to 2 harmonic motion with constant amplitude, by equating its resonant
response with that of a replacement oscillator with rigid base excited with the same
motion. The influence of the foundation embedment and soil Yayer is investigated
for several depths of both the footing and the stratum.

It is confirmed that the system period decreases and the system damiping
increases with the foundation embedment only for sidewalls extending along the
entire foundation depth. For embedded footings without sidewall or with sidewall
in nuil contact with the surrounding soil, the effective system parameters behave
opposite to those corresponding to the interface condition of total contact. Alse,
the system damping increases significantly with the layer depth, while the system
period is practically insensitive to variations of this characteristic parameter.
Finally, introducing additional permissible simplifications, ap improved approxi-
mate solution for the effective period and damping of coupled systems is presented,
which differs from previous analogous approximations in that damping factors of
second order are not neglected and the foundation depth is explicitly considered.

INTRODUCTION

Usually the effects of soil-structure interaction con-
sidered in design are those due to the inertial inter-
. action solely under the assumption of Hnear structural

behavior, that is, the period lengthening and the
damping modification corresponding 1o the funda-
mental mode of vibration of the structure assumed
with rigid base. The knowledge of the effective period
and damping of the coupled system is useful when
they are used in conjunction with static and dynamic

methods of seismic analysis, in order to fulfill the
interaction provisions stipulated in building codes.
Soil-structure interaction modifies the dynamic param-
eters of the structure as well as the characteristics of
the ground motion around the foundation, whose
evaluation requires determining the effective period and
damping of the coupled system and the overall excitation
at the foundation subgrade. Nevertheless, for most
structures it is conservative to carry out only the inertial
interaction analysis, whenever site effects are considered
in the determination of the ground motion at the free
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surface, which is assumed as the effective motion at
the base of the structure. Although this excitation has
no rocking and torsional components, it is generally less
favorable than the overall motion obtained from the
kinematic interaction analysis alone.

It is well-known that the fundamental period of a
structure interacting with the soil is always increased
due to inertial interaction, inasmuch as the fexibility of
the coupled system is greater than that of the fixed-base
structure. Also, the damping of the interacting system is
generally increased since an additional energy dissipation
is presented as a result of the material and geometrical
dampings of soil by hysteretic behavior and wave radia-
tion, respectively. In siender structures it can happen that
the overall damping of the coupled system is less than the
damping of the fixed-base structure (Veletsos & Meek")
because of the effect of foundation rocking, which tends
to increase the inertia force on the structure and the
resulting deformation. However, it will be shown herein
that this possibility does not occur when structural
damping is assumed to be hysteretic rather than viscous.

The effective period and damping of multistory struc-
tures supported on soft soil, which respond as a single
oscillator in their fixed-base condition, have been studied
by several authors (Bielak,? Jennings & Biclak,? Luco,*’
Luco et al.,” Woif’) using some analogy with a single
fixed-base oscillator commonly referred to as the
replacement oscillator (Veletsos & Meek'). The effective
period and damping of the coupled system are obtained
by measuring the transfer function for the absolute
acceleration of the structure and equating the resonant
period and peak amplification of this transfer function
with those of the replacement oscillator. In all of these
solutions, the influence of the foundation embedment
has not been taken into account, so that they are appli-
cable only to surface foundations. Introducing a number
of simplifving assumptions that consist of neglecting the
higher order terms of damping functions, the transla-
tional and rotational inmertia of the foundation and
the coupled stiffness and damping of the soil, these
authors have also developed simple analytical expres-
sions for the overall period, damping and peak response
of the coupled system, which are valuable to assess
qualitatively the interaction effects.

The kinematic effects of the scattering and diffraction
of the incident waves from the building foundation on
the system period and system damping, during building--
soil interaction, have not been extensively studied so
far. By using a three-dimensional model, Bielak® has
found that the effects of the foundation embedment are
an increase in the system damping and a decrease in
the system period. This behavior has been widely con-
firmed only for footings with rigid sidewall extending
throughout the entire foundation depth and in total
contact with the surrounding soil. By using a simplified
two-dimensional model, Todorovska & Trifunac® have
recently studied the wave passage effects on the effective

system parameters, They found that the system period
practically does not depend on the type of incident waves
and the angle of incidence, as well as the system damping
is generally underestimated when the kinematic effects
are excluded by assuming the surface free-field motion as
the foundation input motion. Based on the same two-
dimensional model, Todorovska® has also concluded
that, except for very heavy and tall buildings, the
system damping is larger when the dépth of the embed-
ment is smaller, which is in contradiction with the
conclusion reached by Bielak® from a three-dimensional
model.

In this study a numerical solution is presented for
computing the effective period and damping of structures
with cylindrical embedded foundation in a soil layer on
rigid half-space. The aim of the work is to make an
evaluation of the interaction effects on the effective
parameters of this kind of soil-structure system, which
is commonly used in seismic codes. In addition to the
characteristic parameters of the interaction problem
mtroduced earlier by other authors (Veletsos &
Meek.! Wolf' ), the influence of key parameters such ag
the foundation embedment, the sidewall height and the
stratum depth is investigated. To account for
the frequency dependency of the dynamic stiffness of
the foundation, the soil is replaced with impedance
functions that are taken from a data base obtained
with a suitable numerical technique. This interaction
model does not recognize the motion of the foundation
refative to the free-field in the absence of the structure.
Such a component of the foundation motion, known as
kinematic interaction, is usually very significant. It
changes the overall motion of the foundation and
depends importantly on the lateral contact between the
soil and the footing walls. In fact, it may be more
important than the effective damping of the structure.
Thus, it is suggested that this approach be used only for
preliminary calculations; a full solution including kine-
matic interaction is recommended for the final design,

Finally, an approximate analytical solution for deter-
mining the effective period and damping of structures
with embedded foundations is obtained, by introducing a
number of simplifying assumptions similar to those used
in previous works for the case of surface foundations.
Although this solution is a little more detailed than
those presented in earlier studies, it is of higher accuracy
because the foundation depth is explicitly considered and
damping factors of second order are not neglected.

SOIL-STRUCTURE SYSTEM

For multistory structures that respond essentially as a
single degree of fieedom oscillator in their fixed-
base condition and Jayered soil deposits that perform
basically as a single stratum, the soil-structure system
can be idealized as shown in Fig. 1. The foundation is
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Fig. 1. Idealization of the soil-structure system.

assumed to be a rigid cylinder that has two degrees of
freedom, one in lateral translation and other in rocking;
the torsion is neglected. This coupled system is suitable
to consider the interaction effects on the fundamental
mode of vibration, which is the most affected by the
interaction; the contribution of the higher modes may be
determined by standard procedures disregarding these
effects.

The parameters of the equivalent oscillator must be
interpreted as the modal parameters of the multistory
structure vibrating in its fixed-base fundamental mode.
S0, T, and {, represent the period and damping of
the fundamental mode of vibration, respectively, M,
the effective mass participating in such a mode and H,
the effective height of the resultant of the corresponding
inertia forces. The modal mass and height, as well as the
modal participation factor, corresponding to the first
fixed-base natural mode of the multistory structure are
reported by Jennings & Bielak? and Luco e al.’ Also, the
parameters T, and §; of the equivalent stratum must be

" interpreted respectively as the dominant period of vibra-
tion and the effective velocity of propagation, in shear
waves, of the layered soil deposit. They are related to
the depth H, of the stratum through ihe expression

T, = 4H,/3;, according to the one-dimensional wave
propagation theory. In addition to these parameters,
the soil is characterized with the Poisson’s ratio v, and
the hysteretic damping ratio ¢,.

Since the soil layer is replaced with impedance fune-
tions, the coupled system. can be reduced to the equiva-
lent oscillator with flexible base shown in Fig. 2, in which
the ground is represented by a combination of linear
springs and viscous dashpots that account for both the
soil Hexibility and its energy dissipation, respectively; the
springs reflect the soil’s inertia as well. The springs K, K,
and K, = K,;, and the dashpots C;, C, and C;, = C,,,
corresponding to the translation, rocking and coupling
modes, respectively, depend not only on the soil layer
and foundation parameters, but also on the excitation
frequency. The stiffness K, and damping C,, (m = h, r, rh)
for circular foundations embedded in a homogeneous
stratum with rigid base are taken from a data base
(Avilés & Pérez-Rocham), which was obtained with an
efficient finite element technique (Tassoulas & Kauseli!!)
that incorporates the effect of the rigid sidewall on the
dynamic stiffness of the footing (Tassoulas & Kausel'?).

Also, the properties of the circular foundation are the
radivs R, the {ooting depth D, the sidewall height E, the
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Fig. 2. Equivalent soil-structure system.

mass M, and the mass moment of inertia J, with respect
to a horizontal axis through the centroid of the footing
base. The mass center of the foundation is assumed to be
at E/2 above the subgrade in order to eliminate one
parameter that has no significant influence on the effec-
tive period and damping of this coupled system, because
the base moment M, (H, + D) due to the structure is
always much greater than the base moment M, E/2 due
to the foundation. .

Equilibrium of the building and foundation

The degrees of freedom of the soil-structure system will
be taken to be the deformation of the structure, X,, the
rejative displacement of the foundation base, X, with
respect to the ground motion, X, and the rocking of the
foundation, &,. Accordingly, the tota} displacement of
the structure for small vibrations proves to be X, + X+
(H, + D)®, + X,. Based on this displacement configura-
tion and on f{ree-body diagrams, the force equilibrium
equation of the building is given by

MAX A+ (H,+DY +X)+C.X. +K.X, = —M,X,
(1)

where K, =4x°M,/T? and C, = 4n(,M,/T, are the
linear stiffness and viscous damping of the structure,

respectively. Also, the force and moment equilibrium
equations of the foundation are given by

M(X,+(E/2)8,) + CyX. + Cud. + K, X,

+ Ki®, — Vo = —M,%, )
Jc‘i,c + Créc + C}tr Xc + Kr(Pc + Kthc
+ MAE/)X, — My = —M.(E/)X, (3

where Vy = C, X, + K, X, and My = Vy(H, + D) are the
lateral force and rocking moment, respectively, that the
structure exerts on the soil. Aithough the smali contribu-
tion of the rotary inertia of the structure has been
neglected in the derivation of eqn (3), it can be included
by incorporating the corresponding mass moment of
inertia of the structure into the term J, associated with
the mass moment of inertia of the foundation.

Assuming that the coupled system is excited by the
harmonic acceleration fg = X"g e’ of frequency w with
constant amplitude, the harmonic translations and
rotation of the elements of the interacting system can
be represented by X, = X, e, X, = X,e'“' and ©, =
$,e’. This allows setting up the system equilibrium in
the frequency domain. Thus, expressing the force ¥ and
moment M, in terms of eqn (1) and then substituting into
eqns (2} and (3), respectively, the matrix equilibrium
equation of the coupled system takes the following
form after some manipulations:

K, 0 ¢ C, ¢ 0

0 Ky Ky |+iw|l 0 C C,
0 K, K ¢ C, C
M, M,
—? M, M, + M,
M(H,+D) MJ(H,+D)+ME[f2
M (H, + D) X,
o M(H, + D)+ M E[2 X,
M,(H, + Dy +J, B,
M,
=X, M.+ M, 4)

M (H,+D)+M.E/2



where i=+/—1 is the imaginary unity. This matrix
equation represents a linear system of complex algebraic
equations, which can be solved by using standard
procedures.

THE SYSTEM PERIQD AND THE SYSTEM
DAMPING

We will refer to the system period and system damping as
the dynamic parameters of a replacement oscillator
with rigid base whose resonant shear force is equal to
that of the structure interacting with the soil, for the
same harmonic support excitation. This well-known
approach (Veletsos & Meek,' Wolf7) leads to equating
the peak pseudo-acceleration and resonant period of
the interacting system with those corresponding to the
replacement oscillator.

Then, the system period and system damping are
obtained- from the steady-state harmonic response of
the coupled system, by solving egn (4) in order to
measure the transfer function H(w) = «2 X, /X, for the
structural pseudo-acceleration as an approximation of
the absolute acceleration, where w, is the fundamental
frequency of the fixed-base structure. The resonant
period and peak amplification of this transfer function
are associated with the effective pericd and damping,
respectively, of the structure interacting with the soil.

The damping values of soil—structure systems can
considerably exceed those of the associated fired-base
structure, and therefore the damping terms of second
order can not be neglecied. For practical structures
having damping ratios ¢ < 1/ V2, the frequency ratio
for maximum response i /1 —~2¢% and the corre-
sponding peak response is 1/(2(+/1 —¢*) (Clough &
Penzien”™). Considering this situation and equating the
peak pseudo-accelerations and resonant periods of both
the interacting system and the replacement oscillator, the
effective damping of coupled systems is determined as

o w2 —1\"
Ce2=”2*(1—(-”@“) ) (5)

and the effective period of coupled systems is obtained as
i‘ﬂ:'e =(l- 25«22)1/21"&5 (6)

where T, is the resonant period and H,, the corre-
sponding peak pseudo-acceleration observed at the
transfer function of the interacting system.

CHARACTERISTIC DIMENSIONLESS
PARAMETERS

Interaction efiects can be expressed in terms of dimen-
sionless parameters that characterize the soil-structure
system. The aim of this study is to show how sensitive the

effective period and damping of coupled systems are to
variations of these characteristic parameters. The inter-
action influence on the effective system parameters due to
the foundation embedment and layer depth is the main
subject to be evaluated, because it is of great significance.
In the following, the characteristic parameters of the
interaction model are defined, as well as the intervals of
typical values for building structures covered by the next
parametric analysis are established.

1. Ratio of the foundation mass to the structure
mass: 0 < M, /M, <05

2. Ratio of the mass moment of inertia of the foun-
dationt to the mass moment of inertia of the
structure: 0 < J./(M,(H, + D)}) <01

3. Relative mass density between the structure and
the soil: 0-1 < M, /{p,#R°H,) < 0-2, where p; is
the mass density of the soil.

4. Damping ratios for the fixed-base structure and
the soil: {, = {, =005, which are conventional
values adopted for most buildings and soils.

5, Poisson’s ratio for the soil: », =1/3 and 045,
which are representative values for granular and
cohesive soils, respectively.

. Relative depth of the soil layer: H,/R =4 and 10.

. Relative depth of the foundation: /R =0and 1.

. Relative height of the sidewali: E/D =0 and 1.

. Slenderness ratio of the structure; H,/R = 2and 5.

. Relative stiffness between the structure and the
soil: 0 < (H,T,)/(H,T,) <2.

SO 00 =N

p—a

PARAMETRIC ANALYSIS
Influence of the linear and rotary inertia of the foundation

At first, the influence of the mass and mass moment of
inertia of the foundation on the effective period and
damping of the soil-structure system is investigated.
By using a similar interaction model for structures with
surface foundation on a half-space, Veletsos & Meek'
have found that the structural resporse is practically
insensitive to variations in these characteristic param-
eters, within the ranges of vaines of practical interest for
building structures, For structures with embedded foun-
dation in a seil layer, this behavior is also confirmed with
the effective periods and dampings shown in Fig. 3 for
mass ratios M,/M, =0 (dashed line), 0-25 (solid line)
and 0-5 (dotted line), and with those shown in Fig, 4 for
mass moment of inertia ratios J,/(M,(H, + D)*) =0
{dashed line), 005 (solid line) and {+1 (dotied line).
Lach figure contains boxes for relative depths of
the soil layer H,/R =4 and 10, inside of which resualts
for slenderness ratios H,/R =2 (thin outline) and 3
{thick outline) are shown. All other characteristic param-
eters were fixed constant at values of M, /(p, TR H,) =
015, v, =045, B/R=1 and E/D=1; it was set
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Fig. 3. Influence of the linear inertia of the foundation on the effective period and damping of soil-structure systems, varying the mass
ratio as M, /M, = 0 (dashed line), 0-25 (solid line} and 0-5 (dotted line). Boxes correspond to H,/R = 4 and 10, inside of which results
are depicted for H, /R =2 (thin outline) and 5 (thick outline); {, = ¢, =005, v, = 045, D/R=1and E/D = 1.

M./ M, =025 when the mass moment of inertia ratio
was varied, and J,/(M,(H, + D)*) = 0-05 when the mass
ratio was varied. From these results it can be observed
that the influence of the linear and rotary imertia of
the foundation on the effective system parameters is
insignificant; it tends to increase slightly with the relative
stiffness between the structufe and soil. For other values
of the characteristic parameters, we have found similar
behavior. Thus, it can be concluded that the usual
assumption of setting Af, and J_ equal to zero may be
permissible in practical applications, for coupled systems

having slenderness ratios in the interval 2 < H,/R <5
and stiffness ratios (H,T,)/{H,T,) < 2.

Effect of the soil mass density

The effect of the mass density of the soil on the effective
period and damping of the coupled system is examined
next. Veletsos & Meek! have suggested that a mass
density ratic M,/(p,mR°H,) =015 be a reasonable
average value for buildings with surface foundation on
a half-space. Figure 5 depicts effective periods and
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Fig. 4. Influence of the rotary inertia of the foundation on the effective period and damping of soil-structure systems, varying the

mass moment of inertia ratio as J,/{M,(H, + D)?) = 0 (dashed line}, 0-05 (solid line) and 0-1 (dotted line). Boxes correspond to

H,/R =4 and 10, inside of wiich results are depicted for H./R =2 {thin outline) and 5 (thick outline); ¢, = ¢, = 0-05, v, = 045,
DfR=1and E/D = 1.

dampings for mass density ratios M, /(p,7R*H,) = 0-1
(dashed Hae), 0-15 (solid line) and 0-2 (dotted line). The
boxes appearingin the figure correspond to relative depths
of the soil layer H /R =4 and 10, inside of which
results for slenderness ratios H,/R =2 (thin outline)
and 5 (thick outline) are shown. All other characteristic
parameters were fixed constant at values of M /M, =
025, J./(M,(H, + D)*) = 005, v, = 0-45, D/R = 1 and
E{D = 1. From these results and additional studies for
different values of the characteristic parameters, it is

confirmed that Mg/(ps-erzHe) =015 is also a repre-
sentative average value for buildings with embedded
foundation in a soil layer. Nevertheless, it is not possible
to generalize from this typical value, because of the large
influeuce of the soil mass density on the effective period of
coupled systems having slenderness ratios in the range
2< H,/R<S5, which tends to increase significantly
with the relative stiffness between the structure and
soil; the effective damping is slightly affected only for
H,/R = 2 corresponding to short and squat structures.
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Influence of the foundation embedment and layer depth

The three most important characteristic parameters are
H,/R, D/R and E/D, as will be seen in the following
results that were obtained by taking the representative
average values M,/ M, = 0-25,J,/(M (H, + D)*) = 0:05
and M,/(p,mR*H,) = 0-15. Effective periods and damp-
ings of coupled systems shown in Figs 6-9 are plotted
as a function of the relative stiffness between the struc-
ture and soil. Hence, curves of effeciive period and
damping should approach to T, and (,, respectively, as

H./R=4
2.0

the stiffness ratio (H,T,}/(H;T,) tends to zero; this limit
condition corresponds to negligible interaction effects.
As the system period is normalized with respect to
the fondamental period of the associated fixed-base
structure, curves of effective period really approach to
unity.

Figures 6 and 7 show effective periods and dampings
of soil—structure systems for v, = 1/3 and relative depths
of the soil layer H,/R = 4 and 10, respectively. Results
are presented in boxes for slenderness ratios of the
structure H,/R =2 and 5, in rows, and relative heights

H./R=4

.i6

| . W

0 A B 12 1.8 24

HETS/H STQ

0 4 A 12 18 20
HCTS/HSTB

Fig. 5. Effect of the soil mass density on the effective period and damping of soil-structure systems. varying the mass density ratio as
M,[(p,mR*H,) = 0-1 (dashed line), 0-15 (solid line) and 0-2 (dotted line). Boxes correspond to H,/R =4 and 10, inside of which
results are depicted for H,/R = 2 (thin outline) and $ (thick outline); ¢, = ¢, = 0-05, v, =045, D/{R=1and E/D = L.
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Effective periods: ?’Q/T .
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Fig. 6. Influence of the foundation embedment on the effective pericd and damping of soil-structure systems for a shallow stratum
with H,/R = 4. Boxes correspond to H,/R = 2 and 5 and E/D = 0 and 1, inside of which results are displayed for relative foundation
depths D/R = O (dashed line} and 1 (solid fine); {, = ¢, =005 and v, = 1/3:

of the sidewall £/D = 0 and 1, in columns. The two types
of curves inside of the boxes correspond fo relative
depths of the foundation D/R = 0 (dashed line) and 1
{sofid line). The trends and features of the system period
and system damping for surface foundation (D/R = 0)
on a deep stratum (H,/ R = 10) are in agreement with the
results of Jennings & Bielak® and Veletsos & Meek' for
surface foundation on a half-space. It can be seen that
the system period is smaller when the foundation depth is
larger only for sidewalls in total contact with the
surrounding soil; this effect is less pronounced for
H,/R =2 corresponding to short and squat structures.

For sidewalls in null contact with the surrounding soil,
the system period increases with the foundation depth,
because of the reduction of the footing stiffness; this
effect is less pronounced for H, /R = 5 corresponding td
tall and slender structures. Also, it can be seen that the
system damping increases with the foundation depth
only for sidewalls extending along the entire depth of
embedment. For not existing sidewalls, the effective
damping decreases as the foundation depth increases,
due to the effect of foundation rocking. Tassoulas &
Kausel'? have found that the increase in static stiffness
with increasing the sidewall height is most significant for
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Fig. 7. Influence of the foundation embedment on the effective period and damping of soil-structure systems for a deep stratum with
H,/R = 10. Boxes correspond to H,/R =2 and 5 and EfD = 0 and 1, inside of which results are displayed for relative foundation
depths D/R = 0 (dashed line) and 1 {solid line); ¢, = ¢ = 0-05 and », = /3.

the rocking mode; in addition, the impedance coeflicients
cottesponding to translation and rocking vibrations
change considerably for sidewalls exiending higher
than about half the depth of embedment. Since a reduc-
tion in the system damping is associated with an incre-
ment of the structural response, overgstimating the
degree of contact between the soil and the footing walls
could lead to results on the unsafe side. In general, the
smaller the structure slenderness and the shallower the
soil layer, the more is the influence of the foundation
depth and the sidewall height on the system damping.
Figures 8 and 9 show effective periods and dampings

of soil-structure systems for w, =0-45 and relative
depths of the foundation D/R =0 and 1, respectively.
Results are presented in similar form to that used earlier,
except for the fact that the two types of curves inside of
the boxes correspond to relative depths of the soil layer
H,/R =4 (dashed line) and 10 (solid line). It can be
observed that the influence of the stratum depth on the
system period is practically insignificant, while the
system damping increases significantly with this charac-
teristic parameter, meaning that the damping capacity of
the foundation for shallow strata is lower than that for
deep strata. The largest influence of the layer depth
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Eifective periods: ?Q/Te

Effective dampings: E;
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Fig. 8. Infiuence of the layes depth on the effective period and damping of soil-structure systems for a surface foundation with
D/R = 0. Boxes correspond to H,/R = 2 and 5 and E/D = O and I, inside of which results are displayed for relative stratum depths
H, /R = 4 (dashed line) and 1G (solid line); {, = ¢, = 0-05 and v, = 0:43.

on the system damping is for H,/R=2, D/R=1 and
E/D =0, that is, for short and squat structures with
deep foundation without sidewall,

From all these results it is inferred that effective
periods and dampings of structures with embedded
foundation in a soil layer can be very different from
those corresponding to buildings with surface founda-
tion on a half-space. Similar results are expected for
other values of the critical characteristic parameters
H,/R, D/R and E/D, so that the conclusions reached
here about the influence of the foundation embedment
and layer depth may be convincing.

APPROXIMATION TO THE EFFECTIVE SYSTEM
PARAMETERS

Approximate expressions for the overall period, damp-
ing and peak respouse of coupled systems are very
heipful either to estimate qualitatively the interaction
effects or for preliminary calculations, and even to be
used according to code provisions. On the basis of the
parametric analysis, it is permissibie to introduce several
simplifications related to those characteristic parameiers
for which the structural response is insensitive to their
variations within the ranges of values of practical
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Fig. 9. Influence of the layer depthk on the effective peried and damping of soil—structure systems for an embedded foundation with
D/ R = 1. Boxes correspond to H,/R = 2 and 5 and £/D = 0 and 1, inside of which results are displayed for relative stratum depihs
H,/R = 4 (dashed line) and 10 (solid line); ¢, = ¢, = 0-05 and v, = 0-45. .

interest. Thus, in addition to the approximations implicit
in the interaction model, it is possible to obtain a simple
solution by neglecting the influence of the mass M, and
the mass moment of inertia J, of the foundation, as well
as by neglecting the coupled stiffness K}, and damping
C;, of the soil in comparison with the transiation and
rocking terms. In these conditions, eqn (4) takes the

following reduced form:

K 0 0 C, 6 0
0 K, 0l+iwl0 ¢ 0
0 0 K 0 0 C

M, M,
—f M, M,
MJH,+D) MJ[H,+D)
M,(H,+ D) X,
. M,(H,+ D) X,
M(H +D} 1] | &,
M,
~-X, M, )

M(H, + D)
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Dividing the two first rows of eqn (7) by w’M, and the
last one by sze(He + D), this equation reduces to

-2
‘5%(1 +i2¢) -1 -1 -1 ]
2
~1 %(1 AR -1
2
-1 -1 uw—fz-(1+i2§,)—1

X, 2 (!
X X, = B—g— 1 (8)
(H,+ D)%, i)
in which (w) = (w/we) e Chlw) = (w/wa)u and Glw) =

(w/w,)¢,, where the natural frequencies wy, and w, corre-
sponding to the translation and rocking of the structure
assumed rigid, respectively, are defined as

K
2 k
wh =k 9
"M, ®)
T
w - 5 10
" M,(H.,+Dy o)

whereas the damping ratios ¢, and { of the soil,
including both material and geometrical damping, in
the translation and rocking modes of the foundation,
respectively, are defined as

__ G
Ch_zthe A (ll)
C
S/ — 12
& 2 MUH, T D) ()

Solving the complex system of algebraic equations
given by eqn (8), we find that the structural pseudo-
acceleration is equal to

2
2 Y w 1 4@6’2 12{(; CIJ
o (l lzgé we ’2’ 14 44’.’1

o 1HAGG G - c:))" )

w? 1 - 4¢2

Now, assuming that the replacement oscillator with rigid
base, whose natural frequency and damping ratio are
respectively @, and (., is subjecied to the same harmonic
support excitation of the coupled system, the structural
pseudo-acceleration in the steady-state is given by
(Clough & Penzien'®)

2 -1
L1 .. w - W
X, = —Xg(i — =+ i2¢, Q—e) (14)

Considering that the structure mass is the same in both
the soil-structure system and the replacement oscillator,
the effective frequency and damping of the coupled
system can be obtained by equating the real and imagi-
nary paris of eqn (13) with those of eqn (14) for the

tesonance condition w = ¢,. Doing this, the following
expressions are found:

L1 1 1+46G 1 14466 (15)
W W 14407 w12

T2 ! ~2 _
o Gl 0 6k (16)

wi 14+4¢2 " W 1+4¢7
1t is worth pointing out that for consistency ¢, ¢, and ¢,
as well as w, and w,, have to be evaluated at w = @,. As
@, is not known a priori, an iterative process starting at
w = w, is required for calculating the system frequency.
The fact that &, and C, are evaluated at resonance and
then used over the whole range of frequencies is because
a satisfactory agreement between the frequency response
of the soil-structure system and that of the replacement
oscillator is obtained over a wide interval of frequencies
on both sides of the resonant frequency (Veletsos &
Meek!), except for very squat structures and too soft
soils; in this case, the transfer function of the coupled
system cannot be fitted anymore with that of a single
fixed-base oscillator (Avilés & Pérez-Rocha'?). Also, it
may be noted that this analogy amounts to equating the
resonant values of w? X, and @2 X,, which implies that
the maximum structural deformations of both the inter-
acting system and the replacement oscillator are related
by the expression X, = (@2 fw) X"

Comparison with solutions by other authors

Several authors (Bielak,” Jennings & Bielak,” Luco,*’
Luco et al.® Wolf") have derived approximate expres-
sions for the system frequency and system damping,
which are analogous to the ones presented herein. How-
ever, even though our results are very similar to their
analytical expressions, some slight differences exist that
would be necessary to point out and discuss.

First of all, such solutions were obtained by intro-
ducing two additicnal simplifying assumptions, which
consist in neglecting the foundation depth and terms
involving squares or products of the damping coeﬁi—
cients. Also, in some cases (Luco,™ Luco et al.?
Wolf”) the | imaginary parts of the impedance functions
of the soil were decomposed into two components, one of
them expressing the hysteretic material damping and the
other representing the viscous geometrical damping.

For a soil without material damping, the complex
frequency-dependent impedance function for any
vibration mode of the foundation can be written as

K, =K+ iwCy; me=hr )

The material damping may be approximately introduced
by multiplying the stiffness X, dependent on the fre-
quency with the complex factor (14i2¢), where ¢;
expresses the hysteretic damping ratio. This substitution
leads to

Ky =K1 +i2(C, + ¢ m=h,r (18)
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where ¢, = wC,/(2K,,) represents the ratio of the
viscous radiation damping. This resuit indicates that
total damping coeflicients can be obtained as the direct
addition of both material and geometrical damping.

Now, replacing ¢ by ¢ + ¢ and ¢ by ¢ + ¢, neglect-
ing products of {;, ¢, ¢ and ¢, and finally substituting
Ce = (@e/we)Cor G = (@, /i)y and ¢ = (@[, )G, eqns
(15} and (16) are reduced as follows:

1 1 1 1
73‘—“;?+;E+w—3 (19}
- @2 @ & R

=(, — — - - = 0
G Cewg'*‘Chwi"‘Crwg'f“gs I wez (2)

These approximations for the system frequency and
system damping are identical to the expressions reported
by Luco** and Luco er alf for the case of surface
foundation. For consistency, eqns (19) and (20) should
be evaluated by considering D = 0 in eqns (10) and (12),
and by using C; and C, appearing in eqns (11) and (12),
respectively, obtained from a purely elastic soil. Such
approximations can also be shown to be similar to the
expressions presented by Wolf,’ except for the first term
of ¢, corresponding to the structural damping which, for
having been considered of hysteretic type (frequency
independent), led to an exponent of only two instead
of three as in the present analysis. Also, except for
differences in notation, these results are identical to
those reported by Bielak'> and Jennings & Bielak,’
who dealt jointly with the material and geometrical
dampings as in the present study.

Approximations to the system period and system
damping compared with the numerical solution are
shown in Figs 10 and 11 for relative depths of the
foundation D/R=0 and 1, respectively. Effective
periods and dampings are depicted in boxes for slender-
ness ratios of the structure H,/R =2 and 5. Extreme
cases of foundation embedment and building slenderness
are considered to emphasize the differences among
solutions. The rest of the characteristic parameters
were fixed constant at values of M, /(p,7R2H,) = 0-15,
v, == 0-45, H /R = 10 and E/D = 1; similar behavior is
observed for other values of these characteristic param-
eters. For consistency, the numerical solution was
computed by taking the linear and rotary inertia of the
foundation equal to zero, but the influence of the coupled
impedance functions was included.

The curves marked with the solid line and the different
-“segmented lines correspond to the numerical solution
and the different approximations, respectively. As
expected, for surface foundations (D/R =10) Luco’s
solution is in good agreement with the numerical results
from a practical point of view; the accuracy in the period
is better than that in the damping. Wolf’s solution
cannot reproduce the reduction in the structural damp-
ing with respect to the fixed-base condition that arises in

tall and slender structures (H,/R = 5). This is because
the structural damping assumed in its solution is
hysteretic rather than viscous. Although the present
solution is a little more involved than the other approxi-
mations, it is in general of higher accuracy than them,
particularly for embedded foundations and when the
relative stiffness between the structure and soil increases.
Differences among solutions come mainly from the fact
that the foundation depth should be considered not only
in calculating the foundation stiffnesses, but also in
deriving the effective system parameters as in the present
approximation. Such differences enlarge as the relative
stifiness between the structure and soil increases, being
most pronounced in the system damping of short
and squat structures (H,/R = 2). Introducing damping
terms of second order seems to be not relevant for
slenderness ratios H,/R > 2 and stiffness ratios (H,T)/
(H,T,) <2, which correspond to coupled systems with
low to moderate damping,

Even though the present solution proves to be more
precise than the other approximations, it is not recom-
mended for coupled systems with high damping. In this
case, the numerical solution should be preferred because
it represents a simple and more accurate approach, which
also accounts for the influence of the coupled impedance
functions. For practical purposes, the relative impor-
tance of the coupling mode can be very significant for
short and squat structures with deep foundation in total
contact with the surrounding soil.

CONCLUSIONS

The effects of the foundation embedment and layer depth
on the effective period and damping of structures inter-
acting with the soil have been evaluated, by applying a
numerical soiution for a kind of soil-structure system
that is commonly used in seismic codes. The interaction
mode] takes into account the foundation depth, the
degree of contact between the soil and the foundation
walls, and the depth of the soil layer, for a cylindrical
foundation embedded in 2 homogeneous stratum with
rigid base. The soil is replaced with appropriate
impedance functions, so that linear springs and viscous
dashpots dependent on the excitation frequency are used.
Extreme cases of foundation embedment and layer depth
were studied to emphasize the interaction effects. Also,
the sidewall height was considered variable, the extreme
cases being the one of not existing sidewall and that of
sidewall extending along the entire foundation depth.
Results show that the influence of the linear and rotary
inertia of the foundation on the effective period and
damping of coupled systems is insignificant, as has
been shown by other authors for the case of surface
foundations on a half-space. It is concluded that the usual
assumption of neglecting these characteristic parameters
may be permissible in deriving single approximations
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Fig. 10. Comparison of the present solution with other exact and approximate results. Effective periods and dampings of soil~
structure systems for a surface foundation with D/R = 0 are shown inside of boxes corresponding to H,/R = 2and 5, {, = ¢, = 0-05,
v, =045, H/R=10a0d E/D = 1. -

for the effective system parameters, which are widely
used in practical applications. Also, it is found that
generalizing from representative average values of the
soil mass density is not possible, because of its large
influence on the system period; the systemm damping
is little sensitive to variations of this characteristic
parameter. -

It is confirmed that the system period decreases and
-the system damping incréases with the foundation
embedment oaly for footings with sidewall in total
contact with the surrounding soil. Results show that
the effective system parameters for footings without

sidewall or with sidewall in null contact with the
surrounding soil behave opposite to those corresponding
to the interface condition of total contact. The system
damping is most affected by the degree of contact
between the soil and the footing walls. In general, the
smaller the structure sienderness and the shatlower the
soil layer, the more is the influence of the foundation
depth and the sidewall height on the system damping.
Also, it is found that the influence of the layer depth on
the system period is practically insignificant, whereas
the system damping increases significantly with this
characteristic parameter, meaning that the damping
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capacity of the foundation for shallow strata is lower
than that for deep strata. The largest influence of the
stratum depth on the system damping is for short and
squat structures with deep foundation without sidewall.

Introducing permissible simplifications, an approxi-
mate solution for the effective period and damping of
coupled systems was obtained, which is in general of
higher accuracy than other approximations reported by
several authors. This is particularly important for
embedded footings, because the foundation depth repre-
senting a key interaction parameter is explicitly con-
sidered. It is also important for coupled systems where

the contribution of both structural and foundation
damping is relatively high, since damping factors of
second order are taken into account,

Finally, the influence of the foundation embedment
and layer depth on the system period and system damp-
ing was evaluated by considering only the inertial inter-
action effects, since a harmonic motion with constant
amplitude was used as support excitation. It would be
worth improving the interaction medel by accounting for
the kinematic interaction effects, due to the differences
between the foundation input motion and the surface
free-ficld motion.
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ABSTRACT

A simplified calculation procedure for torsional impedance functions of cir-
cular embedded foundations in a soil layer with rigid base is presented. The
solution is constructed by means of linear combinations of natural modes of
propagation and participation factors. The unknown coefficients of such
expansions are obtained from the continuous treatment of appropriate bound-
ary conditions in the least-squares sense. The influence of soil material damp-
ing is investigated by using hysteretic and viscous models. Dynamic stiffnesses
of soil~foundation systems are computed for different foundation embedments
and soil layer depths. Finally, the practical imporiance of introducing viscous
instead of hysteretic damping in linear interaction analyses in the time domain
is discussed. Copyright © 1996 Elsevier Science Lid

INTRODUCTION

For the dynamic analysis of foundations placed on soft ground it is necessary
to consider the soil deformability by employing rigorous impedance functions
of the soil-foundation system, which vary significantly with the excitation
frequency and depend strougly on the configuration of the site and the
foundation. Such dynamic stiffnesses are widely used in the analysis of soil—-
structure interaction and machine foundation vibration.

The influence of the foundation embedment and soil layer on the impe-
dance functions is very important. It is well-known that the embedment and
layer depth substantially affect the static stiffness and the frequency variation
of the impedance coefficients due to resonance at the natural frequencies of
the stratum [1]. Probably, the most important effect is that for a soil layer

97
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on bedrock a cutoff frequency exists, below which there is no radiation
damping [2]. Overlooking this situation results in an overestimate of soil
damping for frequencies lower than the fundamental frequency of the site
in shear waves.

‘The dynamic analysis of embedded foundations has received considerable
attention. As a result, several numerical solutions [1, 3-6] and analytical
approximations [7-10] have been developed. In spite of the substantial
amount of work that has been done in the last 20 years, an exact analytical
solution for the simple case of a cylindrical foundation embedded in a
homogeneous soil layer is not available yet.

Due to the mathematical complexities of rigorous solutions for impedance
functions, a number of approximate procedures based on cone models have
been developed for homogeneous soil [11] as well as for a soil layer resting on
either rigid [12] or flexible [13] bedrock. All of them neglect the effect of the
foundation embedment, because the footing is assumed to be supported on

the surface of the ground. Cone models have recently been extended to

dati r1Al
represent embedded foundations [14].

The aim of this paper is to present a simplified procedure for torsional
impedance functions of circular embedded foundations in a soil layer with
rigid base, as an alternative to the powerful finite element and boundary
element methods. An approximate closed-form solution is developed which
proves to be simple, rapid and accurate to be used in engineering practice.
The solution is generated by using modal superposition, that is, by means
of linear combinations of natural modes of propagation and participation
factors. The unknown coefficients of the wave function expansions are
obtained from the continuous treatment of the boundary conditions in the
least-squares sense [15]. As the soil layer is divided into two regions, one
of them beneath the foundation and one for the rest of the stratum, the
boundary conditions to be satisfied are the continuity of displacements and
stresses at the fictitious cylindrical interface between the bounded and
unbounded regions, as well as the displacement compatibility at the soil-
foundation interface. :

The influence of soil material damping is investigated by using the linear
hysteretic model independent of the frequency, as well as two linear viscous
models dependent on the frequency, namely the Voigt and Kelvin material
models. Dynamic stiffnesses of soil-foundation systems are computed for
different foundation embedments and soil layer depths. The non-causal
behavior of dynamic flexibilities with hysteretic damping transformed in the
* time domain is also illustrated, and the practical importance of this result is
discussed.

A solution that is much simpler than the one presented herein is the
closed-form approximation of Novak and Sachs [9] for torsional vibrations
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of footings embedded in cither a half-space or a stratum. Although both
approaches appear to be similar, there is a major difference in the approx-
imation type. In Novak and Sachs’ solution it is assumed that the total
reaction of surrounding soil is composed of two independent components:
one acting on the base and the other on the sidewall of the foundation. The
base reaction is derived from a disk placed on either a half-space or a stra-
tum that models the soil under the footing, while the sidewall reaction is
derived from a cylinder embedded in the adjacent layer overlying the half-
space or stratum. It is apparent that the approximation is in the assumptions
of the model, because the compatibility condition between the soil under the
footing and the overlying layer is satisfied only at the base and sidewall of the
foundation and far away from it. In order to improve the reliability of results,
it is necessary to eliminate the slip between the two regions, as it is done in the
present solution assuming a perfect bond between them; its approximation is
in the matching of boundary conditions. Finally, a comparison with Novak
and Sachs’ results is given, which shows that our solution is of higher accu-
racy, even though it is more detailed.

FORMULATION OF THE PROBLEM

Natural modes of propagation

In the propagation of harmonic rotary shear waves in a homogeneous soil
layer (Fig. 1) the motion is governed by the reduced wave equation [16]

otv 19v v v,
ey e pti=0 ()

where v = tangential displacement and & = w/F = shear wave number, in
which § = propagation velocity of shear waves and w = angular frequency;
the time-harmonic factor ¢ has been omitted.

Applying separation of variables to the above equation it is found that the
generalized Love modes propagating horizontally, due to the torsional
vibration of a cylindrical footing, are given by

v(r,z) = p¥(z) By(pr) (2)

where Bp (x) = cylindrical wave function that satisfies the Bessel’s equation
of order zero
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Fig. 1. Circular foundation embedded in a soil layer with rigid base and subjected to a
torsional moment.

,

in which the prime denotes differentiation with respect to the argument x;
whereas V(z) = eigenfunction corresponding to the eigenvalue p, which
satisfies the differential equation '

St (- )V =0 N C)

Now, By (x) as well as V{(z) and p can be obtained beginning with the wave
types and boundary conditions of the problem. For this purpose the soil
layer is divided into two domains introducing an artificial cylindrical inter-
face at r = R, so that an exterior region of infinite extent (r 2 R,0 < z < H)
and an interior region of finite extent (0 < r < R, 0 £ z € H-D) are defined,
where R = foundation radius, D = foundation depth and A = depth of the
soil layer.
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Exterior region

The admissible modes in a region of infinite extent are those that satisfy the
radiation and boundedness conditions. The radiation condition requires that
waves be outgoing, so that the cylindrical wave function has to be

Bo(pr) = HY (pr) (5)

where Hy® (-} = Hankel function of the second kind and ordér zero. The
boundedness condition requires that waves be bounded for r > R. Then, the
admissible eigenvalues are those whose imaginary part is negative [3], since
a wave for which Im[p] < 0 represents an evanescent mode decaying for
large r.

Solving the eigenvalue problem for the exterior region, represented by eqn
(4) and the boundary conditions of free surface, (dV/dz)y = 0, and fixed
base, V(0) = 0, we find that the eigenfunction and eigenvalue for the mode m
are given by

V(z) = sin gpz; m=1,2,...,cc ' (6)
Pm = E\[k2 ~ g2 Im{pm] <0 (N

in which ¢,, = 2m-1)n/2H.
Interior region

The admissible modes in a region of finite extent are those that satisfy the
boundedness condition for 0 < r € R, which implies to have bounded waves
inside the region. So, the cylindrical wave function must be '

Bo(p!‘) = fo(pi‘) . (8)

" where Jy (-) = Bessel function of the first kind and order zero, which is
non-singular at » = 0. In this case, the choice of sign of the imaginary part of
the admissible eigenvalues is irrelevant [3] because it affects only the modal
participation factors.

Let us first consider that the footing is fixed. Thus, solving the eigenvalue
problem for the interior region, represented by eqn (4) and the boundary
conditions of fixed subgrade, V(H-D) = 0, and fixed base, V(0) = 0, we find
that the eigenfunction and eigenvalue for the mode m are given by

Vm(z) = sin gpz; m=12...,0 (9)
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Pm =4/ kz_qun (10)
in which g,, = mn/(H-D).

Let us now obtain a particular solution due to the rotation & of the foot-
ing. Substituting v(r,z) = r ¥(z) into eqn (1) and the boundary conditions
¥(r,0) = 0 and v(r,H-D) = r @, one finds that the unknown function ¥(z)
must satisfy the differential equation

d?y

?z-z-—l-sz:O (11)

in conjunction with the boundary conditions ¥(0) = 0 and V(H-D) = @.
Solving this boundary value problem, assuming that & = 1, the particular
solution is then obtained as

rsin kz
12
sin k(H - D) (12)

v(r,z) =

METHOD OF SOLUTION

Modal participation factors

The wave fields in the exterio: and interior regions are constructed through
modal superposition. Based on the admissible modes for each region, the
displacement field in the exterior region, according to eqns (2), (5), (6) and

(7), can be expressed as '

w(r,z) = RS 3 sin g3,z HY () - (13)

nr=l

P =K —(g5)%5  Im[p,] <0 (14)

where g8, = (2m-1)nr/2H; while the displacement field in the interior region,
according to eqns (2), (8), (9) and (10) in addition to eqn (12), can be
expressed as

( = rsin kz
e\l 2 = Gn k(H ~ D)

+ R C5,sin gtz T4 (B5,r) (15)

m=I

S, = /K2 — (¢5)’ (16)
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where ¢S, = mn/(H-D). The non-dimensional modal participation factors C;,
and C¢, are computed by solving the remaining boundary conditions at r =
R, which are the displacement compatibility at H-D < z € H and the con-
tinuity of displacements and stresses at 0 < z < H-D, that is:

v(Rz)=R® H-D<z<H (17)

vs(R,z) = v.(R, z); 0Kz H-D (18)

Ovs s _ (9% _¥e
ar r “\ ar r

As these equations cannot be solved exactly, the solution will be found in
the least-squares sense by using a continuous approach for the matching of
boundary conditions. Substituting eqn (13) into eqn (17), considering that
® = 1, as well as eqns (13) and {135) intc eqns (18) and (19), the quadratic
error in boundary conditions integrated along the corresponding borders is
found to be '

. 0<z< H-D (19)
r=R

r=R

. 2
E(C3,CS) = > CLHP(R) sin ¢S,z + 1] dz +
H-p "=l
H-D 2
J S (CoHP G R) sin g2 = CEIGER) sin g52) + ke[ dz
Lt mtt ] m n g, mY 1\ sin qm") sin k(H"D) “
=
H=D o 2
R J > (CouruH O GR) sin gz — €5, p5, J2(p5R) sin gz)| d= (20)
0 m=1 '

_where J, (-) and HSY (-) are Bessel and Hankel functions of the first and
second kind, respectively, and order n = 1 and 2.

The factor R? that appears in the third integral of this equation is required
to normalize the quadratic error which involves both displacements and
stresses. The necessary conditions for E to be a minimum are

OF
-=0; n=12,...,0¢c 21
per =0 (21)
E
9 =0, n=12,...,0 (22)

aCe
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where the asterisk indicates a complex conjugate. Applying eqns (21) and

(22) to eqn (20), a linear system of algebraic equations can be obtained which
in matrix notation can be written as

[ TR p—

in which:

Fs =HY ¢ RYHD (2 RV, (H) + Repip sHY (5, A HP (93R) I%5,(H — D)
(24)
Fie = —(HY 0 RN GR) + RppHY (05, RV2ER) ) L, (H — D) (25)

Fi = = (MR HY 04R) + R pi 30, RV (BR) ) T (H — D) (26)

Fon = (N0 RN (ZLR) + R pLpL T3 (0L, R (0L R)) I (H— D)  (27)

s s yfSOosan(H—-D) I,(H-D)
G;, = ~H (me)( D) ) o

7 " sin k(H D) Lo

The real coefficients 73, , I3, and IS, as well as the complex coefficients

I, and IS, are given in the Appendlx The solution of eqn (23) is obtained

.approximately by truncating the order of expansions to a finite number of

terms M and solving the resultant system of 2M equations with 2M

unknowns. Advantage should be taken of the fact that this equation is
hermitian.

Impedance function

The torsional impedance function is obtained by calculating the total soil
resistance due to the unit rotation of the footing. Thus, integrating the
actions on the sidewall and base of the foundation, the torque that the foot-
ing exerts on the soil results in



Torsional impedence functions of embedded foundations 105
27 2r H

R
K:G(”rza"" drd@—R2J J (?-"-5—5) d9dz) (30)
9z |:=p-p r  r/l=r
g0

0 H-D
where G = [?p = shear modulus of the soil, in which p = mass density of |
the soil. After some manipulations and using properties of Bessel functions
[17], the following result is obtained:

kR cot k(H — D)
4

K:ZwGR3(
(31)
SO (=17 (L2 1yt RYCE, — sin 4,022 HO (43, RIC:
- c 2(pm ) m — SIN g, q_s 2 7 ) m

m=1 m

The influence of material damping is addressed next. The presence in the
soil of this damping is considered by employing the linear hysteretic model,
independent of frequency, as well as the linear viscous models of Voigt and
Kelvin, dependent on frequency. Material damping is introduced by using a
complex shear modulus of the soil [18] defined as G* = G&(n), where &(7n) is
a damping factor dependent on frequency, except for the hysteretic behavior,
given by

(1 +i2¢); Hysteretic model
E(n)y =< (1 +in2Q): Voigt model (32)
(1 +in2¢)/(1 +in¢); Kelvin model

where ( = damping ratio of the soil and n = wR/3 = dimensionless fre-
quency. Now, using the correspondence principle. the impedance function
can be represented in the conventional complex form

K(n) = Ko(k(n) + inc(n))&(n) (33)

where K, = static stiffness. k(n) = stiffness coefficient and ¢(n) = damping
coefficient; the impedance coefficients are dependent on the non-dimensional
frequency. In accord with the complex form of the impedance function, the
constant K, as well as the functions k(n) and ¢{7) are determined as follows:

Ky = Re [K(0)] (34)

k(n) = Re [K(n)/ (Ko &(n))] (35)

() = }? Im [K(n)/ (Ko £(n))] (36)
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NUMERICAL RESULTS

Comparison with results by other authors

In the following results the number of terms used to calculate the solution
described previously was M = 50, which is more than adequate for practical
purposes. To calibrate the accuracy of this procedure, the static stiffnesses of
soil-foundation systems with DR = 1 and H/R = 2 and 3 were computed.
They have already been calculated by using the finite element method and
are reported in [4]. There is very good agreement between the static stifi-
nesses obtained from both techniques, as shown in Table 1. In addition, the
impedance coefficients obtained from this method and those reported in {4],
for the frequency range 0 < 7 < 2m, are nearly identical; it 1s not easy to
resolve the difference within the scale of the drawings.

In terms of our notation, Novak and Sachs’ solution for torsional impe-
dance functions of embedded foundations can be written as

where K, represents the tota} soil resistance which is composed of the reac-
tions K, and X, acting on the base and sidewall of the foundation, respec-
tively. According to Novak and Sachs, the sidewall reaction is given by

, HY (kR)
g = 2T - —k —‘—"_'_'_'_""0,, 3
K = 27GR D(z R [')(kR)) ( 8_)

The base reaction is taken from any available solution for surface founda-
tion. Here it is obtained by making D = 0 and solving rigorously eqns (18)
and (19) as follows: multiplying both equations by sin ¢}z and integrating
from 0 to H, using the orthogonality properties of sine functions, the parti-
cipation factor C3 can be eliminated; with this reduction, a linear system of
algebraic equations for the participation factor C§ is obtained, which is
defined as

TABLE 1
Comparison of the present solution with the finite element method
HiR KolGR? K,/GR’
(DIR = 1) ( this method ) (FE method)
2 21.0 21.2

3 20.1 204
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[FeNC}={Gs}  mn=12,.. . 00 (39
in which:
(~0)"™"q [ HEER)  pS (KR
FC — n n Nl " o (S 40
() - (g5)° (H?’(p;,m anﬂf’(pfnm) )

G —_ (ZV)"kcotkH

HY (53, R) (K — (g5,)°)
By using Eqn (31), making D = 0, it can be found that the base reaction is
equal to

4

m=1 m

k t > C
K, = 21GR3 (M -3 -1y g.g.h(pg,mc;,) (42)

A comparison with Novak and Sachs’ results is depicted in Figs. 2 and 3,
which show impedance coefficients for soil-foundation systems with D/R = 1
and H/R = 2 and 3, respectively; only the hysteretic damping value { = 0.05
is considered. It can be seen that some differences arise in both the stiffness
and damping coefficients, which are attributable to the assumption of

1.0 5
. 9F AF
) C)
5 5
] .8 - S SF
; £
=] . Q
L U O
v 7k e.2r
£ £l
= o ;
7 [al i
T 1
5 1 ! I 1 D 1 ! 1 1
.0 4 .8 .0 4 .8
n/2n n/ 2w
Fig. 2. Comparison of the present solution (——) with Novak and Sachs’ results (------ );

stiffness and damping coefficients for a soil-foundation system with D/R = { and H/R = 2,
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Fig. 3. Comparison of the present solution ( ) with Novak and Sachs’ results (------ IR
stiffness and damping coefficients for a soil-foundation system with D/R = | and H.R = 3.

unbound between the sidewall layer and the soil beneath the foundation. In
fact. Novak and Sachs’ solution cannot reproduce the lack of radiation
damping for frequencies lower than the cutoff frequency (n/2mr < R/4H) of
the soil layer.

Influence of the embedment, layer depth and type of damping

Impedance coefficients were computed for several soil layer depths and
foundation embedments; the conventional value { = 0.05 is adopted for
the different types of damping. They are shown in Figs. 4 and 5 for soil-
foundation systems with H/R = 2 and 3, respectively. Stiffness and damping
coefficients are displayed respectively in the left and right columns of each
figure for D/iR = 0, 1/4, 1/2, 3/4 and 1, in rows; results correspond to the
hysteretic (continuous line), Voigt (dashed line) and Kelvin (dotted line)
models. '

Impedance coefficients depend strongly on both the foundation embed-
ment and the soil layer depth: they are smoother as these two parameters
increase. Damping coefficients increase with the foundation depth; their
.small values for frequencies lower than the cutoff frequency of the soil layer
only reflect the energy loss through either hysteretic or viscous material
damping, because the radiation damping is null in this range.

Stiffness coefficients depend strongly on the type of soil material damping;
the differences among the hysteretic and viscous dampings increase with
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Stiffness coefficients (k) ‘ Damping coefficients (c)
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Fig. 4. Stiffness and damping coefficients for soil-foundation systems with A.R = 2;
hysteretic { ), Voigt {(— - -) and Kelvin {------ ¥ models.
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increasing frequency. Also, the soil material damping has little influence on
the damping coefficients, even for high frequencies. The greatest influence of
the soil material damping on the impedance coefficients is related to the
Voigt model, since the observed undulations (peaks and valleys) tend to
reduce entirely.

Hysteretic damping is widely used in linear interaction analyses working in
the frequency domain. However, this type of soil material damping presents
some difficulties in transforming the harmonic response functions in the time
domain, because the resultant impulsive response functions have non-causal
behavior, that is, a response prior to the application of the excitation arises
[18]. This precursor response is physically unrealizable and, even though it is
small, its influence on the system response could become important. The
non-causal behavior can be seen in Figs. 6 and 7, which show normalized
dynamic flexibilities (F x GR?) for soil-foundation systems with D/R = 1/2
and H/R = 2 and 3, respectively; results were computed by using the inverse
Fourier transform and correspond to the hysteretic (continuous line), Voigt

(dashed line) and Kelvin (dotted line) models. The non-zero values of the
dynamic flexibilities are cle

The practical importance of introducing viscous instead of hysteretic
damping is that the former could overshadow the frictional loss of energy in
saturated soils. In a series of new laboratory experiments [19], the phase and

amplitude of both the driving torque and the resulting torsional motion of a

clearly visible for the dimensionless time 3/R < Q.
J i

2.5F

1.5

F+GR3

1.OF

Db —— —

T T T W T e T e e

-5c 1 ]
-5 .0 .5 1.0 1.5 2.0 2.5

tg/R
Fig. 6. Normalized dynamic flexibilities in the time domain for a soil-foundation system with
H:R = 2 and D{R = 1/2; hysteretic { ), Voigt (- ——) and Kelvin (------ ) models.
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cylindrical specimen have been measured. One of the most important results
of these studies has been to identify several forms of viscous dissipation that
tend to control the overall damping in saturated sediments at very low
amplitudes of motion and most frequencies of practical interest.

CONCLUSIONS

A simplified calculation procedure for torsional impedance functions of
circular embedded foundations in a soil layer with rigid base has been pre-
sented. It is in very good agreement with a finite element solution and pro-
duces higher accuracy than the classical approximation of Novak and Sachs,
even though it is more detailed. The presence in the soil of material damping
was introduced by employing hysteretic and viscous models; Kelvin and
Voigt models were used to represent the viscous behavior.

By applying this procedure, dynamic stiffnesses of soil-foundation systems
were computed for several configurations of site and footing. Impedance
coefficients depend strongly on both the foundation embedment and the soil
layer depth; they are smoother as these two parameters increase. Damping
coefficients increase with the foundation depth. Also, stiffness coefficients
depend strongly on the type of soil material damping which has little influ-
ence on the damping coefficients, even for high frequencies. The greatest
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influence of the soil material damping on the impedance coefficients is related

to the Voigt model.
In spite of the fact that the dynamic stiffnesses and flexibilities in the time

domain have non-causal behavior for hysteretic damping, the influence of
this type of soil material damping is not significant in the frequency domain,
so that the hysteretic model widely used in linear interaction analyses is quite
adequate for engineering applications.

The least-squares solution presented here is simple, rapid and accurate. The
technique could easily be extended to consider the degree of contact between
the soil and the foundation wall, since additional boundary conditions can be
introduced without modifying the fundamental form of the solution.
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APPENDIX

The real coefficients 7%, IS, and I, that appear in eqns (24)—(27), as well
as the complex coefficients /3, and /¢, that appear in eqns (28)—(29), are equal
to:
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Torsional impedence functions of embedded foundations
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NON-LINEAR RESPONSE OF SOIL-STRUCTURE SYSTEMS
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ABSTRACT

Induced variations in effective structural dynamic properties due to soil-structure interaction can lead to
higher or lower inertial forces depending on (1) the response spectra ordinates at the resonant periods of the
structure, {2) the damping levels and (3) the ductility factors. In spite of the fact that unsafe side errors can be

introduced in the process, design criteria usually do not take into account soil-structure interaction effects in
the structural ductility. So far, their implications on the response are not well known.

The main interest in this study is to identify the key parameters that control the variations on the non-linear
structural response due to iis interaction with the soil. Different so.-foundation-structure scenarios are
considered. Numerical results of ductility demands which were computed using an approximated formula and

a rigorous solution are presented.

KEYWORDS

Replacement oscillator, flexibility time functions, ductility demand.

LINEAR SOIL-STRUCTURE 8Y: TEM

For multistory structures embedded in layered soil deposits, soil-structure systems can be idealized as shown
in figure 1. Structures responding as single degree of freedom oscillators in their fixed-base condition and
tayered soil deposits essentially as single strata are required. The foundation is assumed fo be axisymmetric
and rigid with two degrees of freedom, lateral translation and rocking. This coupled system is suitable to
consider interaction effects in the fundamental mode of vibration. The contribution of higher modes may be
determined by standard procedures disregarding these effects. In the figure T, and {, are the period and
damping of the fundamental mode, respectively, M, is the effective mass participating in the fundamental
mode and M, is the effective height of the resultant of the corresponding inertial forces. The foundation is
represented by means of their parameters the radius R, the mass M, the mass inertia moment J, and the
depth D. The real deposit is represented by means of the mean shear wave velocity Bg and the dominant
petiod of the site T, = 4H /B, where Hgis the depth of the soil. The degrees of freedom of the system are



the strain of the structure X, (that is, the structural displacement relative to the base of the foundation), the
horizontal displacement of the foundation relative to the surface of the ground x; and the rotation of the
foundation ¢.
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Fig 1 Soil-structure system for interaction

The dynamic equilibitum equation of this system is given by

MX +CX +K X =-%X M/ )

where X = {xe »XesPe }T is the degrees of freedom vector while X and )"(s are their first and second time

derivatives. Besides My, Cg and K are the mass, damping and stiffness matrices, respectively. M, is the load
vector and ¥,is the outcrup acceleration. The matricial components have the following forms,

Me Mg Me(He '*"D)
M, = M, M, + M, M, (H, +D)+M.D/2 2
M (He +D) Mg(He +D)+McD/2  M(He+D)* +J,

c, 0 0 K, 0 0 M,
CS =| 0 Ch Chr . KS = 0 Kh Khr > M, = M, + M, (3,4,5)
0 Cth C!- 0 th K[ MB(HE +D)+MCD12

Let m be b, r or hr = rh in order to indicate any of the horizontal, rocking and coupled modes. Then, in these
expresions K, and C,, are the real and imaginary parts of the dynamic stiffnesses, also called dynamic
impedances, which are complex functions of the frequency. This functions relate the force (or moment) of
excitation with the displacement (or rotation) of the foundation in the steady state. Kp, represents the stiffness
and inertia of the soil as well as C, accounts for the material (due to viscosity) and geometrical (due to wave
radition) dampings. These parameters are interpreted as the equivalent springs and dashpots of the soil-
foundation system and can be coveniently expressed as (Gazetas, 1983)

Km(o)= K?n [km(n) —LsMCy (Tl)] ()
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where K;’n is the static stiffness of the m mode, kg, and c,, are the corresponding stiffness and damping

coefficients, respectively, and =R /B, is the normalized frequency being o the circular frequency of the
excitation.

A parametric analysis of linear soil-structure systems allows to identify the key parameters that control most
of the interaction effects in the structural response. The relative stiffness between the structure and the soil,
defined by H,T, / H,T,, controls the intensity of the interaction effects, which increase as the structure is
founded in softer soils. On the other hand, the geometry of the soil-foundation-structure linkage, defined in
terms of HyR the relative depth of the scil deposit, D/R the relative depth of foundation and H/R the
slenderness ratio of the structure, increase or decrease the levels of interaction too. Bigger effects are found
on higher structures with surficial foundations on shallow soil deposits. Under any soil-structure condition,
interaction effects increase the perfod and shift the critical damping of the structure with respect to those
corresponding to the fixed-base condition. The damping value increases or decreases dependig essentilly on
both, H.T; / H T, the stiffhess soil-structure ratio and £ the damping factor of the soil. Structural transfer
functions resemble the typical transfer function of the simplest dynamic damped system: a fixed-base single
degree of freedom linear oscilfator. It is suggested to use this system, which further on will be called
replacement oscillator, in order to approximate the response of the idealized soil-structure system. Figure 2
shows the idealized soil-structure system an the replacement oscillator. In partlcular Avilés and Pérez-Rocha,

{1996) provide formulas to estimate the effective period (Te) and damping (Ce) that define the replacement
oscillator.
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a) Soil-structure system b) Replacement oscillator

Fig 2 Soil-tructure system and the replacement oscillator subjected to the ‘
same control motion

NON-LINEAR ANALYSIS

The inertial interaction effects on the period and damping can be treated by assuming a linear behavior of the
structure. In this case it is advisable to determine the soil-structure system response by means of typical
analysis in the frequency domain and Fourier theorems. However, it is well known that the structures should
be designed with suitable ductility to work adequately in the non-linear behavior range during intensive
earthquakes. In order to achieve non-linear analysis, a scheme of solution of the equilibrium equations in the
time domain is needed. It allows to account for non-linearity in an explicit way, however, in spite of
impedance functions of the soil are dependent of the frequency, the use of convolutions integrals is required.



In non-linear real analysis, dynamic stiffncss of the soil is usually approximated by means of invariant springs
and dashpots. The values of stiffness for frequency zero and damping when frequency tends to infinite should
be used. In this kind of approach, non-linear analysis of interaction systems is notably simplified since the
procedure of calculus is completely similar to the one of systems without interaction.

Impedance and compliance finctions

From the equilibrium equation of the elemsntary oscillator the following relation can be written
K(o)X(w)=P(o) (8)

where X(w) and P(w) are the Fourier spectra of displacements and excitation forces, respectively, and K(o) is
the dynamic impedance of the oscillator which is expressed as

K(o)=k-o?+ioc )

k and c are the spring and dashpot constants, respectively, and i =+/~1. Differing from the elementary
oscillator, springs and dashpots of the soil-foundation system are functions of the frequency. For this system,
the dynamic stiffness matrix becoines

K(®)=K(o)+ioC(w) ' (10)

Tipically, it is not possible to make use of Fourier integrals to obtain the time representation of impedance
fnctions because the amplitude spectrum of each one grows monotonically with the frequency. Instead, the
inverse of dynamic stiffness matrix, that is, dynamic flexibilities or compliance functions, are quantities that
can be synthetized by using Fourier synthesis. As well as dynamic stiffnesses can be interpreted as the set of
forces that must be applied on the foundation fo produce unitary displacements, dynamic flexibilities can be
interpreted as the set of displacements of the foundation due to the action of unitary forces. The dynamic
flexibility matrix in the frequency domain reads as

- . .4 [F F
Flo) = K(o) ‘=[ b ‘“] (11)
For B ‘
with
By=—t (12)
Fr=——-1—(-]—1~—2—- (13)
KpK, -KZ,
Khr
Fp, = 14
MR GK2 — KK, (4

Flexibility time functions are obtainced by the inverse Fourier transform of (12-14). These time functions must
be causal. They are requiered as convolution integrals in the scheme of solution of the dynamic equilibrium
equations system.



Values of K‘[’n, k, and cp, for axisynuaetric foundations embedded in a single homogeneous stratum with

rigid base are obtained from a data base (Avilés and Pérez-Rocha, 1992). It was computed by performing an
efficient numerical technique (Tassouls.s and Kausel, 1983) that considers the effect of the rigid sidewall on
the dynamic stiffness of axisymmeric erabedded footings. Discrete impedance functions were reporied for a
wide range of normalized frequencies and for several soil-foundation conditions defined by vg the Poisson
ratio of the soil, Hy/R the relative depth of the soil deposit and D/R the relative depth of foundation. In this
formulation, hysteretic damping is accounted for. '

Hysteretic dar'nping factor is widely used in frequency computation since its simplicity, due to the non-
dependency of frequency, makes it handy for many purposes. The assumtion of this kind of damping in
frequency formulations leads to results which are compared with those obtained by using more realistic
damping factors, such as the Voight and Kelvin damping models. In these models variations in the frequency
domain are admitted to obtain causal time functions.

We propose a frequency dependent term which allows to obtain approximated causal flexibility functions
from hysteretic impedance functions, that would be useful as convolution functions in a step-by-step
integration scheme. In the linear case iniis functions lead to comparable results to those obtained in frequency
domain, The form that we found for the dynamic stiffness of the m mode is

)(1+i4C11)

Km(@) =K [kn(n)+inen (m11+i2§ +itn)

(15)

Integration scheme of the equilibrium equation of soil-structure systems

To take into account the vatiations of the impedance functions controlled by frequency, it is necessary to
solve the equilibrium equations in terms of flexibilities by means of convolution integrals (Wolf, 1988). The
solution scheme for the i+1 siep of integration is

MsXsi1l+Psm =-X, M, (16)

irl

where Py is the vector of the forces that act on the springs and dashpots of the system, that is

P = Fe ' 17
S:n Pc i ( )

Here P, =c, %, + ](eiH X, 18 the force that acts only on the stiffness of the structure. The forces that
act on the foundation are

i
-l -
Pcm " Fco {Xcm - _Zchm-chj} (18)
J:

where K, 1 and ﬁ‘c_“ _are integrals of the flexibility function given by
-] 141-j

At
...__1 _ T
FC‘, = {EFC(At—T)dI (19)

and

At At
Fo = [CFR(Gr2-at—t)doe+ | 1- = R (G+1- HAt—c)de (20)
iFl-y 9 At 0 At



Equations (19-20) can be evaluated by using linear variation of the matricial function F, within the interval

At. Regarding the relationship of velocity and displacement of the f-Newmark integration method for
constant acceleration it is possible to write

P, =P, +F 1)
where
2
. ?; +k -é}; 00 % ) ’
Pt = . 2 =RX 22
Sin 0 _Zﬁ f-l {Xc }Hl 5% (22)
0 4 %
and .
2
( S t+k -’5‘-5—):{e +(cq +oA)ke +ioX,
F.! Xc +X At+X, ZF _
1 1+1—_| .l
\ P
With these results, dynamic equilibrium equation (16) is written as
[MS +Rs].x'si+l = _ig“]Mo —Psi (24)

In particular, this formulation allows to account for non-linar variations of the matrix R,

INTERACTION EFFECTS ON THE STRUCTURAL DUCTLLITY

The elastoplastic non-linear model was used to study the effect of soil-structure interaction on the structural
ductility. The behavior laws of this model in both, fixed- and flexible- base conditions are shown in figure 3.
The values of X, and X, correspond to the displacements at the limit of yielding of the structure without and

with interaction, respectively, while the values pxy and iXy are the maximum relative displacements
reached by the structure in those conditions. The parameters p and {i are the corresponding ductility factors.
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Load-displacement relations of an elastoplastic single degree of



Rosenblueth and Reséndiz (1988) found the ductility demand of the equivalent replacement oscillator with
interaction should be

. 22
n-[—H =Ty 1 (25)

where T, is the effective period of the system for a certain soil-structure condition. Since 0 <'T, / T, <1
(25) yields 1< [i <. It implies that the ductility factor is reduced due to the soil-structure interaction.

Using the time integration procedure described, we determined XJ* /X, the ductility demands of soil-

strucutre systems with 5% of critical damping for the same range 0< TH, / T,H, <2 of relative stiffness
between the structure and the soil accounting for u=2y 4. SCT (Secretatia de Comunicaciones y
Transportes) and CAQ (Oficinas de Central de Abastos) sites at the lake bed zone of Mexico City valley were
selected. The excitations were given by the EW component of the accelerations of the great September 19,
1985, Michoacan earthquake recorded at this sites. The stratigraphic profiles were idealized by means of
single homogeneus strata. The properties for both, SCT and CAO sites are Hg =38m, fs=76 m/s and
H, =56 m, B = 64 m/s, respectively. According to the one-dimensional shear wave propagation model, the
dominant periods are Tg= 2s and 3.5s for SCT and CAQO sites, respectively.

£l A, 1

0/R=1, H_/R=5

4 8 .2 1.6 200 A 8 1.2 1.6 200 4 8 1.2 1.6 2.0
TH /T H, THL/TH, TH /T H,y

Fig 4 Ductility demands of soil-structure systems for Hg/R =5at SCT
(dashed lines) and CAO (dotted lines) sites. Continuous line
indicates the effective ductility of the replacement oscillator.

Results for different soil-structure scenarios defined by the relative depth of the soil deposit Hy /R =35, the
relative depth foundation D/R =90, 1/2and1 and the slenderness ratio of the structure
H,/R=2,3 and 5 are displayed in figure 4. Continuous lines correspond to the ductility demands of the
replacement oscillator whose strength is the same that the one required by the coupled non-linear system to
reach the ductility value p in the fixed-base condition. They were computed with (25). For the flexible base



condition these values, that is, the ducility demands of the coupled systems for the SCT and CAO sites, are
represented by dashed and dotted lines, respectively. Note that the ductility demand is independent of the site
effects. As it seems, the most of the ductility demand reduction are controled by the relative stiffness between
the structure and the soil.

CONCLUSIONS

A rigorous formulation was presented in order to compute the non-linear response of a soil-structure system.
This method uses flexibility functions as convolution integrals in a time domain solution. Results show that
the main effect in the structural behavior is a reduction in the ductility demand. The key parameter that
controls the major part of this 1eduction is the effective period. In particular, it depends mostly on the relative
stiffness between the structure and the soil. These results were compared with those obtained by using an
approximate algorithm, based on the replacement oscillator equivalence, which does not depend either on the
excitation or on the site effects. The agreement suggest that the approximation is useful for practical
purposes.
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SUMMARY

A numerical solution for evaluating the effects of foundation embedment on the effective period and damping and the
response of soil-structure systems is presented. A simple system similar to that used in practice to account for inertial
interaction effects is investigated, with the inclusion of kinematic interaction eflects for the important special case of
verticaily incident shear waves. The effective period and damping are obtained by establishing an cquivalence between
the interacting system excited by the foundation input motion and a replacément oscillator excited by the free-field
ground motion. [n this way, the use of standard free-fieid response spectra applicable to the effective period and damping

i 1 1 i 1 3 \ i aahink o dioaea
of the system is permitted. Also, an approximate solution for fotal soil-structure interaction is presented, which indicates

that the system period is insensitive to kinematic interaction and the system damping may be expressed as that forinertial
interaction but modified by a factor due to kinematic interaction. Results involving both kinematic and inertial effects are
compared with those obtained for no soil-structure interaction and inertial interaction only. The more important

parameters invoived are identified and their influences are examined over practical ranges of interest. © 1998 John Wiley
& Sons Ltd.

KEY WORDS: foundation embedment; soil-structure interaction; inertial interaction; kinematic interaction, system peri-
od; system damping

; INTRODUCTION
It is well known that soil-structure interaction produces kinematic and inertial effects. As a result. the motion
experienced by the foundation is different from the free-field ground motion. The exact analysis of interaction
may be implemented in two steps. First, the foundation input motion is calculated, which involves
a reduction of the translational response of the foundation and the generation of rocking and torsional
response components. Next, the building—soil system is analysed using as base excitation the foundation
input motion.

The effects of soil-structure interaction have been the subject of previous studies' ~* showing that they
may be approximated using the free-field ground motion as the foundation input motion and modifying the
fundamental period and associated damping of the structure. Even though this approach excludes the
kinematic interaction effects, it has been implemented in major building codes®® because it allows the direct
use of standard response spectra for fixed-base systems. Nevertheless, when the effects of kinematic
interaction are important, this approach would require that the structural response be evatuated for the
foundation input motion rather than for the free-field ground motion.”®
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The effective period and damping of soil-structure systems have been extensively studied either
for surface-supported foundations' *7*°!2 or for embedded foundations.!*-!*. However, they have exam-
ined at the exclusion of the kinematic interaction, utilizing as base excitation, a purety horizontal harmonic
motion with constant amplitude. These solutions overestimate the translational component and neglect
the rotational components of the foundation input motion. The effects of kinematic interaction on the
effective period and damping and the structural response due to the depth of embedment are not yet
well understood. By using a simplified two-dimensional model, Todorovska and Trifunac'? have shown that
the system period practicaily does not depend on the type of incident waves and their angle of incidence. and
that the system damping is usually underestimated when kinematic interaction effects are excluded. Based on
the same model, Todorovska'® has found that the system damping is generally larger when the foundation
depth is smaller. This conclusion is in contradiction with the results obtained for inertial interaction
only.!3:14

The aim of this work is to evaluate the effects of foundation embedment on the effective period
and damping and the response of soil-structure systems, considering both kinematic and inertial inter-
action. A numerical solution is presented for the simple system formed by a one-storey structure supported
by a rigid square foundation embedded in a homogeneous elastic half-space. The system period and system
damping are obtained by establishing an analogy between the interacting system subjected to the foundation
input motion and 2 replacement oscillator subjected to the free-field ground motion. The effective period
and damping are taken such that the magnitude and location of the resomant response t¢ harmonic
excitation are identical for the actual system and the equivalent oscillator. The practical advantage of this
approach is that the peak structural response can be determined from standard response spectra for the
specified free-field ground motion, in combination with the modified dynamic properties of the fixed-base
structure. By introducing some simplifying assumptions, an approximate solution for total-soil-structure
interaction is also presented; its accuracy is assessed through comparisons with the numerical solution. Tt is
shown that the system damping may be expressed as that for inertial interaction but modified by a factor due
to kinematic interaction, which depends on the transiational and rocking components of the foundation
input motion and on the structure height and foundation depth; the system period is insensitive to kinematic
interaction.

We will examine the effects of foundation embedment for vertically propagating plane shear waves only.
Because of the characteristics of this wave excitation, the torsional component of the foundation input
motion is neglected. Fundamental steps in the analysis of interaction are the evaluations of the impedance
functions and input motions of the foundation. The harmonic response of the soil-structure system is
computed making use of the complex-valued impedance functions and input motions presented in tabuiar
form by Mita and Luco.!” The effective period and damping are measured directly from the harmonic
response spectrum of the interacting system, in which both inertial and kinematic interaction are compared
with those obtained for no soil-structure interaction and inertial interaction only. The information and

concepts developed for embedded foundations are related to those existing for surface-supported founda-
tions.

SOIL-STRUCTURE SYSTEM

The soil-structure system considered is shown in Figure 1. This model is appropriate to account for
interaction effects on the fundamental mode of muitistorey structures that respond as a single oscillator in
their fixed-base condition. The building is characterized by the fundamental period, T, associated damping, {,
effective mass, M, and effective height, H, of the fixed-base structure; the rotational inertia of the structural
mass is neglected. The foundation is idealized as a rigid square mat of half-width L, depth D, mass M, and
mass moment of inertia J, about a centroidal axis at the base, Both M and M, are assumed to be uniformly
distributed over identical square areas; the latter is presumed to be located at haif the depth of embedment.

£ 1998 John Wiley & Sons, Lid. Earthquake Engng. Struct. Dyn. 27, 000-000 {1998)
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Figure 1. Single structure with square foundation embedded in a homogeneous half-space under vertically incident shear waves

The supporting medium is idealized as a uniform elastic half-space characterized by the Poisson’s ratio, v,
mass density, p, and shear wave velocity, c,, of the soil. Welded contact conditions between the foundation
and surrounding soil are assumed, so that no uplifting or sliding can take place. The interacting system has
three degrees of freedom defined by the deformation of the structure, X, and the translation and rocking of
the foundation, X, and ®,, relative to the foundation input motion.

The setsmic excitation is given by harmonic shear waves propagating vertically, with particle motion along
the x-axis, So the free-field ground motion that would exist in the absence of the foundation is

U =X, cos (-“2) . (1)

Cs

where X, is the amplitude of the free-field motion at the ground surface and ¢ the exciting frequency, the
factor & for the time dependency of harmonic waves has been omitted. This wave excitation induces

a foundation input motion with translational and rocking components denoted by the amplitudes X; and
@, respectively.

Equilibrium eguations

For small vibrations, the lateral displacement of the structure is equal to X, + X, +
(H + D)0y + D) + X e» Whereas the horizontal displacement and vertical rotaticn of the foundation are
equal t0 X, + X, and @, + ®,, respectively. The equilibrium of forces acting on the building is given by

— o’ M(X, + (H + D), + X+ (o€ + K)X, = 0*M(X, + (H + D)®,) 2)

£ 1998 John Wiley & Sons. Lid. Larchquuke Engng. Seruct. Den. 27, 000~000 {1993)



EQE 798

4 1. AVILES AND L. E. PEREZ-ROCHA

while the equilibrium of forces acting on the foundation and the equilibrium of moments about the centre of
the base are given by

D . )
- CK)ZMQ(Xc + 7‘1){) + wC, + KpX, + (10Cy, + Ku®. — Fo

= cuzMo(Xo + '?"I’o) (3)

- ﬁ')z(MQ _.;—X;' + jO(Dc) + (iwCh, + Khr)Xc + (iCDCr + Kr)(bc — .!Wo

= CUZ(MOg“XQ -+ JO(DD) (4)

where K = 4x?M/T? and C = 4x{ M/T are the linear stiffness and viscous damping of the fixed-base
structure, respectively; Fqo = {iwC + K)X,and My = Fy(H + D) are the force and moment. respectively, that
the structure exerts on the soil. The supporting medium has been replaced with the linear springs K,,, K, and
K and the viscous dashpots C, and C, and C,, for the horizontal, rocking and coupling modes of vibration.
The frequency-dependent values used herein are taken from tables reported by Mita and Luco!” for the soil
material dampings {g = 0-001 and {p = 0-0005, where {z and {p represent the hysteretic damping ratios for §-
and P-waves, respectively,

Expressing Fo and M, in terms of equation {2} and substituting into equations (3) and (4), respectively, the
equilibrium equations of the building—{oundation system can be written in matrix form as

[K + i0C — oM]{X} = &?X, {QMo + Q. Jo} (5)

where X = {X,, X., ®,.}7 is the vector of displacement amplitudes of the system; M, and J, are load vectors
defined by

M

M, = \{ M+ M, (6)
{M{H + D)+ MyD/2

M(H + D) t
M(H + D) + MoD/2 (7}
| MH + DY +Jo |

whereas M, C and K are the mass, damping and stiffness matrices of the system, respectively, defined by

'}U=

M M " M(H+ D)
M= M M + M, M(H + D)MoD/2 (8)
M(H +D) M(H + D)+ MoD/2 M(H + D) + J,

c 0 0

C={0 C, Cy. %)
L0 G G
K 0 0

C=190 K, Ky {10
10 K, K

£ 1998 John Wiley & Sons. Lid. Earthquake Engng. Struct. Dyn. 27, 000000 (1998)
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The ratios @y = Xo/X, and @, = ®o/X, represent the transfer functions of the components of the
foundation input motion. They relate the amplitudes of the translational and rocking input motions.
respectively, to the amplitude of the free field motion at the ground surface, The frequency-dependent values
used herein are given in a latter section. It should be noted that the kinematic interaction is excluded by

setting O, =1 and @, =0, with which the governing equation for the solely inertial interaction is
recovered.'?

System parameters

The dimensionless parameters that can be used conveniently to evaluate building—soil interaction have

been previously identified for surface-supported structures.>* In order of importance and adapted to square
foundations, they are

(1) The'wave parameter vy = H/{c,T), which is a measure of the relative stiffness of the structure and soil.
It is useful in evaluating interaction effects for harmonic excitation. For transient excitation, however, the
wave parameter 1, = Lf(c,T,} is preferable. T, being a characteristic period of the excitation. Both
parameters are related by 1, = 14 {(L/HVT/Ty). '

{2) The ratio H/L of the structure height to the half-width of the foundation.

(3) The ratio T/T of the fundamental period of the fixed-base structure to the exciting period.

(4) The relative mass density for the structure and soil, MA{dpL>H).

(5) The ratio My/M of the foundation mass to the mass of the structure.

The foilowing two additional parameters are required for embedded foundations, the first of which is the
most important, |

{1} The ratio D/L of the foundation embedment to the half-width of the foundation. Alternatively, the
wave parameter tp = Df{c,T) may be used. Expressed in terms of r; and D/L, it takes the form 1 = t; D/L.
{2) The mass moment of inertia ratio of the foundation and structure, JoAM(H + D)*).

For the results reported herein. it is assumed that M/(4pL*H) = 0-15, M/M = 0-25 and Jo/(M(H + D)?)
= 0-05. Also, the structural damping and Poisson’s ratio are taken as ¢ = 0-05 and v = £, respectively. These
values are representative for typical buildings and soils.

SYSTEM PERIOD AND DAMPING

The interaction procedure stipulated in current seismic codes®-® can be adapted to account for the effects of
kinematic interaction. It is only necessary to replace the free-field ground motion by the foundation input
motion, and the response of the modified structure to this base excitation is then evaluated.”® However, to
avoid the inconvenience of dealing with the {oundation input motion, it would be highly desirable that both
inertial and kinematic interaction effects are included by merely modifying the fundamental period and
associated damping of the structure. In this manner, the resulting modified structure may be analysed using
the free-field ground motion as the base excitation.

The kinematic interaction effects may be simply accounted for by establishing an analogy between the
interacting system subjected to the foundation input motion and a replacement oscillator subjected to the
free-field ground motion, as illustrated in Figure 2. The effective period and damping are determined so that,
under harmonic excitation, the resonant period and the peak pseudo-acceleration of the replacement
oscillator are equal to those of the interacting system.

T 1998 John Wiley & Sons. Lid. Earthquake Engng. Struct, Dyn. 27, 000-000 (1998)
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M
Ti¢

(b)

Figure 2. {a} Soil-structure system subyected to the foundation input motion and (b replacement oscillator subjected to the free-field
grounid motion

If the transfer function Q = Q2X,/w*X, of the soil-structure system is known, Q = 2a/T being the
fundamental frequency of the fixed-base structure, then the overall period and damping of the system, T and

¢, are computed from the well-known expressions*

. T=J1-20*T,

G 1998 John Wiley & Sons. Ltd.
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Figure 3. Harmonic response spectra for an interacting system with D/L = 1. A/L =1 and 1y = 0.2 actual system (solid line) and

repiacement oscillator (dashed line)

where O, is the absolute maximum value of the pseudo-acceleration and T, the corresponding resonant
period measured at the transfer function of the system. After some manipuiations, the system damping

results in
. 2 =1\
':‘—*—\/——:)'(1“‘ QQ; ) (13)

With the effective period and damping determined by this way. an excellent agreement between the harmonic
response spectra of the interacting system and the replacement oscillator is obtained, as shown in Figure 3 for
D/L = 1, H/L = 1 and 1ty = 0-2. The abscissas represent the ratio To/ T, where T = 2/ is the period of the
exciting motion. Results are displayed for three cases: (1) the fixed-base condition; (2) without kinematic
interaction; and (3) with kinematic interaction. It can be seen that the resonant periods are almost identical
whether or not the kinematic interaction is considered. The difference in the peak responses for cases (2) and
(3) reflects the effects of kinematic interaction on the system damping.

This procedure may be viewed as an extension of the replacement oscillator approach used to account for
the inertial interaction effects.? ~* It is quite convenient for design purposes, since both inertial and kinematic
effects are expressed by an increase in the fandamental period and a change in the associated damping of the
fixed-base structure. Thus, standard free-field response spectra can be used to assess the peak structural
response.

APPROXIMATION TC KINEMATIC INTERACTION

Due to the lack of simplified solutions, the kinematic interaction effects have not been incorporated so far in
seismic design provisions for building structures. It is possible to deduce a practical criterion by ignoring the

¢ 1998 John Wiley & Sons. Lid. Eurthquake Engng. Struct, Dyn. 27, 000000 {19%3)
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mass M, and the mass moment of inertia J, of the foundation. as well as the coupled stiffness K,, and
damping Cy, of the soil in comparison with the translational and rocking terms. Such assumptions have been
extensively used by many authors®?~'? to derive approximate expressions for the overall period and
damping of soil-structure systems involving only the inertia interaction effects. Introducing these simplifica-
tions, equation (5) takes the reduced form

K 0 o C 0 0 .M M M(H + D) }] (X,
0 Ky O0l+iwl0 C, 0f(—a? M M M(H+ D X,
0 0 K, 0 0 C, (M(H+D) M(H+D) MH+DZ]| (6.
M M(H + D)
= o?X, (O M + 0, { M(H + D) {14)
M(H + D) M(H + D)

Dividing the two first rows of equation (14) by w’M and the last one by w>M(H + D), this equation
reduces to

2
E%OHK%4 -1 —1 (X,
@ QF I X
-1 SH i) — 1 —1 ‘
2
_1 ~1 gapﬁxg— (H + D)o
1 .
=X[0,+(H+ D)2 (1 {15)
1

where £, and Q. are the natural frequencies for the translation and rocking of the rigid-assumed structure,
respectively, which are defined as

K
Qh*-ﬂ;} | (16)
K
L ey, S
& = T+ Dy an

while {" = (w/Q){, & = (w/Q)y and & = (w/Q){,, in which {, and ¢, are the damping ratios of the soil for the
translational and rocking modes of the foundation respectively. They are given by

Ch
» — 18
bh 20, M (18)

C
=—r 1%
& 2Q.M(H + D)? (1)

By solving the complex system of algebraic equations given in equation { 15); neglecting all second-order
damping terms, the normalized pseudo-acceleration of the interacting system results in

QZX 2 2 wz wl . mz . . -1
P =(Qn + H+D}Q)( —ﬁs——ﬁvmﬂz(s—ﬂz(g gh)—arg(g-sr))) (20

£ 1998 John Wiley & Sons. Ltd. Eurthguake Engng, Struct. Dyn, 27, 000-000 (1998)



EQE 798

EFFECTS OF FOUNDATION EMBEDMENT 9

The system frequencv {1 is determined from the resonance condition that requircs the undamped response
be infinite at o = (0. It is apparent from equation (20) that, setting {* = {}, = .7 = 0, this resonant frequency
proves to be

1 { I I
Rer W e o 21y
Q2 Qo
To determine the system damping ¢, the absolute maximum value of the pseudo-acceleration of the
interacting system, obtained from equation (20) by substituting w = %, is equated to ¥¢ corresponding to the
resonant response of the replacement oscitlator. This Ieads to

0 ok QO
IQ..+(H+D)Q,I ‘( QS+L».Q,+L_., Q—) (22)

where the transfer functions @, and Q,, the damping ratios ¢, and {,, and the natural frequencies , and
Q, are evaluated at @ = .

. Equations (21) and (22} are similar to those derived by several authors®® ™! for the system frequency and
system damping when the effects of kinematic interaction are excluded, except that the latter in divided by the
factor |Gy + (H + D)Q,} that represents the contribution of the kinematic interaction to the energy dissipa-
tion in the interacting system. Accordingly, the effective period and damping of the system with both
kinematic and inertial interaction can be estimated as

T=T, (23)

v

Ly

T 10s + (H + D)Q|

|
»~

24)

where T; and {; are the system period and system damping for inertial interaction only. It is evident from
equation (24) that the system damping for total soil-structure interaction may be larger or smaller than for
purely inertial interaction. depending on the decrease in the horizontal input motion and the increase in the
rocking input motion. This approximation reflects the wave nature of the seismic excitation only in the
transfer functions of the components of the foundation input motion. It would then be applicable not only to
vertically propagating shear waves, but also to other types of incident waves using the appropriate values of

Qy and Q,.

NUMERICAL RESULTS

Foundation input motions

Vertically incident shear waves give rise to a foundation input motion having horizontal and rocking
components. The frequency-dependent values used herein are taken from tables reported by Mita and
Luco!” for the soil material dampings {s = 0001 and {p = 0-0005. The real and imaginary parts and the
amplitude of the ratios X /X, and L®,/X, are depicted in Figure 4 for D/L = 0-5 and 1-5. As can be seen,
a considerable amount of rocking in the overall motion of the foundation may be induced, depending on the
value of the well-known dimensioniess frequency aq = wl/c,. This frequency can also be written in terms of
the dimensionless parameters D/L and v, referred to earlier as

Qg = ZTITD —

5 5)

£ 1998 John Wiley & Sons. Ltd. Earthquake Engng. Struct. Dyn, 27, 000-000 {1998)
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thnre 4. Real (dashed line) and imaginary (dotted Line} parts and amplitude {solid tine} of the translational and rocking components of
the foundation input motion {adapted from Mita and Luco'"}

Consequently, for a specified value of D/L. the importance of the rocking induced by kinematic interaction
depends on the value of r,. The latter may be interpreted as the ratic of the foundation embedment to the
shear wave length i = ¢, T, where T = 2n/ew is the period of the exciting motion. In generai, the effects of
foundation embedment on the transiational and rocking input motions are most pronounced for the deeper
foundation.

Effects of foundation embedment on system period and damping

Variations of the effective period and damping of interacting systems are shown in Figure 5 for
D/L =90, 0-5 and 1-5. The system period is normalized with respect to the fixed-base fundamental
period. Two values of H/L are.used: H/L =1 corresponding to short squat structures, and H/L =3
corresponding to tall slender structures, Some conclusions drawn from these results are similar
to those reported previously for surface-supported structures.>* The overall period of the system
increases with increasing values of tg, and the overall damping decreases with increasing values of
H/L. For short structures, the overall damping is always greater than the structural damping for the
fixed-base condition, whereas for tall structures. interaction may increase or decrease the overall
damping depending on the value of t4. Note further that the overall period of the system increases with
increasing values of H/L except for the deeper {oundation, This {act was unexpected, even for solely inertial
interaction.

& 1998 John Wiley & Sons. Ltd. Eurthguake Engng. Struct, Dyn. 27, 000-000 (1998)
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D/L=0 D/L=0.5 D/L=1.5

Figure 5. System periods and system dampings for total soil-structure interaction (solid lne) and purely inertial interaction (dashed
) line)

It is clear from these resuits that the effects of foundation embedment are to decrease the system period for
tall slender structures and to increase it for short squat structures, in addition to increasing the system
damping for both structures. Results for total soil-structure interaction are also compared with those for
purely inertial interaction. As anticipated, the system period is insensitive to kinematic interaction. Further-
more, for short structures, kinematic interaction substantially increases the system damping, while for tail
structures, only insignificant reductions or increments are produced. )

It is worth pointing out that the soil material damping used in calculations is very small. This factor may
be essential because energy dissipation by hysteretic action in the soil reduced the effective period of the
system, increases the effective damping and reduces the maximum structural deformation, as demonstrated
earlier for surface-supported structures.* Generally, results may be quite sensitive to variations in the soil
material damping.

The approximation for including kinematic interaction will now be verified. The exact system periods
given in Figure 5 for total soil-structure interaction are compared in Figure 6 with those obtained by the
approximate solution. The degree of agreement between the two sets of results is indeed excellent. Although
some differences are observed around z; = 0-5 fo r the short structure with the deeper foundation, they are of
little practical importance. For a representative storey height of 3 m, the ratio H/T is approximately equal to
30 m/s for many types of buildings. Accordingly, the value of t4 = 0-5 corresponds to very soft soils with
¢, = 60 m/s.

£ 1998 John Wiley & Sons. Lid. Earthquake Engng, Struct, Dyn, 27, 000-000 (1998}
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D/L=0.5 D/L=1.5

OO — i 1] 1 1 b H 1

Figure 6. Comparison of the approximate (solid line) with the numerical solution (dashed line} for the system damping with both
kinematic and inertial interaction :

EFFECTS OF FOUNDATION EMBEDMENT ON SYSTEM RESPONSE

The following results correspond to the frec-field excitation given by the NS compenent of the 1995
Manzanillo, Mexico, earthquake record. The acceleration, velocity and displacement traces of this record are
depicted in Figure 7. The normalizing, characteristic period of the excitation is T, = 0-25s, which is
interpreted as the period corresponding to the maximum spectral acceleration.

The transient response of the system was computed by application of discrete Fourier transforms, using
the Fast Fourier Transform technique and taking due precautions to ensure that the aliasing error involved
in their application was negligibly small. The details of the method of analysis are similar to those
elsewhere®* mentioned for surface-supported structures, except that the frequency dependency of both
impedance functions and input motions for embedded foundations was properly taken into account.

In Figures 8 and 9 are given response spectra for interacting systems with D/L =0, 0-5 and 1-5 and
H/L =1 and 3, copsidering two values of the foundation flexibility: ¢, = 0-08 and 02, respectively. The
resulting values of the product 1, T are the same as those used earlier™* for surface-supported structures, In
these plots, the ordinates represent the structural pseudo-acceleration normalized with respect to the
acceleration of gravity, Q2X.,/g, and the abscissas represent the ratio T/T,. Three sets of solutions are
displayed: (1) for no soil-structure interaction, ie. analysing the fixed-base structure under the free-field
ground motion; (2) for inertial interaction only, i.e. analysing the interacting system under the free-field
ground motion; and (3) for total sod-structure interaction. i.e. analysing the interacting system under the
foundation input motion. The following conclusions are drawn from these results, some of which are similar
to those reported previously for surface-supported structures.™*

£ 1998 John Wiley & Sons. Lid. Earthguake Engng. Struct. Dyn. 27, 000-000 (1998}
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Figure 7 Acceleration, velocity and displacement time histories of the NS component of the 9 October 1995, Manzaniilo earthquake

(1) As expected, the effects of soil-structure interaction are more pronounced for 7 = 0-2 than for
1, = 0-08. For a foundation with, say, L = 20 m, these values would correspond to soils with ¢, = 400 and
1000 m/s, respectively.

{2) The interaction effects are significant in the spectral region T/T, < 3, corresponding to stiff short-
period structures, and negligible in the spectral region T/T, > 3, corresponding to flexible long-period
structures. Also, for interacting systems having the same foundation fiexibility, the interaction effects are
more important for tail slender structures than for short squat structures.

£ 1998 John Wiley & Sons. Lid. Earthquake Engng. Struct. Dyn. 27, 000-000 (1998}
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Figure 8 Deformation response spectra for interacting systems with 1, = 008 subjected to the 1995 Manzanillo earthquake: no
soil-structure interaction {dotted line), inertial interaction only (dashed line} and 1otal soil-structure interaction {solid line)

{3) The effects of inertial interaction are, in general, more important than those of kinematic interaction.
Irrespective of the foundation flexibility, kinematic interaction reduces the maximum response of short squat
structures. The deeper the foundation, the greater the reduction becomes. In this case, the system damping
increases significantly with increasing the embedment depth. For example, for t;, = 0-2 and H/L = 1, a value
of, say, T/To = 0-8 corresponds to T4 = 0-25. Using this latter value in Figure § for the deeper foundation,
the system damping is ¢ = 0-13 for purely inertial interaction, and { = 0-18 for total soil-structure interac-
tion. It is interesting to note that for tall slender structures, the interaction effects may result in reductions or
increments in the system response, depending on the values of r; and T/ T, involved. Generally, an increase
n the system response is associated with unrealistic combinations of system parameters. For r;, = 0-08,
interaction significantly increases the maximum. response of tall slender structures in the short-period

G 1998 john Wiley & Sons. Ltd. Earthguoke Engng. Struct, Dy, 27. 000000 {1998)
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Figure 9 Deformation response spectra for interacting sysiems with 1, = 0-2 subjected to the 1995 Manzanillo earthquake: no
sou-structure interaction (dotted line), inertial interaction only {dashed line} and total soil-structure interaction (solid linej

spectral region. However, such structures normally fall in the long-period spectral region, for which the
interaction effects are negligible.

{4) Independent of the foundation flexibility, the shapes of response spectra for surface-supported and
embedded foundations are similar. The principal effects of foundation embedment are, in general, to
accentuate the reductions in spectral ordinates. It should be noted that for tall slender structures, the peak
spectral ordinate shifts considerably towards the left with respect to T/To = 1 for 7y = 008, and towards the
nght for Ty = 0-2. h

The concept of using free-field response spectra in combination with the effective period and damping of
the system, considering both kinematic and inertial interaction, will now be verified. The response spectra for

£ 1998 John Wiley & Sons, Lid. Earthquake Engng. Struce. Dyn. 27, 000-000 (1998)
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Figure 10. Comparison of the response spectra for the interacting system (solid line} with those for the replacement oscillator evaiuated
approximately (dashed iine) and nurperically {dotted tine}: 11al sorl—structure interaction for 7, = 0-08

the interacting system given in Figures 8 and 9 for total soil-structure interaction are compared in Figures 10
and 11 with those for the replacement oscillator, utilizing the system period and systern damping determined
numerically and approximately by the procedures presented herein. The degree of agreement among the
three response spectra is very good for practical purposes. Although some differences are observed in the
short-period spectral region, they have no practical consequences. This agreement confirms the reliability of
the proposed approach for assessing the kinematic interaction effects due to the embedment depth.

CONCLUSIONS

Information and concepts to account for the effects of foundation embedment on the effective period and
damping and the response of soil-structure systems have been presented. They were developed by reference
to the replacement oscillator widely used in code interaction provisions. It has been shown that, provided the
dynamic properties of the structure are modified for both inertial and kinematic interaction, the replacement
ascillator approach supplies a reliable practical mean of estimating the peak structural response. The use of
standard free-field response spectra applicable to the system period and system damping is then permitted.
Moreover, the approximation developed to take kinemartic interaction into account could be useful in
improving seismic design provisions for building structures.

Results have been given for foundations embedded in an elastic half-space under vertically incident shear
waves, indicating the influences of the more important parameters involved and the relative importance of

€ 1998 John Wiley & Sons. Ltd. Earthquake Engng. Struct. Dyn. 71, 000-000 {1998)
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Figure 11, Comparison of the response spectra for the interacting systern (solid line) with those for the replacement osciflator evaiuated
approximately (dashed line} and numericaily (dotted line); total seil-structure interaction for ¢, = 02

the kinematic and inertial interaction. Nevertheless, the energy dissipated by the scattering and diffraction of
the incident seismic waves from the foundation should be studied for other sail conditions, types of incident
waves and soil material dampings, in order to better understand the damping capacity of the foundation for
reducing the maximum deformation of the structure.
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An engineering approach is proposed for representing both site effects and soil—
structure interaction in extended alluvial vaileys, by using the one-dimensional model
of shear wave propagation coirected empirically 10 aceount for lateral heterogeneciiies
and generated surface waves. The peak structural response is expressed by means of
speciral contours that are a fuuction of the predominant period of the site and the
fundamental pericd of the structure. Variations of the peak spectral ordinates with the
prevailing site period can be deduced from these contours. A number of events of firm
ground, representative of the most dangerous earthquakes expected in Mexico City,
are assumed as design earthquakes. Making use of the resulting spectral contours, the
provisions for site effects recommended in the Mexican seismic code are evaluated.
Also, considering as control motion the 1985 Michoacan earthquake recorded at a
represeritative firm site, spectral contours with soil—stricture interaction are obtained
which allow one to identify the significant interaction effects originating in the Valley
of Mexico for mediom- and long-period structures. The influence and relative
importance of the critical parameters involved are examined within practical ranges of
interest. © 1997 Elsevier Science Ltd.

Key words: code provisions, site design spectra, site effects, site response spectra,
soil-structure interaction, spectral contours.

1 INTRODUCTION

For code seismic analysis of structures supported on a soft
soil layer it is required to account for the so-called site
effects and soil-structure interaction. The former refers to
the scattering and diffraction of the incident waves by the
soil stratum overlying the bedrock, and is reflected in the
values of the seismic design coefficients. The latter refers to
the relationship between the characteristics of both the
structure and the soil stratum, and is usually represented
by modifying the dynamic properties of the strueture.
Local site conditions may generate large amplifications
and important spatial variations of seismic ground motion, !
while soil-structure interaction can change significantly the
free-field ground motion at the foundation level and the
dynamic properties of the structure.? For code-designed
buildings, it is sufficient to consider the site effects due to
surface layering and the inertial interaction effects on the
fundamental mode of vibration; the latter effects are
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expressed by an increment in the fundamental period of
the structure and a change in the associated damping. The
kinematic interaction effects can be neglected whenever site
effects are included in the free-field ground motion taken as
the foundation excitation.

Site effects generally increase the structural response,
whereas the modifications of the fundamental period and
associated damping by soil-structure interaction can lead
to increments or reductions, depending on the position of the
resonant period in the response spectrum and the level of -
damping. Previous studies®* have revealed that interaction
effects are significant only for short period structures. It can
be shown, however, that such effects may be very important
for medium and long period structures when the predomi-
nant site periods are as large as those in the Valley of
Mexico,

The aim of this work is to present a practical procedure
for representing the site effects and soil-structure inter-
action in extended alluvial valleys, by using the one-
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dimensional theory of shear wave propagation corrected
empiricaily to take the lateral heterogeneities and generated
surface waves into account. The response of the building is
expressed by spectral contours, which are level curves of
equal peak structural acceleration in terms of the predomi-
nant period of the site and the fundamental period of the
structure. The building is modeled as a one-story structure
representing the multistory building vibrating in its fixed-
base fundamental mode. The soil is idealized as a homo-
geneous soft straturn uaderlain by an elastic half-space; this
stratum is characterized by the relevant properties of the
site. The Valley of Mexico is a suitable candidate for apply-
ing one-dimensional analyses of shear wave propagation to
evaluate the site effects and soil-structure interaction. This
is possible for a number of reasons, namely: the valley
measures about 30 X 70 km; the thickness of the soft clay
deposits may exceed 100 m, with shear wave velocity
ranging from 50 to 100ms™"; the prevailing ground
period can be as long as 5s; and the shear wave velocity
of the hard soil formations is of the order of 700-900 m s~

Postulating as design earthquakes four events of firm
ground representative of the most dangerous earthquakes
expected in Mexico City during the next 150 years,* spectyal
contours are obtained with the objective of evaluating the
provisions for site effects stipulated in Mexico’s Federal
District Building Code (RCDF-87).°> Such effects are
accounted for in the design spectra. Indeed, they are
reflected explicitly in the seismic coefficient (maximum
spectral ordinate) and the width of the plateau (flat part of
the spectrum), which are specified as a function of the pre-
vailing site period. These contours, and those computed for
the 1985 Michoacan earthquake recorded at a representative
firm site, allow one to evaluate how weil site effects are
represented by the provisions recommended in RCDF-87.

Spectral contours with soil—structure interaction are also
obtained, considering as control motion the great
Michoacan earthquake. They are usefut for predicting the
interaction stage that would take place in the Valley of
Mexico under the action of similar severe earthquakes.
They are also helpful in identifying the significant intet-
action effects originating in the valley for medium and
long period structures, because of the low frequency content
of the free-field ground motions typical of the location. Site

Xa

response spectra for several sites representing the transition
and soft zones in Mexico City are inferred from these
contours, in order to evaluate the variation of building
base shear for different interaction conditions. The infinence
and relative importance of soil flexibility, structure height
and foundation depth are examined over wide ranges of
values covering most practicat situations. Although the
results are location specific, the proposed procedure is
developed in a generic form so that it could be applied to
other geographic locations with different seismic exposures.

2 REPRESENTATION OF SITE. AND
INTERACTION EFFECTS

The modei considered to account for site effects and soil—
structure interaction in extended alluvial valleys is shown in
Fig. 1. For the sake of simplicity, the effects of the scattering
and diffraction of the seismic waves from the fateral irregu-
larity between hard and soft soil are taken into account
empirically, by scaling the computed response spectra at
several representative sites in the Valley of Mexico to
match the results observed at those sites.

The one-story structure is characterized by the natural
period and modal damping, T, and €., and the effective
mass and height, M, and H,, of the multistory structure
vibrating in its fixed-base fundamental mode. The founda-
tion is assumed as a rigid cylinder of radius R and depth D.
The mass and mass moment of inertia of the footing are
negiected, because the structural response is nearly insensi-
tive to variations in these parameters within the ranges of
values of practical interest for buildings.®” The single soil
stratum is characterized by the shear wave velocity, f,,
Poisson’s ratio, r,, mass density, p,, material damping, £,
and depth, H,, representative of the sedimentary basin. For
the elastic half-space, B¢ is the shear wave velocity and pg
the mass density of the bedrock. Also, the vertical incidence
of shear waves is assumed, giving rise to the control motion
Xy at the outcropping of the bedrock and the free-field
ground motion X at the surface of the sedimentary basin,

2.1 Design earthquakes

The Valley of Mexico is affected by earthquakes having

R A A N e
A R s,

- o
Bedrock motion S

noo’ Bo ;‘:\ P,- |8,

R B B R R O R O R R R e e R T

SR AR A N A

Fig. 1. Model considered for site effects and soil-structure interaction in extended alluvial valleys.
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different cavses. They have been divided in four groups,
namely: (1) local earthquakes, (2) continental plate earth-
quakes, (3) intermediate depth earthquakes and {4) sub-
duction earthquakes. For these events, the expected
Fourier amplitude spectra of acceleration at the firm site
of University City (CU) have been estimated from semi-
empirical relationships and applicable seismological
theory.* Results are displayed in Fig. 2, together with the
Fourier spectrum for the envelope of the horizontal compo-
nents of the 19 September 1985 Michoacan earthquake
recorded at the CU site. This subduction earthquake is the
most damaging event so far to Mexico City. Curves repre-
sent Fourjer spectral ordinates A, against frequency
J=wi2%, in which w is the circular frequency. These results
were used for the construction of the seismic design spectra
adopted for different zones in RCDF-87.

2.2 Site effects
Because of the fact that soft clay deposits in the Valley of

Mexico are very thin compared with their lateral extent and
that most of the ground motion amplification takes place in
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represents the predominant period of the site, and
! Pl
=— 3)
P PoPo

is the impedance ratio between the soil layer and the bed-
rock, expressing the geometrical damping of soil by wave
radiation. The material damping of soil by hysteretic beha-
vior is taken into account by replacing 8, by 8,(1 + i£,),
v/ — | being the imaginary unit.

=

2.3 Soil-structure interaction

As the kinematic interaction is neglected, the base excitation
for the soil-structure system is taken as the free-field
ground motion at the surface of the sedimentary basin.
The degrees of freedom of the coupled system are the rela-
live displacement of the structure, X, the displacement of
the foundation base relative to the ground motion, X, and
the rocking of the foundation, ®.. It can be demonstrated
that the matrix equilibrium equation of the coupled system
in the frequency domain is given by’

g A ; K. 0 0 . 0 0
these deposits,” the seismic response of the sedimentary
basin can be evaluated by using a single soil siratum over 0 Ky Oj+iw] 0 G O
an elastic half-space under vertically incident shear waves. “ j I\
Site effects are accounted for by the transfer function of the 6 0 K 0 0 G
site, which relattes the ground motion at the surface of the M, M, M(H, + D)
sedimentary basin to that at the outcropping of the bedrock.
According to the one-dimensional theory of shear wave —?| T M, M, MAH,.+ D)
propagation, this transfer function can be written as’ 5
Q Xs cos Tw :i- i T -1 (1) Me(He+D) ME(HE+D) Me(He+D)
= —= _— I —— :
Xy 2w, Ps 2 X M,
where o =.21n"Ts is the fundamental frequency of the soil x{ X, 5 =uwX, M,
layer, in which
4H P MJ(H.+D
Ts= Tl (2) c e( e )
Bs 4)
102 g
e FAYANDU
» S ¥, W—
10 e '
- 160 % ’/ <~ |.-2
it N
< 10 ‘é’l Subdugtion \
5 . ———=— Corlinentol plate -’._
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Fig. 2, Fourier amplitude spectra of acceleration for the 1985 Mic
Mexican sei

hoachan earthquake and the design earthguakes considered in the
smic code.
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where K, =4m*MJ/T? and C,=4n# M,/T. are the linear
stiffness and viscous damping of the structure, respectively.
The supporting soil has been replaced with the linear
springs K, and K, and the viscous dashpots C, and C,
comresponding to the trapslational and rocking modes of
vibration of the foundation, respectively. The coupled stiff-
ness and damping of the soil are iirelevant for practical
purposes, so they have been neglected. Linpedance func-
tions are strongly dependent not only on the excitation
frequency but on the foundation and soil characteristics
as well. The springs and dashpots used herein are taken
from tables'® constructed rigorousty by applying an effici-
ent numerical technique based on. the finite element
method.'! Dynamic stiffnesses were computed considering
a rigid bedrock, because they belong more to a vibration
problem than to a propagation one. Even in the case of
shallow strata, results obtained under this assumption are
accurate enough for engineering purposes.

Eqn (4) may be rearranged to simplify the solution.
Dividing the two first rows by ’M, and the last one by
w'MJH, + D), this equation can be written as

where w, = 2x/T, is the fundamental frequency of the fixed-
base structure, and wy, and o, are the natural frequencies for
the pure transiation and rocking of the rigid-assumed struc-
ture, respectively, which are defined as

2 Ky
Wh = M, 6
2 Kr
= 7
= M.H.+D) o

whereas Ee' = (w/e, )£, shr ={w/wp)§, and £ = {(wladk,,
in which &;, and £, are the damping ratios of the soil layer,
including both material and geometrical attenuation, for the
translation and rocking of the foundation, respectively,
which are defined as

Gy,

En= A (8)
G
" Rt DY @

Soil-structure interaction is accounted for by the transfer
function of the coupled system, which relates the structural
pseudoacceleration to the surface ground acceleration.
Solving the complex system of algebraic equations given

r 2
S +i28,)—1 —1 -1
[24)
w2
-1 M+ 28,1 -1
[
wz
—1 -1 —(1 +2¢.")— 1
- 5] _

by eqn (3), and after some manipulations, this transfer
funtction results in

cuf X,
T Wt X,

Q.

ey @ T LRAEE R — &)
=1|1 +l2£e bl 3T 3 73
OJe wh . 1 +4Eh
’ I3 Py r r -~ 1
_ o LHAEE +i2E £, ))
of 1+4¢7

For no soil-structure interaction, that is when wy, = @, =,
this equation reduces to -

2 2 -1
g.= (1—“’—-,+fzsei) (11
We

o X, e

which is clearly the transfer function of a single oscillator.

(10)

2.4 Spectral contours

To compute the structural response, the Fourier amplitude
spectrum of acceleration is determined as the product

X, 1
X, =X< 1 5
(H, + D&, t
Ae(w) =10, ()10, (w)|Ap(w) (12)

On the basis of this equation and the duration of ground
motion at the site, the expected peak structural accelera-
tions are obtained through the application of random vibra-
tion theory.'*!? Using the resuits of Boore and Joyner'® for
the oscillator response duration, the earthquake duration at
each site in the Valley of Mexico is estimated as

T DYT, -
wps + w2ES2DYT? + 1%,

where Dy is the equivalent duration of ground motion at the
bedrock, given for each of the assumed events.*

The response of the building is conveniently expressed by
means of level curves of equal peak structural acceleration,
known as spectral contours, in terms of the predominant
period of the site and the fundamental period of the struc-
ture. Speciral contours are constructed for a number of para-
meters reflecting the site and interaction conditions, as
shown in the next two sections.

D,=Dy+ a3

3 EVALUATION OF SITE EFFECTS

Examination of the parameters involved reveals that the
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T,=0.6 5 {VIV site)

Sa/g

Sa/g

T,=3.4 s (CAO site)

Sa/g

1.0 2.0 3.0 4.0 5.0
Te (8)

Fig. 5. Computed (solid line) and observed (dashed line) response
spectra for the 1985 Michoacan earthquake at several sites in
Mexico City.

So/g
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S W0 15 20 25 36 3% 40 45 50
T, (s)

Fig. 6. Varfation of the maximum spectral ordinate with the site
period for the 1985 Michoacan earthquake.

a=c, fT,<T,=<T, (15)

a= (5) o T, >T, (16}
T,
where a is the spectral acceleration expressed as a fraction
of gravity, r = 2/3 and | for the transition and soft zones of
Mexico City, respectively, T, and T, are the lower and
upper periods of the flat part of the spectrum, respectively,
and c is the seismic coefficient.

‘When the predominant period of the site is known, the flat
part of the spectrum is specified by the limiting periods

I, =0.64T,, for the transition zone 17D
T, =max (0.357,, 0.64s), for the soft zone (18)
T, =12T, (19)
while the seismic coefficient is specified as
1.6T,
- 2
‘Tivr 20

The seismic design spectra derived from the RCDF--87
recommendations are intended to cover not only the
resonant peak responses associated with the prevailing
site period, but those with the higher ground periods as
well. This can be confirmed by the comparison shown in
Fig. 7 between the spectral contours for the 1985
Michoacan earthquake and those obtained by applying
eqns (14)—(20), assuming that the boundary between the
transition and soft zones is at T, = 1.0s. The results for
the above-mentioned earthquake include a reduction factor

5.0

7
45t/ e /7
4.0} 7

35

5 >° S Zm IR

—

s / 9
204 2
1 5 2 /
1.0 2.0 30 4.0 5.0
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¥ig. 7. Comparison of the spectral contours of acceleration for the

1985 Michoacan earthquake (thin line) with those derived from

the provisions for site effects recommended in the Mexican
seismic code (thick line).
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Subduction

Continentol plate

1.0 2.0 3.0 4.0
Te {s)

50 10 20 38 40 50
Ty (8)

Tig. 8. Spectral contours of acceleration {Sa/g) for the design earthquakes considered in the Mexican seismic ¢ode.

of 0.4 adopted implicitly in the code. This coefficient is
intended, in part, to take into account the reserves of lateral
capacity usually referred to as overstrengths.” An additional
reduction factor, dependent on the site amd structure
periods, is considered in the code to estimate the inelastic
design spectra from the elastic ones. However, because
site effects will not differ significantly befween elastic
and inelastic systems, this study is concerned with the
elastic response only. It can be seen that the spectral con-
tours for design envelop appropriately the computed ones
for the great Michoacan earthquake. It is evident that the
width of the plateau increases with the site period, and that
its level undergoes reductions on both sides of T, = 2.0s.
The upper period of the plateau stipulated by the code is
farger than that suggested by the model; this is to account
for differences between computed and actual values of the
site period, and for nonlinear behavior of the soil.

Fig. 8 displays the spectral contours for the local,
continental plate, intermediate depth and subduction earth-
quakes considered in RCDF-87. Results include the scaling
factor of 0.4 discussed above. In terms of the maximum
speciral ordinate, the most dangerous easthquake would be
that representing the subduction group. Variations of the
maximum speciral ordinate with the ‘site period can be
obtained by drawing sections in the spectral contours
along lines with slope equal to one. Fig. 9 depicts the result-
ing curves for the four types of earthquake, together with

that for the 1985 Michoacan earthquake; the shape of the
seismic coefficient specified by the code is also included for
compatison. As can be seen, the resonant peak responses to
the selected design earthquakes are appropriately enveloped
by the code provisions. According to eqn (20), the threshold
of the seismic coefficient is ¢ = 0.4 at T, == 2.0 s; reductions
observed on both sides of this critical site period are more

5
——— Subduction
= ——- Continentol plate
—-—-- Interreetiote Jdepth
=~ -- Loeal

4L T — Lol e

Sa/g

10 20 3.0 40 5.0
T, {s}

Fig. 9. Variations of the maximum spectral ordinate with the site

period for the {985 Michoacan earthquake and ihe design earth-

quakes considered in the Mexican seismic code, compared with
the shape of the seismic coefficient specified by the code.
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pronounced in the range 7', < 2.0 s than in T, > 2.0 5. Even
though the seismic coefficient adopted for design was deter-
mined empirically, on the basis of some observations made
during the great Michoacan earthquake, the protection
provided by the code against site effects for other hypo-
thetical earthquakes having different causes seems to be
satisfactory.

In the light of the present evaluation of provisions for site
effects, it can be concluded that the seismic design spectia
adopted in RCDF-87 are reasonably conservative. They
were based on simplified envelopes of computed accelera-
tion spectra with modifications to aceount qualitatively for
effects due to factors not explicitly considered. Since code-
designed structures are expected to deform significantly
beyond the yield limit during intense carthquakes,-a more
comprehensive investigation would be necessary to eluci-
date to what extent site effects differ between elastic and
inelastic systems.

4 EVALUATION OF SOIL~STRUCTURE
INTERACTION

Whereas purely site effects are defined completely by w,,
ws, &, £, and p,, the evaluation of soil—structure interaction
requires the specification of additional parameters. The
parameters that have been identified are expressed

D/R=0, ¥ /R=1

conveniently as: M J(p,xR*H,) = relative mass density
for the structure and soil, », = Poisson’s ratio of the sofl,
D/R = embedment ratio of the foundation, H/R = slender-
ness ratio of the structure and R/8; = wave transit time: the
latter represents the time required for shear waves to
traverse the radius of the footing, and is a measure of the
foundation stiffness. '

The relative mass density was fixed constant at M,/
(psmR*H,) = 0.15, which is an average value applicable in
practical situations. At the transition and soft zones in the
Valley of Mexico, Poisson’s rativ varies slightly with the
site. Thus, the values of v, = 0.45, 0.47 and 0.49 were taken
as representative for site periods falling in the ranges T, =
15,1 <T,<3sand T, = 3 5, respectively. As the remain-
ing parameters control the interaction effects, they are
considered variable within practical ranges of interest for
Mexico City. -

The spectral contours with soil-structure interaction
computed for the 1985 Michoacan earthquake and R/, =
0.1 and 0.2 s age shown in Figs 10 and 11, respectively;
results are given for D/R = Q and 1/2 and H/R = 1 and
3. They provide valuable information with which the
influence of the principal parameters involved can be
evaluated readily, For any structure and site configuration,
the peak structural response may be assessed by directly
entering the appropriate chart with the fundamental struc-
ture period and the prevailing site period. It should be noted

D/R=0, H,/R=3

s

[

D/R=1/2, H,/R=t

VAl

1.0 2.0 3.0 4.0

Te (s

1.0 20 36 40 50
T, (s}

Fig. 19. Spectral contours of acceleration (Sa’g) with svil-structure interaction for the [985 Michoacan earthquake and R/B, = 0.1 s,



Side effects and soil-structure interaction in the Valley of Mexico

D/R=0, H,/R=1
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D/R=0, H,/R=3
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5.0

3.0 4.0
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Fig. 11. Spectral contours of acceleration (Sa/g) with soil-structure interaction for the 1985 Michoacan earthquake and R/, = 0.2 s.

that these spectral contours are valid for all combinations of
R and 8, for which R/#, = 0.1 and (.2 s. Thus, resuits of Fig.
10 are applied, for example, to a foundation with R = 10m
situated on a soft soil with 8, = 100 m s7%; for the same
foundation on a softer soil with 8 = 50 ms ™', results of
Fig. 11 are then used.

Interaction effects reduce when the wave transit time is
decreased. The limiting value R/S, = 0, for which there is no
interaction, leads to the spectral contours of Fig. 3 for site
effects only. The difference between these specteal contours
and those of Figs 10 and 11 refiects, of course, the effects of
soil-structure interaction. Because of the period lengthen-
ing by interaction, the peak spectral accelerations associated
with the fundamental mode of the site occur when the struc-
ture period is lower than the site period; the longer the site
period, the smaller the shift of the resonant peaks. Also, the
resonant peaks increase or decrease with respect to those
corresponding to the fixed-base condition, owing tc the
modification of damping by interaction. On the other
hand, the interaction provisions recommended in RCDF-
87 account for the effects on the period only, so that no
direct comparison with thesé results involving effects on
both period and damping is possible.

4.1 Variation of the base shear

It is known that soil-structure interaction affects

significantly the structure response only in the high fre-
quency spectral region, > that is, in stiff buildings with
typical low period. In very soft soils, however, interaction
effects may be quite important for medium and long period
structures too. This is because such effects are highly

b/R=0, H,/R=3

D/R=0, H,/R=1

Sa/g

[ S S S B . T | U1 Ll L L 1

D/R=1/2, H,/R=1

Sa/q

30
Tq {3)

3.0
Ty ()

Fig. 12. Response spectra with soil-structure interaction at the
VIV site (transition zone) for R/B, = 05 (solid line), 0.1s
(dashed line) and 0.2 s (dotted line).
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Fig. 13. Response spectra with soil-siructure inferaction at the
SCT site (lake zone) for R/, = 0s (solid line), 0.1 5 (dashed
line) and 0.2 s {dotted line).

dependent on the frequency content of the seismic excita-
tion, and because they depend, in reality, on the relative
stiffness between the structure and soil, and not only on
the soil flexibility.

Figs 12—14 exhibit response spectra with soil-structure
interaction for the VIV, SCT and CAO sites, respectively,
deduced from the speciral contours of Figs 10 and 11.
Results are given for D/IR = 0 and 1/2 and H/R = 1 and
3; site response spectra for no interaction are also included
for reference. It should be noted that response spectra are
plotted with respect to the fundamental period of the fixed-
base structure, and hence the resonant peaks appear towards
the left of the prevailing site period; the larger the shift, the
larger the interaction effects. Variations of the base shear
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Fig. 14. Response spectra with soil-structure interaction at the
CAO site (lake zone) for R/3; = 05 (solid line), 0.1 s {dashed
fine) and 0.2 s (dotted line).
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are of little practical importance at the VIV site of the tran-
sition zone, but are very significant at sites of soft zone,
being more pronounced at SCT than at the CAO site. In
general, interaction effects increase with the structure
height and decrease with the foundation depth, the influence
of the former being more important.

It can be seen that medium and long period structures
could be seriously affected by interaction. It is apparent
that reductions of the base shear arise in buildings with
fundamental period greater than or equal to the prevailing
site period. In particular, for the deeper foundation (D/R =
1/2) and the higher structure (H/R = 3) at the SCT site, the
response spectra for R/8, = 0and 0.2 s cross each otherat T,
= 1,65, For buildings with fundamental period lower or
greater than this value, large amplifications or reductions
of the base shear are respectively produced. Amplifications
may be of the order of 4 for T, = 1.0, and reductions
around 0.3 for T, = 2.0 s. In this case, the effects of soil-
structure interaction are relatively more important than
those of local site conditions. These results could explain,
in part, why medium height structures of 515 stories were
subjected to great unexpected actions during the 1983
Michoacan earthquake. According to a common rule of
thumb, the structure period in seconds is approximately
equal to 0.1 times the number of stories. This would place
these structures into the range of periods 0.5-1.5 s. Due to
soil-structure interaction, in addition to structural damage
and inelagtic hehavior, the structure period would increase
to become of the order of 1.0-3.0 s, very close to the site
periods at the most damaged areas of Mexico City during
the great Michoacan earthquake.

5 CONCLUSIONS

Site effects and soil—structure interaction in the Valley of
Mexico have been evaluated by using the one-dimensional -
model of shear wave propagation. To account empirically
for lateral irregularities and generated surface wave, some
parameters of the model were selected in such a way that
satisfactory fits of computed response spectra with abserva-
tions were achieved. The results presented provide valuable
information about the relative importance of both site and
interaction effects, with which it is possible to estimate
readily the influence of the critical parameters intvolved.

On the basis of the peak response of elastic systems,
expressed by spectral contours in terms of the fundamental
structure period and the prevailing site period, the pro-
visions for site effects recommended in the Mexican seismic
code were evaluated, being found to be reasonably conser-
vative. Code provisions reflect the fact that seismic design
spectra are strongly dependent on the prevailing site period.
Although the approach provides an efficient way of
assessing accurately site effects in elastic systems, it should
be extended to take inelastic behavior of structures into
account, so that deficiencies in code provisions are
identified and improvements suggested.
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In contrast to conclusions reached by other authors,
significant effects of soil-structure interaction have been
identified for medium and long period structures located
on very soft soils. In order of importance, the parameters
that contro} the interaction effects are: (1) the wave transit
time; (2) the structure height; and (3) the foundation depth.
Interaction effects are larger for a tall and slender structure
than for a short and squat structure of the same period, and
they decrease as the foundation depth increases. Soil—
structure interaction may produce either amplifications or
reductions of the base shear, depending on the spectral
period at which the response spectra with and without inter-
action cross each other. For buildings with fundamental
period greater than the prevailing site period, reductions
are always produced.

ACKNOWLEDGEMENTS

Thanks are given to F. J. Sanchez-Sesma for his critical
remarks and suggestions. This study was partiaily supported
by Secretarfa General de Obras de! Departamento dei
Distrito Federal. The authors are grateful for this support.

REFERENCES

1. Sanchez-Sesma, F.J. Site effects on sirong ground motion.
Soil Dynamics and Earthquake Engineering, 1987, 6, 124~
132.

2. Veletsos, A.S. and Prasad, ‘A. Seismic interaction of struc-
tures and soils: stochastic approach. Journal of Structural
Engineering, ASCE, 1989, 115, 935-956.

3

10.

H.

13,

Balendra, T, and Heidebrecht, AC. Influence of different
sites on seismic base shear of buildings. Earthquake Engin-
eering and Structural Dynamics, 1936, 14, 623~642,

. Rosenblueth, E., Ordaz, M., Sdnchez-Sesma, F.J. and Singh,

S.K. The Mexico earthquake of September 19, 1985 —
Design spectra for Mexico’s Federal District. Earthquake
Spectra, 1989, §, 273-291.

Departamento del Distrito Federal. Reglamento de Con-
strucciones para el Distrito Federal, Normas técnicas
complementarias para diseiio por sismo. Mexico, 1987.
Veletsos, A.S. and Meek, IW. Dynamic behaviour of
buiiding-foundation systems. Earthquake Engineering and
Structural Dynamics, 1974, 3, 121-138.

Avilés, J. and Pérez-Rocha, L.E. Evaluation of interaction
effects on the system period and the system damping due
to foundation embedment and layer depth. So#l Dynamics
and Earthquake Engineering, 1996, 15, 11-27.

Seed, H.B., Romo, M.P., Sun, J.L, Jaime, A. and Lysmer, J.
The Mexico earthquake of September [9, 1985 — Relation-
ships between soil conditions and earthquake ground
motions. Earthguake Spectra, 1988, 4, 687-729,

. Wolf J. P. Dynamic Soil-Structure Interaction. Prentice-

Hall, Englewood Cliffs, NJ, 1985.

Avilés, . and Pérez-Rocha, L.E. Resortes y amottiguadores
equivalentes del suelo. Boletin del Centro de Investigacicn S
fsmica {Mexico), 1992. 2, 22-81.

Tassoulas, J.L. and Kausel, E. Elements for the numerical
analysis of wave motion in layered strata. International
Journal for Numerical Methods in Engineering, 1983, 19,
1005~1032,

. Boore, D.M. Stochastic simuiation of high-frequency ground

motions based on seismological models of the radiated
spectra. Bulletin of the Seismological Society of America,
1983, 73, 1865-1894,

Boore, DM. and Joyner, W.B. A note on the use of random
vibration theory to predict peak amplitudes of transient
signals. Bulletin of the Seismological Society of America,
1984, 74, 2035-2039



