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FACULTAD DE INGENIERIA U N_A_M.
DIVISION DE EDUCACION CONTINUA

A LOS ASISTENTES A LOS CURSOS

Las autoridades de la Facultad de Ingenieria, por conducto del jefe de la

Divisién de Educacién Continua, otorgan una constancia de asistencia a

quienes cumplan con los requisitos establecidos para cada curso.

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

tengan un minimo de 80% de asistencias.

Pedimos a los asistentes recoger su constancia el dia de la clausura. Estas se
retendran por el periodo de un aiio, pasado este tiempo la DECFI no se hara

responsable de este documento.

Se recomienda a los asistél;t_es participaf activamente con sus ideas Y
experiencias, pues los cursos que ofrece la Division estan planeados para que
los profesores expongan una tesis, pero sot?te todo, para qdé ‘coordinen las
opiniones de todos los interesados, constituyéﬁdo yerdat;iero-sr sérﬁinqrios-

- . ' L .
Es muy importante que todos los asistentes llenen Y, entreguen su hoja de
inscripcion al inicio del curso, mformaclon que servira para integrar un

directorio de asistentes, que se entregara oportunamente.

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

cuestionario disefiado para emitir juicios anénimos.

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

sean mas fehacientes sus apreciaciones.

Atentamente
Division de Educacién Continua.

Palacio de Mineria Calle de Tacuba 5 Primer piso Deleg. Cuauhtémoc 06000 México, D F APDO. Postal M-2285

Teléfonos: 5512-8855 55125121 5521-7335 5521-1987  Fax 55100573 5521-4021 AL B
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PALACIO

CALLE FILOMENO MATA

CALLEJON DE LA CONDESA

GUIA DE LOCALIZACION

1. ACCESO

2. BIBLIOTECA HISTORICA
3. LIBRERIA UNAM

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

5. PROGRAMA DE APOYO A LA TITULACION

6. OFICINAS GENERALES

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

SANITARIOS

* AULAS

DiVISION DE EDUCACION CONTINUA

DIVISION DE EDUCACION' CONTINUA
FACULTAD DE INGENIERIA U.N.AM. %

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

CURSOS ABIERTOS

\

XXV CURSO INTERNACIONAL DE INGENIERIA SiISMICA

MODULO Il

DISENO SiSMICO DE PUENTES

TEMA

CIMENTACIONES RECTANGULARES

PALACIO DE MINERIA
AGOSTO DE 1999

“atacio de Minenia  Calie ge Tarunal Prifner prs: Deleg. Cuauhtemoc 06000 Mexico, D F APOG Fostal M-2285
Tetefonps 512-86%2% 592512v 523732t 52141887 Fax 510-0573 521-4020 AL 25



CIMENTACIONES RECTANGULARES

KR=‘(I[3K
donde :

o = factor de forma

f = factor de desplante

K = coeficiente de rigidez para una cimentacion
circular



Zapata
rectangular

Zapata
circular
2quivalente

Radio equvalente



RADIOS EQUIVALENTES

' TRASLACION

Ro = \‘.4BLIT.

ROTACION B
(FLEXION ALREDEDOR DE X)

71]4

[4BL (4B2 = 412)
R; = —

ROTACION .
(FLEXION ALREDEDOR DE Y)

3 1114
R _[(23) - (21|
o 3z |

TORSION

3 1/4
R _{(25)(21.) }
1= K




SHAPE T ACTOR, »<
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1

TORSION (2. -AXIS)

L/B

FACTOR DE FORMA
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'ELEMENTO A DISENAR: Columna 2 del puente’ T .

"PESO TOTAL: 774.18ton --—= -+ = - = ——o o —

* MASA TOTAL: 78.92 ton"fsz_/m_ L _h: ) _—_- _\_ _' “__—___j_:w
' E 14000 V250 = 2 2135 X 105 kg/cm2 —'22135 X 106 tof/m* ~ T 7T T ;

Rigidez lineal cn cl sentido de anélisis_ S -

|
Rigidez lineal del marco en direccion longltudmal y transversal considerando” I
que la columna glra en su parte superior=—" - et N

.. K,=856.03. S T

K, =35851

Estos valores se determinaron con la expresion : - - —---——— —— . . ... ————l

- ; e s B

R L. Kz%E:{._“ - ST _._“._: F ‘I

ngldez lineal del marco en direccion longitudinal y transversal sin consxderar | f
que gira la parte superior de la columna. - - R -

K(=3500.12

K, = 1434.04 ‘ B

Estos valores s¢ determinaron con ln expresion: - .. .. . . . _
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Periodo natural de_vibracion___

e

I El penodo natu1a] de!vxbracmn dewla cstructgra sc:obtnene al, a_lpllcar la’

T ~—sx_gmentc: expresmn }—!—,_J
S B L T D

R b=
':_E—;—,“_ ""',*_T—z‘z?'\/; S
RS S A S . ¥ U R

i
SR N S N
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- donde m es 1'1 masa trlbutarla“‘ -

—_— e — . _— ——

. Con base en lasri gldeces calculadas dnterlormentc se obtlencn los sngmentes
' periodos, asi como sus respectlvos c’oeﬁcxentes de accleracmn del terreno.’

~  a)con los valores de ngldeces que consideran; g1r0 enl el extremo superlor =

I ,_.Tx:_l 89 S s _‘_;ao =_0.42

. Ty=295s E.f%“ﬁf&?l

 T=094's a2, = 0.60
—i —Ty=147 s - —-—jay=048
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Fuerza lateral equivalente “P”,

La fuerza lateral equxvalente que se apllcara a la estructura se obtxene con'la .

, 7. expresién: L A o ;J
A

donde W es el peso de la masa tributaria, a, es el coeficiente de aceleracion .
del terreno y Q'es el factor de comportamiento sismico.’ Con esta expresxon se
tiene que para:

a,=0.42 P, =162.5% ton B

a, = 0.34 P,=131.6] ton E

a, = 0.60 . Py=23225ton -

a,=0.48 . Py =185.80 ton ‘

Nota: Los cocficientes de aceleracién del terreno se determinaron segun cl e: pcctro de .

disefio correspondiente a la zona sismica v al tipo de estructura. | - | -
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; DIAGRAMA DE_MOMENTOS, METODO SIMPLIFICADO =~
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bIAGilAMA DE_FUERZAS CORTANTES, METO:DO‘ SIMPLIFICADO ,
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METODO DE LA CARGA UNIFORME

. 'Caracteristicas generales - T —
LONGITUD TOTAL DEL PUENTE: 208.8m- - -~ - . - - .. A

_PENDIENTE LONGITUDINAL: -0.01 .. _ ... . . . . _

'~ ..~ .SUBESTRUCTURA: CONCRETO REFORZADO. - - - e

- - 'SUPERESTRUCTURA: ACERO A-36 ~ - — ————n . -l .l ¢

~- - -Caracteristicas- de los-elementos estructurales - - i

L ) _ ALTURA(m) _ _ _PESO(ton) |

"PILA2 - T o 59400 - - —o- < — 725850~ - —'—--

~ PILA3 ‘ $7.20 C T 695.676
_PILA 4 3040 o 463.372. 1
_ . . LONGITUD(m) .. . _ PESO(ton)..__ _. _

-~ - -SUPERESTRUCTURA . . _ 208.80 - ... - ... 2641278. __ __

!
I

- © PESO TOTAL: ~4526.176 ‘ton~- = =

- - - - - - —-———— . . -— - p— . —— e — ————
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Anallsls transversal o _ .
i S R
1 RIGIDEZ DE LA ESﬂ{_IJ_Q_’LI{RA N

lu_szarigidez de iakcstt"‘uctura_sg:___c_al‘cul_acgn: L l'

L K= (DL /A -
oo o S em e o _
T T O S B

IdOﬂdB" ;

K ngldcz deila cstructura, en ton/m. ) L ___ﬁ_

'
F

|
i
T
]

L Longltud de la supcrestructura enm.

; ! umformcmcntc rcpamda enm.

o= e e o—

T Carga umformt:mentc repamda sobre la supcrestructura, en tonfm——— -

i
i

P — ‘. A~ DcSplaz.amxento maximo.que sufre la estructura en Ia d1recc1on dc la carga_ .

_: Se neces:ta obtener ¢l valor de la carga uniformemente. rcpamda ( ® ), que produzca un ;o

| R desplazamiento. maximo unitario ( A =1 m), entonces: SR ,

BRI
| . |
S T T S S
. I — = _
b é 1 m

103- 120 788 ton/m S

o E—20880m T

!
|
1 | i
1 !
i ! ! .
' :
' '
a— —_—— e
'
- a = -
' 1
- - il
t
I
' I
1 . -
i .
' .
' :
'
!
.
!
1




-

I\ ~———Por lo tanto cl valor de la rigidez es: — - — e - -

L K=1M 53 tonm
L ) ) B i'

2. PERIODO DE LA ESTRUCTURA. e e e S

El valor dcl pcnodo dela estructura sé caleulacons . T -

T T=2n [m / K]“2 e

R e
—_—— ) . el . ol el . i} ]
T - Periodo de {a estructura; en s. T T ST

__m - Masa de la superestructura; en ton- 52 /m. _

] |
7~ 7 K-Tigidez de la estructura; en ton/m. T T T T
ot o T T o T T e T
_ e —
__ Pamala masa m o
. m APeso dc la supcrcstruclura /g =2641 278/9 81

I m ="269.243 ton:s’ / m:
T T K = 2522053 ton/m— —

— - - - . - — e ar e e o f— o ———— e -
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!f"a‘”' 3. COEFICIENTE SISMICO - T T T P ]
Lo ) et Y SN SV A A
. Con el valor del pcnodo oblcmdo (T=10.049 s ), sc cnlra al cspcclro de disefio para‘ o
. ", obtcner el valor dcl cocﬁmente snsmlco (o)l A51 T _‘ T T —‘—l"—.—
T T —r R
A R
A [
;”fﬁf'Wq‘fj“'a"07Nf“m““ﬁ b
S S A L N

E“L_" ST R
i _FACTOR REDp_C'QVQMPQg DUCTILIDAD. T
o ; A
F_“._ﬁ.._f.__ B R “_*f"—!'"_
a) Q’=1+(Q- 1)T/T-~-siT<—5%
M@= s TR
' i ww_“fm' L
o o
| A

———— . ———— — e —



_ Capxtulo de Disefio por Sismo ). Por lo tanto:

" 5. FUERZA LATERAL EQUIVALENTE.

U sy e -
woor——_.._En.estecaso: Q 'Q‘.“ _va que. T=0.649 >_T,=0 —
' T T
S o i

Donde Q=2 debido a que la resistencia a las fuerzas laterales es suministrada por pilas de
una sola columna de concreto reforzado ( Manual de Dlseno de Obras Civiles. CFE,..._ ‘__

T e o

La fuerza Iatcral equxvalentc sc abtienc con:

P= (a/Q’) w -

donde: o

‘o - Cocficiente Sismico = 0.721

Q" - Factor reductivo por ductilidad = 2 -

W Pcso dc la st_cEtch:__tura = 2641 278 ton ! _
o i BN R
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. - . —- -~ Por lo tanto el valor de la fuerza lateral- equivalente es: -

P 952 1807 ton"—“'“ | T
— N SO S B el S
el e - e — —————
i - e T
~ Laquese transfomm auna fuerza umformemente dlstnbmda equwalcntc o
) if . f _H__'_-’_'_‘ I I
T
; -
e - , o - __'__I__
donde: ‘ T e 1—
- __.:__ —
_P- Fucm latcra[ 952 1807 ton ___i___ - ', -
. 'L - Longitud del puentc-=—208.80 m e - :——-
| R
ST S -
Por lo tanto: o |l
- N
- — j__ —

.. | ..co,eq,— 4.56 ton /m_._-_.-- .
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S Aﬁélisis longitﬁ'&iﬁéi_: i

- 1. RIGIDEZDE LA ESTRUCTURA. -~ - = e

-+~ Larngidez dec la estructura's¢ calculacon: -~ 0 o o e e

o KeeLiA

. ‘donde: N S

K - Rigidez de la estructura, en 'ton/m. - it

© - Carga umformcmcntc repartlda sobrc. la supcrcstructura, en ton/m

1

L - Longitud de la superestructura; en m. R S

A - Desplazamicento maximo quc sufre la estructura en la dlI‘CCC]OIl dela carga

. = —-— - -uniformemente repamda en ‘m, T e

Se nccesita obtener el valor.de la carga uniformemente repartida (@ ), que

. i ‘desplazamiento maximo unitario (A =Im ),entonces: i i |

|
! ' ' | '

L A=;1 mo R
T @= 196142 ton/m- T T

"EL"= 208.80m - '_'E'__f__‘f

T

I ! t
! ! :
]

e
i
[
|




_____Porlo tanto ¢l valor delarigidez es: _. —- ——

e e e — e —— e ——— . ———— e —

| ' A '
o ' Lo )

%_ _Km :l _0_95 445 tﬁil_/lﬁ':'_“ i

X PERIODODELAESTRUCTURA C A S S

l ! : : ' , . !
. ' 5 '. ' ' i i H : !

..El valor del pcnodo de la cstructura se calcula comoi. i il

‘ T "'”—_'"___f_”"hf'"_f'ffif:ffii
S T gn [m/K—}lﬂ—-———,_ e

. T —Periodo de la estructura: en. s. . _ R N S . '

—_—— ; : |
. SR l L ; .
_'ETnIMasa.dc la superestrucura; én"ton- §*/m. T T T T T
P B - R . I J R S S SR S
B _. K R1g1dczdc la cslru_c_lqrg_gn_ﬁo‘n/m o ’,_1___ - __'__l_
R S S U S S S
.
—_— e e ] S _
. Paralamasa m: . R : i |
o i ST R N
m = Peso de la superestructura /g 2641 27819, 81 |

; e e s 26924'3—ton-s-/m-——r—————

ok 4095 445 ton/m
o — e _,_._?__, L |

Al
|

|
|
-
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s — e
b e L . L -
g‘ Por io tanto cl valor del pcrlodo de la estructura es: o
R o R
! ; : ; 1
T T 5 T T
i T -~614s—-—~——-_\ S
[ T T T T L T T/ T
R I T T T T
] S S
"7 73, COLFICIENTE SISMICO: ™ = = =" === ——— === o e ——

Con el valor del periodo obtenido ( T = | 61 s. ), s¢ cntra al cspectro de dlSCI]O para obtener .

—- —el valor del coeficiente sismico - { o )rAsi: —-—— -— — —— - -— - i

|

o . 0=0458 - - . . . .. _

4. FACTOR REDUCTIVO POR DUCTILIDAD. - )

) Q=1+(Q-1)T/T, ; si T<T,"

b Q@=Q i T>T, T
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— Capltulo de Disefio por Sismo ) ‘Por lo-tanto:- - --—— :

., T T T e W Ry - T
' En ‘este caso * Q — \ yaque T 075>T"0

. T . 7 . . ) B L ! ’
Donde Q =3 dcbido a que la resistencia a las [uerzas laterales es suministrada por marcos

.de tres columnas de concreto reforzado ( Manual de Dlseno de Obras Civiles. CFE,

:'5 FUERZA LATERAL EQUIVALENTE. o

"La fuerza lalcral cqmvalcnte se obtlcne con:

_donde:, . —

¢ - Coeliciente Sismico = 0.458

Q- Taclor rcduclwo porduct{hdad =

-W—Peso de la superestructura =-2641.278-ton. - — — .

‘ .
1 .
1
!
i .
: :
i i
. i
1

ey




Por o tanto el valor de la fuerza faeral oquivalentecs:
-~ P:=.403.2351 ton._.... .

La que se transforma a una fuerza uniformemente distribuida equivalente:

‘— o i : i . h B T B _Oj eq =— P /_: T B T

P - Fuerza lateral = "403.2351Ton - it B

__ L - Longitud del puente = 208.80 m o _; _.___ S

N POI' 10 tanto': - h h tTTt T o —-———-——r'

Weq. = 1.93 ton/m - 0
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METODO UNIMODAL DE ANALISIS

La ecuaciéon que nos permite obtener la carga lateral deblda a sismo es la
siguiente (ec. A). » '
. Pg(x)zcs*-g*w(x)*v,(x:) S S —'
Yo CE S
' , !
- - — " i
donde: . T
C, = a/g, ordenada del espectro de disefio correspondiente, entrando al
espectro de disefio con el periodo T
B = factor de distribucion de desplazamientos debldos a la carga umforme-
mente repartida
v = factor de desplazamiento maximo debldo ala carga umforrnementc ;
repartida : | L o _ i
| o SRR B
w(x) = carga uniformemente repartida o )
: : IO
~ vs(x) = distribucién de desplazamientos I .5—"@
IR
I i
O S
T T
et ]
Ll
_ —.—.I————-l




En primer término se aphca una carga unlformernente repamda Po=1 t./_m El )
analisis del .modelo, construido con el programa SAP90 proporcxona la
siguiente: dxstrlbucmn de desplazamlentos w I T

l
|
ESPLAZAMIENTOS

1

o

o

A N B
i | -

:
|
l
|
]
I
I

_u LONGITUD DEL PUENTE | . e

j Ifactor se obtxer-le_énl::l—sx‘gtilgnte ecuacmn o —.—ﬁ o 5_ o

o o o R

1 4 J‘V\(X)dx - _-"_ -

‘ "integrando numencamegteipara nuestro ejemplo S T

a=10.795/100)*(0+0.1386+0.2726+0.3981+0.51 1 8+0.6476+0.748 1 +0.8089+

- +O 8279+0 8053+0.7413-+0.6389+0.5028+0.3903--0.2670+0.1357+(}) —-hi—- —

- . - C e e - - - - ._L-.u.__.uﬁ_.__ - . ﬁ___i_.i___

_. _ Lo - _ . R . - Y U S ._,._._‘ _f_,_
_ 0=0.8457 | o i"r

. ____i__._

—_ —_— E——-«—- - m-—.‘i—-l-—

- = - T - e

_ e . IR o
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) Antes de proceder con la solucmn de la ec. A, necesxtamos cqnocer lo

‘ SIguxente

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

donde

- w = carga uniformemente repartida de (superestructura)—- ——— -

Iongltud total del puente

S W= (1265 t/m) (20880m)~ - e =

- W=2641.32¢t .. . _ :

) Carga total Iatcral (Po) S T

P, = po*L Lo o

_ pe - carga unitaria uniformemente erartlda a

L longltud total del puente - o
= —Pg=(1t/m)* (208.80m) - - - - C— e — e
f '_' P,=20880 ¢

ngldez(ko) T T — o T

P, - Carga total lateral

A - desplazamiento maximo debido a la carga unitaria pg=1 t/in -

A
0
1
1

N
i



CCélewlodey
7 = WD) e = R

w(x) - carga uniformemente repartida debida a la superestructura- —m e

. vs(x) - distribucion de desplazamientos unitarios_ -

vi(x)=A

y=(12.65) * (0.008279) * (208.80) - = - - - — o= - oo

. .y=041810 . . . L o

T U Céléulodep LT T T T T e o

- b= el

.. B=(12.65) * (0.008279) * (208.80) o o
. B=2186 o o o

" Sustituimos en'ecuacion(A) - - - e -

- 21.86.. o |
P(x)=0.72% *(12.65) * (0.008279 S i
- PAm=0 0.1810. @ H)( _ ) e |

o
P =9.11¢m A

" Considerando un factor de ductilidad Q'=2, La carga lateral por sismo que se- -
- - aplicard al modelo serd: - - - - - C e o _

- 9.11 S T T

— - =" R
: . .

- - - .~ Hdo=456tm]| - ..



DIAGRAMA DE MOMENTOS, METODO UNIMODAL -

SIN CONSIDERAR EL PESO PROPIO DE LA ESTRUCTURA

389.51 ton*m

DIAGRAMA DE CORTANTES

(-)

43.51 ton

2099.26 ton*m -

58.14 ton "



DIAGRAMA DE FUERZAS AXIALES

921.51t

1084.62 t

12586 t ()

144331t

DIAGRAMA DE MOMENTOS TORSIONANTES

0.84 ton*m

0.84 ton*m




VIETODO UNIMODAL
DESPLAZAMIENTO MAXIMOLN LA PILA 2




DIAGRAMA DE MOMENTOS, METODO UNIMQDAL

CONSIDERANDO PESO PROPIO DE LA ESTRUCTURA

389.51 ton*m N\

(+)

2099.26 ton*m
DIAGRAMA DE CORT ' NTE~

43.51 ton

(-)

58.14 ton




~ DIAGRAMA DE FUERZAS AX-[

T e |1
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DIAGRAMA DE MOMENTOS TORSIONANTES —

- - 0.84 ton*m-
- 10.84 ton*m -
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CUADRO COMPARATIVO PARA ANALISIS TRANSVERSAL

SIMPLIFICADO ESTATICO UNIMODAL
SIN GIRO CON GIRO. .
PERIODO (seg) 1.17 2.36 0.649 0.649
CARGA EQUIVALENTE (tonrmy 31.45 21.73 6.093 9.18
MOMENTO FLEXIONANTE EN LA BASE DE LA PILA (ton-m) -1141.98 -1242.96 -2805 -4226.14
_[FUERZA CORTANTE EN LA BASE DE LA PILA {ton) -31.45 -21.73 -58.14 -87.59
E—EEPLAZAMI‘ENTO MAXIMO (cm) 3.44 6.51 5.04 76
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CONCEPTOS BASICOS

Foco y epicentro

Desde la formacién del sistema solar, los elementos que constituyen a la Tierra
comenzaron 8 acumularse los mas pesados en su centro y los més ligeros en la
superficie, de'tal manera que su estructura quedo constituida por capas de diferentes
densidades. La parte mas superficial llamada corteza, se divide en corteza oceénica
forrmada por rocas méficas (basalto y gabro) que tiene un espesor promedio de 10 km;
y en corteza continental constituida por materiales mas ligeros como andesitas y en
mayor cantidad por rocas siélicas {granitos) formando espesores promedio de 40 km.
La corteza se apoya sobre rocas ultrarnéficas rigidas y mas densas (peridotitas) que
constituyen a la litosfera {con 100 km de espesor) la cual se divide en siete placas
mayores {en total unas doce placas) conocidas como placas tecténicas (fig. 1}, que
se apoyan a su vez en rocas parcialmente derretidas debido al calor y a I3 presién a
la que estadn sometidas. Estas dltimas forman parte de la astenosfera (fig 2). El calor
producido por el decaimiento radiactivo de los elementos del interior de la Tierra,
genera corrientes de conveccién ocasionando que estas placas rigidas de la litosfera
‘naveguen’ sobre la astenosfera a una velocidad medible de varios centimetros por
ano. El continuo y lento movimiento de las placas produce concentracion de esfuerzos
en algunas zonas de las fronteras donde se atascan y no permite el deslizamiento
entre ellas. Un sismo se genera cuando se libera la energfa acumulada en esas zonas,
esto es, cuando la energla que se acumula es mayor que la que pueden resistir las
rocas que constituyen a la corteza y/o la litosfera, produciendo un sUbito rompimiento
y consecuente deslizamiento. Al lugar en donde se produce esa ruptura se ie llama
foco. A su proyeccion en la superficie se le conoce como epicentro. Algunos sismos
se generan también cuando hay erupciones volcénicas, deslizamientos de taludes o,
incluso, son generados por glgunas explosiones realizadas por el hombre.

Los movimientos entre placas son de tres tipos:

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

Convergentes o de subduccién.- Cuando dos placas tecténicas chocan unacon.a. /a3
y debido a ello, una de ellas se hunde. En estas zonas se destruye la corteza ocesnica.
El 80% de los sismos ocurren a lo largo de estas fronteras.

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

En las zonas de transcurrencia y divergencia ocurren el 5% de los sismos, el otro 5%
se genera en zonas alejadas de las fronteras entre placas.
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Fig. 1 Placas tectdnicas de la Tierra. Las flechas indican la direccién en la que se
mueven las placas (Alt, 1982).
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Fig. 2 Seccion esquematica de la pane externa de la Tierra {Alt, 1982).



Propagacion de ondas (ondas F, S y superficiales)

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

1 (1)
"fg{"u"‘y] ’

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

o, =Ae,d +2pe, (2)

siendo d; la delta de Kronecker (=1 si i=f; =0 sii#)), ijk = 1, 23 y A, y las

constantes de Lamé. Empieando la segunda ley de Newton y despreciando las fuerzas

de cuerpo, la ecuacion de movimiento en la direccién x, puede expresarse de la forma
p£j=c... {3)

¥

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

pU={A +p)V(Vu)+p Vu (4)

Las ondas de cuerpo se dividen en;

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




donde 4 y & son las constantes de Lamé y p es la densidad del material.

Ondas de corte que tienen un movimiento perpendicular a 1a direccién del movimiento
generando esfuerzos de corte en el material por el que se propagan. Por esta misma
razén, este tipo de ondas no se transmite por fluidos. Son las segundas en ser
detectadas, por ello se les conoce como ondas S o secundarias. Se propagan con una

velocidad £ dada por
B=, l £
p

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

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

Si se supone que las ondas son periodicas con dependencia temporal dada por e
dondei = (-1} y w = frecuencia angular, el movimiento dilatacional asociado a las
ondas P que viajan a una velocidad a queda descrito por

(A +2p)‘;ﬂ(V‘u) +pm2Vu =0

y el asociado a las ondas S que tienen una velocidad de propagacién 8 esta dado por

B V(Vxu) + p 02 Vxu=0
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Fig. 3 Diagrama que ilustra las formas del movimiento de las particulas de la Tierra
cerca de la superficie cuando se propagan los cuatro tipos de onda (Boit, 1976),




Fig. 4 Frente de onda plano. Polarizacién de las ondas S en ondas SH y SV.

v

AR

X =A sen ot

w!

Fig. 5 Onda monocromética. A representa la amplitud de onda y A su longitud de
onda. w es la velocidad angular o frecuer.cia angular del movimiento arménico que
tiene una particula p que se mugve describiendo un circulo.



La ec (4) proporciona una regla general que debe cumplir toda funcién que describa
un movirniento ondulatorio. Esta funcién puede ser un pulso o una senal registrada en
un sismograma. Para facilitar la interpretacién y manejo matematico en el estudio de
la propagacion de una sefial arbitraria, se considera que esta se puede representar
como la suma de un conjunto de funciones arménicas (principio de superposicién) que
cumplen con [a ecuacién de onda (ec {4)) y observar la accion de cada sumando por
separado. Basandose en el desarrolio en series de Fourier (Newland, 1980}, una sefal
se remplaza por la suma de funciones trigonométricas seno y coseno. Esta forma de
representar sefales facilita mucho la interpretacion de los fenémenos en la propaga-
cion de ondas pues en estas funciones es facil identificar el periodo T {=4/8), la fase
y la longitud de onda A y obtener su relacion con la frecuencia (f=1/T o frecuencia
angular w=2rf} y velocidad de propagacion o velocidad de fase {(8=A4/); ademas su
empleo en forma de funciones exponenciales facilita mucho el manejo matematico. En
la fig. 5 se presenta la trayectoria que tiene una particula con movimiento armoénico
v la nomenclatura de algunas de {as caracteristicas del movimiento comentadas arriba.
Por esta razon, en el estudio de la propagacioén de ondas sismicas se trabaja con
espectros de frecuencia. De esta manera su manejo e interpretacién es mas sencilio.
Los espectros se obtienen al pasar ia serie de tiempo del movimiento al dominio de la
frecuencia por medio de la transformada de Fourier (espectro de Fourier) que se basa

en los conceptos descritos arriba. Con base en estas ideas es posible pasar del

dominio de la frecuencia, al del tiempo. Las transformadas de Fourier que se utilizan
son {Newland, 1280)

Fo)= [ fin) e ™t (9)

f(r)=—21; -f Flo) edo (10)

donde Ffw) y fit) son funciones que representan al espectro de Fourier y a la sefal
respectivamente.

Reflexién, refraccién y difraccién

Cuando una onda plana (que se propaga von un frente de onda plano 2 lo largo de
lineas paralelas denominadas rayos) incide con amplitud A,y angulo g, en una frontera
Que divide a dos medios (medio 1 y medio 2), parte de su energia {4, se refleja con
el mismo dngulo con el que incidié (&ngulo ¥,), Y la otra parte (4,) penetra en el otro
rpedio modificando su direccién en un dngulo y, con respecto a un plano vertical {ver
fig 6). El &ngulo v, (dngulo de refraccion) esta relacionado con el angulo de incidencia
(Srz) y la velocidad de propagacién en los medios 1 y 2 de la siguiente manera {ley de
nell}, :



semYs I (11)
cy €y

donde ¢, Y ¢, son las velocidades de propagacién en los medios 1y 2, respectivamen-
te. Otra manera de interpretar este resultado consiste en reconocer que la velocidad
de fase aparente a lo largo de ia interfaz de todas las ondas involucradas en la
reflexién y refraccién se conserva. Las amplitudes A,y A, con las que se propaga
dependeran de !as condiciones de compatibilidad (o condiciones de frontera) de
igualdad de desplazamientos y esfuerzos en cuaiquier punto ubicado en la ffontera de

ambos medios.

MEDIO 1

MEDID 2

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

Un fenémeno importante en la propag: <i¢ de ondas es la difraccién. Muchos de los
fen6menos que se observan en la realidad son debidos a esta y no pueden ser
explicados considerando que ias ondas se Jropagan unicamente 2n forma rectilinea
de acuerdo con las leyes de ia 6ptica geométrica. La difraccién es |a desviacién en la
direccién de los trayectos de las ondas pues estas tienden a bordear los obstaculos
qQue impiden a3 una parte de un frente de onda continuar propagandose (fig. 7). La
primera interpretacién ondulatoria de la difraccidon se debe a Thomas Young quién
decia que "la difusion de la amplitud {de las ondas} estd acompaiiada de la variacién
de la fase de oscilacibn. De esta manera, a medida que se propaga el frente
ondulatorio tiene lugar una nivelacion o una ‘disipacion’ de la distribucién heterogénea
de la amplitud en el frente ondulatorio” {Landsberg, 1976}. Young partia del concepto
de la propagacidénrectilinea de las ondas, concepto que tiempo atrds habia introducido

WA



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

y
(a)
oP
(v} B
o P
(c)
N WP
(d) B )
A

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



El fenédmeno de la difraccién depende de la longitud de onda 4, de las dimensiones del
obstaculo d y de la posicién y distancia a la que se encuentre un observador. Los
parametros de una onda que se ven afectados son su amplitud y su fase. El problema
se reduce a encontrar esos valores. Es conveniente considerar a la difracciéon como
ondas emitidas por fuentes ficticias ubicadas en los lugares donde se genera y aplicar
los conceptos de la teorla de rayos para estas ondas. Esto implica que el punto en
donde se miden sus efectos se encuentra lejos de la fuente 0 que las ondas que se
analizan son de alta frecuencia. Considérese por ejemplo un frente de onda al que se
le interpone una pantalla opaca que tiene dos orificios (fig. 8); para un observador
ubicado lejos de la pantalla, la amplitud y forma de las ondas que le lleguen estardn
dadas porla suma de las ondas consideradas en forma independiente "emitidas” desde
cada orificio. La fase con la que llegan al punto de observaciéon depende de las
distancias entre los orificios y el 4ngulo que forman con respecto a3l observador. La
diferencia de fases entre las ondas emitidas por los distindos orificios estd dada por

a(6)=kd senb (12)

donde k =w/c, w="frecuencia circular y ¢ = velocidad de propagacién. La amplitud total
de la onda A(8} que llega a un observador ubicado a un dngulo & con respecto a la
normal de la pantalla, se obtiene al sumar ias ampiitudes 4_(8) de las ondas emitidas
por cada fuente (que se consideran iguales) tomando en cuenta su diferencia de fases
a{f). En una pantalla que tenga varios orificios separados una distancia d uno de otro,
la amplitud A(6), siendo escalar, admite una construccién geométrica, y se obtiene
como se indica en la fig. 9, resultando

) Isen“IaN‘!(a)”
A(8)=4,(6) sen[1/2a(8)) |

donde N=numero de orificios. Si se define a la intensidad ®(8)? = (4{6)/4.(6))%, se
puede obtener su variacién dependiendo de A, de la distancia o y de 8. En Ia fig. 10
se presenta la variacién de la intensidad de un frente de onda cuando atravieza 2y 5

orificios {Main, 1878},

De acuerdo al principio de Huygens se puede obtener el campo total difractado dehido
a la presencia de una ranura de dimensién & en una pantalla fi_, 11) consideranco la
suma de los campos de ondas emitidos por un namero finito de fuentes ubicadas a lo
largo de la ranura. Si se tienen muchas fuentes, el diagrama co’ .espondiente para el _
calculo de la amplitud A(8) dé por resultado un arco de dngulo £ (fig. 12) donde Amax
es la longitud del arco. Considerando que el radio del arco es igual a Amax/F o a
Ac/(2senf/2} donde Ac es la amplitud de las ondas emitidas por cada fuente. La
intensidad ®(8)° se obliene como

cs(e)z_{ A, )2_|senB12F
Amas) | BI2 |
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Fig. 8 Difraccién de ondas que inciden en la cara izquierda de !a pantalla. Para un
observador ubicado a gran distancia Yy a un angulo & con respecto al centro de la
pantalla, las ondas difractadas que le llegan se pueden considerar como ondas plana’_s'
que se encuentran desfasadas debido a la diferencia de distancias que recorren {(Main,

1978). \\

Fig. 9 Célcuio de la amplitud A{f)para un punto ubicado a un angulo 8 con respecto
a la normei de la pantalla, que en este caso contiene N orificios. g es la diferencia de
fases entre dos orificios consecutivos.
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~19. 10 Gréficas de intensidad ®? contra fase ¢ de las ondas dofractadas debido a ia
presencia de una pantalla con (a) dos orificios y (b} cinco orificios.
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Fig. 11 Difraccién provocada por |a presencia de una ranura de dimensién a en una
pantalla. Para considerar Ia difraccion en este caso se colocan varias fuentes
distribuidas a lo largo de ra ranura. El patrén de ondas planas que generan las fuentes
se presenta a !a derecha cuando el observador esta ubicado a gran distancia. En la
figura sélo se dibujaron las fuentes de los extremos de |a ranura {Maiin, 1978).

N

A

mai

o

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



La intensidad tiene valores nulos cuando B8 =2nr,4n,6n,..., esto es cuando
=~ mn/ka=Ala, donde m es par. De aqul que la difraccién sea més importante cuando
es mas pequena la ranura de la pantalia y/o cuando la longitud de onda es grande

(frecuencias pequenas).

El nimero de fuentes necesarias para la construccidon adecuada de un frente de onda
plano dependerd de |3 longitud de onda. Esto es, el numero de fuentes se deberd
incrementar cuando la longitud de onda crezca, por esta razén, mientras mas fuentes
se consideren por longitud de onda, se tendrd mayor exactitud en los céalculos. La
amplitud correspondiente a cada fuente se obtendrd de la solucién de sistemas de
ecuaciénes que se forman al considerar las condiciones de frontera del probiema que

se analice.

Sismdmetros y acelerémetros

El detectar y registrar las ondas sismicas implica un problema interesante, ;como
medir el movimiento cuando el punto de referencia utilizado es el que se mueve? La
solucién consiste basicamente en suspender un peso de un resorte, el cual a su vez
estd sujeto a una base. El soporte o base es asegurado al cuerpo cuyo movimiento se
va a medir. El movimiento relativo entre la masa y la base, registrado en un cilindro
que gira o a algun otro dispositivo colocado dentro del instrumento, indicard el -
movimiento del cuerpo. Los sismémetros son los intrumentos mas antiguos que se
utilizan para registrar las vibraciones del terreno. Los acelerébmetros miden las
aceleraciones del terreno. Escencialmente utilizan el mismo principio de los sisméme-
tros pero en lugar de tener resortes blandos, usan resortes muy duros con el fin de’
obtener una frecuencia natural muy aita. Considérese por ejemplo la fig. 13. Utilizando
la segunda ley de Newton (3 F=ma) se tiene:

-k(x1 -x2)~c{x1-22) =ms1 (15)

El movimiento relativo estd dado por x7-x2 =x. Si la vibracién a 1a que se somete la
el sistema {fig. 13) estd dada por x2 =Asen(wt), sustituyendo en la ec. 15:

mi+cx+kx=mAwisenwt

La solucidn de esta ecuacién diferencial estd dada por:

I = sen(wr-9)
41_2_45‘ (17)

donde {=c/2mw,, w,?=k/m, r=w/w, ®=tan"cw/lk-mw’. Siw, es muy pequena (la
masa m es muy grandel), entonces x,=4, lo que implica que el sisterna estaria
midiendo la amplitud del movimiento. Si por otro lado w, es muy grande (I3 rigidez k
es muy grande), entonces x, = Ar’ = Auw’/w,,; donde Au” es una medida de la acelera-



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

x1

1/2k e <12k |

| x2

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

sismégrafo 0 un acelerégrafo.

Con base en la diferencia del tiempo de arribo entre las ondas P y las ondas S, se
puede determinar la distancia en la que ocurrié Ia liberacién de la energla. Se necesitan
por lo menos dos aparatos {sismografos o acelerégrafos) cercanos al foco, para
determinar la profundidad en la que se iocalizd; y tres aparatos para determinar la
ubicacién del epicentro {fig. 14).

Magnitud e intensidad

Los sismélogos estiman la violencia local del movimiento de tierra usando la £scala
Modificada de Intensidad de Mercalli en donde se mide que tan severos fueron los

dafnos, en grador Lrs terremotos m~ncz intensos sélo pueden ser detectados por.

instrumentos y NY causan dano; de ahi, los terremotos se miden en escala creciente
de danos hasta el g-3do mas ahto que implica a aquelios sismos que causan la
destruccién total de .odas las estructuras.

Como es de esperar, los mapas de curvas de igual intensidad en general muestran
progresivamente menofr dafo cuando se incrementa ia distancia del epicentro. Sin
embargo, los danos tienden a ser mas severos en zonas donde los sedimentos de!
suelo son blandos o0 no estdn consolidados. Tomando en cuenta que la intensidad de
un sismo no resuelve el problema de conocer que tan grande fue un terremoto debido
2 que un sismo fuerte a cierta distancia puede producir los mismos dafios que uno
pequeno en un area cerca al epicentro; y ademas de que la escala de intensidad no

i



contribuye a la investigacion de temblores cuyos epicentros se localizan en el oceano
o en lugares inhabitados donde no se puede registrar el dano estructural, ios
sismélogos requirieron de una escala que midiera el grado de los temblores en
términos de la cantidad de energia liberada.
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Fig. 14 Elintervalo de tiempo de llegada entre tas ondas Py las ondas S se incrementa
con la distancia, haciendo posibie dibuja: un circulo con el radio apropiado desde el
sismograma hasta el posible lugar donde se localiza el foco. Para poder determinar el
la ubicacién de! epicentro se requieren tres sismégrafos (Main, 1982).



Los sismélogos generalmente usan la Escala de Magnitud de Richter en la cual un
brinco de un nimero entero a otro refleja una diferencia de diez veces la ampiitud del
movimiento, y aproximadamente una diferencia de treinta veces la cantidad de energfa
liberada en e! faco. Un sismo con una magnitud en la escala de Richter mayor a8 5.5
puede causar dafios estructurales; magnitudes mayores que 6 son generalmente des-
tructivos si se generan en zonas pobladas. Los terremotos mas grandes detectados
tienen magnitudes de 8.9. Muchos sismélogos sospechan que los sismos. de esta
magnitud son los mé&s grandes que se pueden generar, pues creen gue la litosfera es
demasiado débil para aguantar esfuerzos mayores sin sufrir desplazamientos.

Estructura interna de la Tierra

Los sismégrafos ubicados en cualquier parte de!l globo terrdqueo registran a partir de
un gran terremoto, una larga serie de vibraciones de las cuales, sélo pocas, provienen
directamente del foco. Las demas son ondas refiejadas de la superficie de la Tierrao
de las fronteras entre sus diferentes capas en su interior. El contacto con los
diferentes tipos de roca, hacen que las ondas se propaguen con distintas velocidades.
La investipacién de ios diferentes trayectos que siguen las ondas ha dado lugar a la
interpretacidn de la estructura y composicién de la Tierra.

E! mas simple y persistente eco proviene de la frontera entre la corteza terrestre y la
litosfera a la cual se le d&d el nombre de discontinuidad de Mohorovicic 0, mas
sencillamente, discontinuidad Moho. Esta se localiza aproximadamente entre los 40
y 50 km si se mide en la corteza continental y a los 10 km de profundidad si se mide

en la corteza oceanica.

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

como astengsfera.

Los sismdgrafos que reciben las vibraciones de los terremotos grandes generalmente
registran un eco que proviene de una orofundidad de aproximadamente 2900 km que
aparentemente refleja la superficie d-.t 1., cleo de ia Tierra. Este nucleo crea una zona
de sombrs en el iado opuesto de la Tierra al lugar donde se generé el sismo debido a
la refraccion y refiexién de las ondas. Si- embargo, cerca del centro de esta zona de
sombra en el &rea directamente opuesta al foco, se registran fuertes vibraciones
causadas por un enfocamiento de energia que el nicieo genera, actuando como un
lente que se encuentra embebido en el planeta. Estas vibraciones son causadas por
ondas longitudinales habiendo ausencia total de las ondas de corte, lo que sugiere
que, al menos la parte externa del nicleo es liquida (fig. 15).
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Fig. 15 La zona de sombra es una drea donde las ondas no llegan por la desviacién
que sufren debido a ia presencia del nucleo. Sin embargo, algunas ondas sismicas
atraviezan el nucieo y aparecen enfocadas en un area directamente opuesta a donde
se generd el sismo.

EFECTOS SISMICOS EN PUENTES

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

Para poder lievar a cabo un disefio ade .ut > de 18 cimenteciCi: de la estructura se
requiere:

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

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

c) Predecir la intensidad, duracién y contenido de frecuencias de los sismos que se
puedan presentar, con base en los eventos detectados en |a zona con anterioridad.



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

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

Todo ello con el propés;ito de asegurarse de que:
a) Las amplitudes de las vibraciones que se generen nNo sean excesivas.
b) Los esfuerzos/deformaciones inducidos en estructuras vecinas, sean pequenas.

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

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

Para llevar a cabo los estudios de propagacién de ondas en suelos y/o estructuras
generaimente se recurre 8 modelos que son sujetos a hip6tesis fuertes pero simpilifican
enormemente el problema, lo que permite entender, en general, el comportamiento de!
modelo real y tomar decisiones respecto a su disefio.

Modelos unidimensionales

En estos modelos se aceptan tas hipétesis de que los n it~ ales por los cuales se
propagan !as ondas son elasticos y homogeneos; ademads, la direccién de propagacion
de ondas es en una séla direccién, lo que implica que las fro' teras entre ios medios
que constituyen al modelo, son paraielas y la incidencia de ondas perpendicular a
estas fronteras. ‘

Como ejemplo considerese una barra por la cua! se propagan ondas iongitudinales (fig.
16} que generan esfuerzos (g} y desplazamientos (u) que estan en funcion del tiempo
y de la posicion en la cual son medidos. El equilibrio dindmico de un elemento
infinitesimal de la barra estd dado por



d¢ (18)

—Z+pu,=0
Aplicando la tey de Hooke
o,-Ee,-E(- Z‘] (19)
donde £ es el médulo de elasticidad, de ahl que |
Fu, 1 20
a2 o

Esta es la ecuacion de onda para modelos unidimensionales cuando se propagan ondas
longitudinales. La obtencién de la ecuacidn de onda para otros tipos de ondas es
andloga. Cualquier funcién que cumpia con la ecuacién de onda (ec. 20) y con las
condiciones de frontera que impone el mode!lo, representa la solucién del problema

analizado. Estas funciones van a ser de la forma
u =f,(x+ct)+f, (x-c1) (21)

donde ¢ es la velocidad con la que se propagan las ondas en el medio. fix=ct)
representa a {as ondas propagandose en la direccién.:x.

l - Frontera
libre

L

v

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

Cuando se considera en el modelo una frontera libre (fig. 17) las condiciones de
trontera son o, =0 en x=0. Si la solucién de la ecuacién de onda es



2s {22)

LA
u=Be“'"~e € +A¢w‘t [
donde A y B son las amplitudes de las ondas incidentes y reflejadas, respectivamente,
se tiene que en x =0 aplicando las condiciones de frontera

deg i, g
¢ ¢ ' . (23)

A=B

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

u =Ae“"{c ‘l:.x-e 4%x]=2ﬁsc 31)-:‘“' (24)

. c—

y o=20, enx=0.
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Fig. 17 Barra longitudinal por donde se propagan las ondas, con un extremo fijo. Las
ondas inciden de izquierda a derecha.

Cuando la propagacion de ondas se lleva a cabo entre dos medios (fig. 18) se deben
considerar dos ecuaciones de onda {una para cada medio). La solucion general es de
la forma
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i2s

u2=um=a..m¢‘_°_‘t “

Las condiciones de frontera en x=0 son u,=u, Yy 0, =0,, de ahl se obtiene

de donde

A+ Aret=Brane

P2t
A~ =2

P14

(26)

(27)

Jlustr. 4

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

derecha.

>y



Los modelos bi y tridimensionales tienen la particularidad de que las ondas se
propagan en dos o méas direcciones debido a la presencia de fronteras u obstaculos
que, incluso pueden dar origen a la difraccion de ondas. Al final de estas notas se
presenta un articulo en el cual se analiza un caso particular de propagacién de ondas
en modelos bidimensionales {(Suarez y Sdnchez-Sesma, 1994).

GEOLOGIA Y CONDICIONES LOCALES \

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

Una hipdtesis adicional que se hace es considerar planas a las ondas que se propagan
dentro de medios homogéneos e isdétropos. Esta hipétesis implica que se puede
identificar el lugar geométrico de los puntos que se encuentran en una misma fase
donde se localiza un frente de onda recto {fig. 20). Si la fuente de una perturbacién
es muy pequena y la onda se propaga en un medio isétropo, entonces el frente de
onda tendrad una superficie esférica con el centro en ia fuente. Si la distancia ra la
fuente es muy grande, el frente de onda se puede considerar con buena aproximacion
como plano (fig. 21), A la direccidn con la que se propagan los frentes de onda se ie
epresenta por rayus que son lineas perpendiculares a estos. Anexo a estas notas se
presenta un articulo en donde se plantea la importancia de considerar las condiciones
‘Jcales cuando se estudia la respuesta sismica de un sitio {Sanchez-Sesma et a/,
1987).
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CONDICIONES LOCALES:

— TRAYECTO:  geoldgicas
distancia topograficas
atenuacion

FUENTE:
geologia

Fig. 19 Elamentos que influyen en la propagacion de ondas sismicas. Fuante, trayecto
y condiciones locales (modificada a partir de Chdvez-Garcla, 1987) -
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Fig. 20 Frente de ondas (linea a trazos) que pasa por los puntos indicados por un
circuio lleno en un tiempo t=1". Las flechas indican la direccién de la propagacion del
frente de onda.

Fig. 21 Un frente de onda a una distancia b puede considerarse mas cercanamente
representado por un frente de onda plano que el ubicado a una distancia menor a. En
la figura se presentan los campos generados por dos fuentes (S, y S,).
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Chapter 6
SEISMICITY

LUIS FSTEVA

fnsirtuto de Ingenicrra, Universidad Nocional Aufdnoma de Mid'xieo, Mexico

tol O SEISMICIEY MODELS

Huational Tormulation of engineering decisions m sesntie areas requires
quantitalive desenptions of seismicity, ‘Ihese deseniptions should conform
will Lheir intended applications: in some inslances, simultanenus intensilies
tluring cach carthaguake have Lo be predicted ot several locations, while ih
vthers il suflices Lo make independent evalualions of Uw protabile offects of
earthquakes ul each of those localions,

The second model is adequate for the selection of design purameters of
individual components of a reglonal system {the slructures in a region or
rountry) when no significant interaction exists between response or damage
of several such individual components, or between any of them and the
system as a whole In other words, it applies when the Jamage — or negalive
utility — inflicted upon the system by an earthquake can be taken simply as
the acddition of the losses in the individual components.

The linearity between monetary values and ulilities implied in the second
model s not always applicable. Such is the case, fur instance, when a sig-
nificant portion of the national wealth or of the production system is con.
centrated in o relatively narrow area, or when failure of life line components
may disrupt emergency and reliel actions just after an earthquake. Evalua-
tion of risk for the whole regional sysiem has then to be hased on seismicity
models of the first type, that is, models thal predict simultancous intensities
ot several locations during each event; for the purpose of devision making,
nonlinenrily hetween monetary values and utilities can he aceounted for by
means of adequate scale transformations. These models are also of interest to
insurance companies, whenthe probability distribution of the maximum loss
in & given region during a given time interval is Lo be estimaled.

Whatever the category to which a seismic risk problem belongs, it requires
the prediction of probability distributions of certsin ground motion char-
acteristics (such as peak ground acceleration or velocity, speclral density,
response or Fourier sprectra, duration) at a given site during a single shock or
of maximum valurs of some of those characteristics in earthquakes occurring
during given time intervals. When the reference interval tends Lo infinity, the
probability distribution of the maximum value of a given characteristic ap-
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proaches Lhat of its maximum possible value. Because different systems or
sthsystems are sensilive to different ground motion characteristies, the Lerm
mfensity charactessstie will he used throughont this chapter to menn a parlic-
ular parameter or set of parameters of an earthquake motion, in terms of
which the response is to e predicted Thus, when dealing with the failure
probability of 3 structitre, intensity can be allematively measuretd — wilh
aifferent degrees ol comelalon with siructusal response — by the ordinate of
the response spreetrum for the correspording penod amd damping, the peak
pronnd weecleration, or the peak ground velocity,

In general, focal aistromental information does not suffice for estimating
the probalnlity distribulions of maximum intensily characteristics, and use
has to be mude of dala on subjective measures of intensities of past earth-
quakes, of models of local sesmicity, and of expressions relating charncteris.
Ues with magnitude and site to source distance Madels of Tocal sevsinicily
cunsist, at least, of expressions relating magnitudes of earthquakes generated
in given volumes of the earth's crust with their return periods. Maore often
than not, a more detatled deseription of local seismicity is required, (nclud-
ing estimates of the maximum magnitude that can be generated In Lhese
volumes, as well as probahilistic (stochastic process) models of the possible
histories of seismic events (defined by magnitudes and coordinates).

This chapter deols with the various steps to be followed in the evaluation
of scismic risk al sites where information other than direct instrumental
reconds of intensities has Lo be used: identifying polential sources of ac-
tivity ncar the site, formulaling mathematical models of local seismicily for
earh source, ohlaining the contribution of each souree to scismic risk at the
sile and adebing up conlnbutions of the various sources and combining In-
formation oblainel from local seismirily of sources near the sile wilh data
on instrumental or subjective intensities olwerved al the site,

The forcgoing sieps consider use of information stemming from sources of
different nuture. Quantitative values derived theeelrom are ordinarily tied to
wide uncertainty margins, Hence they demand probabilistic evalunlion, even
though they eannot atways b interpreted in Lerms of relative frequencies of
mHcomes of gives expeciments, Thus, geologists talk of the maximum may-
nitude that can e generated o a given area, assessed by looking at the di-
mensions of the geological accidents and by extrapolaling the observations
uof other regions which available evidence allows Lo brand as similar Lo the
one of interest; the estimates pricduced are obviously uncertain, and Lhe
degree of uncerlninty should he expressed tugether with the most probable
value., Following nearly parallel lines, some geophysicists estimatle the energy
that can be diberated by a single shock in & given area by making quantitative
assumplions aboul source dimensions, dislocation amplitude and stress drop,
consistent with teclonic modets of the region and, again, with comparisons
wilh arcas of similar tectonic characleristics.

Uncertainlies altached to estimates of the type just described are in gen-
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eral exlremely large: some studies relating Taull rupture area, stress drop,
md magnitude (Brune, 1968) show that, considering not unusually high
stress drops, it does not take very targe source dimensions Lo gel magnitudes
8.0 and greater, and those studies are practically restricted to Lhe simplest
Lypes of fault displacement. It is not clear, therefore, that realistic bounds
can always be assigned to polentinl magnitudes in given arens or that, when
tis is feasible, those hounds are sulficiently low, so that desgening structures
to withstand the corresponding inlensitivs is economically sound, particulat-
ly when oceurrence of those intensities Is not very likely in Uw near future.
Beeawse uncertainlies in maximum feasible magnitudes ond In other param-
vlers defining magnitude-recurrence laws can be as significant as their mean
values when trying to make tational seismic design decisions, those uncer-
taintics have Lo be explicitly recognized and accounled for by means of
adequate probabilistic eriteria. A corollary is that geophysically based estl.
males of seismicily parameters should be accompanicd with corresponding
uncerlainty measures.

Scismic risk estimates are often hased only on stetistical Informstion (ob-
served magnitudes and hypocentral coordinates). When this is done, a wealth
of relevant geophyslcal informatton is neglected, while the probabilistic pre-
diction of the luture is made to rely on a sample that |s often sinall and of
Jittle value, particularly if the sampling period is short as compared with the
desirable return period of the evenls capable of severely damaging a given
system.

The criterion advocaled here intends to unify the foregoing apptosches
and rationally to assimifate the corresponding picces of Informotion. Ha
philosophy consists in using the geological, grophysical, and all other evai-
able non.statistical evidence for producing a sel of alternnle assumplions
concerning a mathematical (stochastic process) model of seismicily in a given
source area. An inilial probability distzibution is assigned to the set of hy-
potheses, and the statistical informalion is then used to improve that probabil.
ity assignment, The criterion is based on application of Haves theorent, nlso
called he thearem of the probabilities of hypotheses. Since estimatey of
risk depend largely on conceptual models of U greophyscal processes in-
volved, and these are known with different degrees of uneertanty in differ
ent zones of the earth’s crust, Lthose estimates will be derived from stochastic
process models with uncertain forms or parameters. The degree to which
Lthese uncertainlies can be reduced depends on the limitatinns of the state
of the eri of geophysical sciences and on the effort that can be pul into
compilation and interpretation of geophysical and statisticol information,
This is an econemital problem that should be handled, formally or informal.
ly. by the critetia of decision making under uncertainty,
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6 2 INTENSITY ATTENUATION

Avnilable criteria for Lhe evaluntion of the contribution of polential sels-
mic sources Lo the risk abl n sile moke use of infenmity atfennalion expressions
that relale inlensity characteristics with magnitude and distance from site to
source. Depending on the application envisaged, the inlensily characteristic
te he predicled can be expressed m a number of manners, rangping [rom a
subjective index, such as the Modified Mercalli intenaity, to a comhbination of
one of more quantilative measures of ground shaking (see Chapter 1).

A number of expressions for attenuation of various imlensity characleris-
tics with distance have Geen developed, but there s httle sgreement nimong
st of them (Ambraseys, 1970) ‘Hus o3 due in part to diserepancies in the
definitions of some parametlers, in the ranges of values analyzed, in the ac.
tual wave prapagation properties of the gealogicol formations lying hetween
soueee and aite, in the dominatmg shock echamsms, and in the forms of
the .nll.'llyl'u'nl exprossions adopled a poori

Maost imtensily ntteauation stuthes concern lhe prediction of earthgquake
churactetistics on rock or firm ground, and assume that these characleristics,
propeely modified in terms of frequeney dependent soil amphfication fac-
tors, sheould constitute the hasis fur eslimating their counlerparts on soft
ground. Observalions ohoul the infNuence of soil properties on earthquake
dnmnge support Lhe assumption of a strong correlation belween Lype of tocal
ground and inlepsity in a given shock. Altermipts to analyticatly predict the
characteristics of motiony on soil given those on firm ground or on bedrock
have not been loo successful, however (Crouse, 14:3; Hudson and Udwadia,
1973; Salt, 1974}, with the exceplion of some prculinr cases, lke Mexico
City {Herrera ¢l al, 1965), where locs, ronditiows favor the Tulfillment
of the assumptions implied by usual analylical models. The lollowing para-
graphs concentrate on prediclion on intensities on firm ground; the influence
of local a0l is discussed in Chapter 4.

6 2 1 Intensity atlenuation on firm ground

When [soseismuls (lines joining sites showing equal intensity) of a given
shock are based only on intensities observed on hamogeneous ground con-
dittons, such as firm ground (compact soils) or bedrock, they are roughly
elliptic ¢ and the orientations of the corresponding axes are often correlated
with ...cal or regional grological trends (Figs. 6.1—6 3). In some regions — for
instance near major fnulls [n the western United Stales —those Lrendaare well
tlefined and the correlations are clear enough as Lo permit prediclion of in-
tensity in the near and far fiwlds in terms of magnitude and distance to the
generaling faull or Lo the centroid of the energy liberating volume. In other
regions, such as the eastern Uniled Stales and most of Mexico, isoscismals
seem Lo elongale sysiematically in a direction that is a function of the epi-
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Fig. 6.1 Isoseismals ol an earthquake in Mexico (Aler Figueroa, 1961}

central coordinates (Rollinger, 1973, Flgueron, 1963). In that case, intensity
should be expressed as s function of magnitude and coordinates of source
and site. For most areas in the world, intensity has to be predicted in terms
of simple — and cruder — expressions thal depend onty on magnitude snd
distance from sile to instrumental hypocenter. This stems frum Inadequate
knowledge of geotectonie conditions and from limited Infermation con-
cerning the volume where energy is liherated in each shock.

A comparison of the rales of attenuation of intensities on firm ground for
shocks on westemn and eastern North America has disclosed systematic dif.
frrences between those rates (Milne and Davenporl, 1969). This is the source
of a8 hasic, but often unavoldable, weakness of most intensily-attenualion ex-
pressions, because they are based on heterogeneous data, recorded In dif-
ferent zones, and the very nature of (heir applications implies that the less I
known about possible systematic deviations 1n a given zone, as a conse.
quence of the meagerness of local information, the greater weight is given
to predictions with respect to observalions.

6 21 | Modified Mercalli intensitirs
An analysis of the Modified Mercalli intensities on firm ground reported
for earthquakes occurring in Mexico in the last few decades leads Lo the fol.
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lowing expression relating mngnitude M, hypocentral distance R {in kilo-
meters) ol intensity I {Esleva, 1968).

= 1AM —5Tlog,e It + 7.9 (6 1)

The prediction error, deflined as the difference hetween observed and
compuled intensity, is roughiy normallty distrilintedd, with a standared devia.
Gon of 200, whith means that there s o prolmbtily of 60% thal an oh.
served intensily is more than one degree grester or smaller thon its pre
dicted value,

6 2 1.2 Peak ground accelerations amnd velocitiey

A few ol Lhe available expressions will be deseribed  Their comparison will
show how enutiously a designer intending to use them should proceed.

Housner studied the atlenuation of peak ground accelerations in several
reginns of the United States and presented his results graphically (196%) in
terms of fault length {in turn a function of magnitude}, shapes of isvseismals
and areas experiencing intensitiea greater than given values (Fig. 6.4 and 6.5).
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He showed thal intensition attenuate faster with distiner an the west eoast
Uiner i the rest of the rountry. This computrison 4 in ogrecment wilhe Milne
el Davenport (1969), who performed a similar annlyas (or Canoda. From
abiservitions of strong earthquakes in California und in Dritish Columina,
they developed the folowing expression fur o, the peuk ground aceeleration,
as a fraction of gravity:

alg = 000689 o' M1 1 o'W g7 (62)

ltere, 11 is rp;centml distance in kilumeters. The acceeleralion varies
roughly as e'*** 277 for large R, and as ¢” **™ where R approoches rero.
Thes reflecta to some extent the fact that energy is released not at & ningle
point but from a finite volume, A Iater study by Dsvenport (1972) led him
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Ly propose the expression-

a/g = 0.279 "M 18

‘The atotistical error of this er
probability distribution to the ra
A standard deviation of 0.74 w
ration.

Esteva end Villaverde (1973), on the basis of accelerations reported hy

Hudsan (1971, 1972a.b), derived expreasions for peak ground accelerations
atul velocities, as follows: '

(6.9)
juation was studied by fitting a lognormal
Lios of ohserved to computed accelerations.
a3 found in Lthe natural Ingarithms of those

a/g = 6.7 ™1t + 4p)? (6 4)

v=32eMi(R ¢ 257 (6.5)
y in em/sec and the other symbols mean the
same as above. The standard deviation of the nati ral logarithm of the ratio
of olserved o predicted ntensity is 0 64 for accelerations and 0.74 for
velocities. If judged by this parameter, ens A.de! 6.4 seem equally reliable.
ltowever, as shown by Fig 6 6, their mean values differ significantly in some
Fanges ’

With the exception of e 6.2, all Lthe luregoing attenuation eXpressingy
are products of a function of R and a function of M. This torm, which is ac-
ceplable when the dimensions of the energy liberating source are small com-

Here via peak ground veloaeit
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pored with R, is inadequate when dealing with earthquake sources whose
dimensions are of the grder of moderate hypocentral distances, and oflen
greater than them. Although equation errors (prohability distributions of the
ratio of ohserved to predicted intensities) have been evaluated by Davenpornt
(1972) and Esteva and Villaverde £1973), their dependence on M and 1 hasnot
been anolyzed. Because seismic tisk estimates are very sensitive to the at-
tenualion expressions in the range of large magnitudes and short distances,
more detailed stedies should be undertaken, aiming at improving those ex.
pressions in the mentioned range, and at evaluating the influence of M and R
on equation error. Information on strong motion records will prabably he
scanly for those studies, and henve they wilt have to he lurgety based on
analytival or physical models of the gencratum and propagetion of seamu
waves. Although signaficant progress hos heen lutely attained in this dirrction
(Trifunac, 1973) the results from such mexdels have hardly {nfluenced the
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praclive of seismic nsk estimation because Lhey have remained either un.
known to or imperfoctly appreciuted by engineers in charge of the cor
responding decisions

6.2 1.1 Response specira

I'eak ground acceferation amd displacement are fairly good indicators of
the response of structures possessing respectively very high and very small
natural frequencies. Peak velocity is correlated with Lhe response of inter-
mecliate-perisd systems, bul Lhe correlation is less precise than thal Lying the
former parameters; hence, it is natural to formulate seismic risk evaluntion
and engineering design criteria in terms of spectral ordinates,

Response spectrumm prediclion for given magnitude and hypocentral ar
site-to foull distanee usundly entails a twao-slep process, according to which
peak ground acceleralion, velocity and displacemient are imitially estimuted
amdd then usedd as referenee values for prediction of the ordinates of the re-
sponse spectrum Let the seeomd slepr in the process be represenled by the
opetolion ¥, = oy, where ¥, I8 an ordinate of the response spectrum for a
given natuaral penod aned damping ratio, and y, is a parameler {(such as peak
groutd aceelernbion or velacity ) that can be directly obtained from the Lime-
mstory record of a given shock regardless of the dynamie properties of the
systems whose response 15 Lo bue predicted  For given M and R, y, is random
and so i y, /v, = a: the mean and standord devistion of y, depend on those
of y, aml o and oo the coclfivienl of correlation of the tatter varinbles. As
shown above, y, can only be predicled willin wide uncertainty limils, often
wider than those Ued Lo y, {Esteva and Yillaverde, 1973), 'The coelficient of
varialion of ¥, given M and R can be smaller than that of ¥, only if e and
¥, nre negatively corvelated, which is often the case: the greater the devia-
tion of an observed value of y, will respect Lo ils expeclalion for given A
amd R, the fower is bkely Lo be a. In other words, it seems that in Lhe inter-
mediale range of nalural periods the experted values of spectral ordinates lor
given dampng ratios can be predicted directly in terms of mognitude and
focal distance with norower (or at most equal) margins of uncertainty than
those tied to predicted peak ground velocities. For the ranges of very short
or very long natural periods, peak amplitudes of ground motion and spectral
ordinates approach each other and their standard errors are Llierefore nearly
equal

McGuire (197 §) has derived attenuation expressions for the conditional
values {given M and R) of the mean and of various percentiles of the prob-
ability distributions ol the ordinates of the responsa spactra for given natural
periods and damping ratios. Thove expressions have Lhe same form as (L
64 and 6.5, bul their parameters show that the rates of attenuation of spec.
tral ordinates differ significantly from those of peak ground accelerations or
velocities. For instance, McGuire finds that peak ground velocily atlenustes
in proportion to (R + 25)~' 2% while the mean of the pseudovelocity for a
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M: Guire's attenuation expressions y = b, IU'”MlR sapp ™
y b, by by Viy) = coell. of
var. ol y

a galy 17213 0,278 11301 0.548
v em/fwee 5.64 ¢ 401 1.202 0636
o em 0.393 0.434 0.8H5 0 883
Untdamped apecltal pseudovelocilies
T=01ncc 1t.0 02718 1.346 0.94!

05 105 0 191 1 om 0 616

10 0631 0.378 0.519 07168

20 0.UThH 0469 QA8 0 949

60 0.08211 G.561 n§97 1.344
5% dammped specinl prevdovelocities
T =01 sce 10 0% 021 gan 1651

05 574 0 156 1197 0 L9l

(] 0132 0399 nini 073

2.0 0122 0460 D635 0941

[iRi] 0 0706 0.557 0 1193

natural periend of 1 see and a damping ratio of 2% attenuates in preportion
to (1 + 25177 %Y These results stem from the way that frequency content
changes with R and lead to Lhe conclusion that the ratio of spectral velucity
should be taken as s Minction of M and R.

Table 6.1 summarizes McGuire's atlenuation expressions and their coel-
ficients of variation for ordinates of the pseudovelocily spectra and for peak
ground acceleration, veloeily and displacement, Similar expressions were
derived by Esleva and Villaverde (19733}, bul they are intended Lo predict
only the maxima of the expected screleralion and velocily spectra, regard.
less of the periods associated with those maxima, No analysis has heen
performed of the relative validity of McGuire’s and Esteva and Villaverde's
expressions for various ranges of M and R.

6 1 LOCAL SEISMICITY - -

The term local seismicity wiil be used here to designale the degree of
seismnic activity in a given volume of the earth’s crust; it can be quantitatively
deacribed according to varioun criteria, each providing a different amount of
information. Mosl usual criteria are based on upper bounds to the mag.
nitudes of earthquakes thal can originale In a given seismic source, an the
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amount of energy libesated by shooks per unit volume amd per unit lime or
on more detailed statistical descriptions of the process.

6.0 1 Magnitude-recurrence vapressions

Gutenberg and Richler (195 10) obtained expressions relating varthouake
magnitudes with their rates of occurrence for several zone

s of the earth.
Their results can be put in tie Furm:

A =g

white X s the mean numbier of varthquakes per unit volume
titne having magnitude greater than M and o and f are zonedle
stanls; o varies widely from point to point, as evidenced by the map of
epicenlers shuwn in Fig. 6.7, while @ remains within a relatively narrow
range, as shown in Fig 6.8 Equation 6.6 tmplies a distribution of the en.
ergy liherated per shock which is very similar Lo that observ
of microfractunng of labor

(6 )

il per unit
pendent con.

ed in the process
alory specimens of several Lypes of rock subyjected
Lo gractually increasing compressive or hending strain {Mogi, 1962; Scholz,
19G8). The values of @ determined in the laboratory are of Lhe same order
as Lhose oblained from seismic events, and have been shown
the heterogenrity of the specimens and on thelr nhilit
Thus, in heterogencous specimens muade of brittle materials mony small
shocks precede & major ftacture, while in homogenenus or plastic materinls
the number of smull shocks is relatively amall, These cases cotrespond te
large and small J-valies, respectively No general relationship Is known to the
writer helween § and groteclonic features of seismic provinces: complexity
of crustal structure and of stress gradients precludes extrapolation of lab.
orntory results; and statistical records for relatively small zones of the earth
re nol, as a rule, adequale far establishung local values of g, Figure 6 B
shows that for very high magitudes the ohserved frequency of events js
fower than predicted by en. 8.8 Inuddition, Rosenblusth (1969) hos shown
thut J cnnnot Le smotler than 3 46, sinee that woullt Imply an infinite
amount of energy liherated per unit time, Huwever, Fig. 6 8 shows that Ll
values of ¢ which result from fitting expressions of the form 6 6 to ubservedd
data are smaller than 3 A6; henee, for very high values of A {ahove 7, ap-

proximately) the corve should Demd down, m accordanee with stutisticnl
vvidenee,

to depend on
y to yield locally,

Expressions alternative to eq. 6 6 lave bep
resent more adequately the gbservmt maygnitode-cecurrence data {Rosen.
blueth, 1964, Merz and Cornell, 1973). Most of these expressions also fail 1o
recoghize the existence of an upper bound to the magnilude that ¢
eraled in a given source Althaugh no precise
can yet be obtained, recognition of its existe
the geotectunic characteristics

n proposed, atlempling to rop.

an be gen-
estimates of this upper bound
nce and of ity dependence on
of the source is inescepable. Indeed, the prac-
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tice ol seismice zoning in the Soviel Union has been based on this coneept
(Gravsky, 1962; Ananin et al., 196B) and in many countries design spectra
for very inporlanl structures, such as nuclear reactors or large dams, ate
usually derived from the assumption of a maximum credible intensity at a
stly; that intensity is ordinarily obtained by taking the maximum of the
inteosities that resull al the site when atl each of the potential sources an
carthyuake with mugmtude equal to the maxtmum feasible value [ur that
source is generaled al the most unfavourable localtion within the some
source. When this critetion is applicd no attention is usually paid to the
uncertainty in the maximum feasible magnitude nor to the probability that
an carthquake with that magnitude will occur duning & glven time period.
The need to formulate selsmic-risk-related declsinons that account both for
upper bounds to magnitudes and for the: grobabiities of occurrence sug-
wests adoplion of magnitude recurrence expressions of the form:

A=A, GEA for M, < M < M,
= A for M < Ay .
=0 for M > My (6.7)

where M| = luwest magnitude whose contribution to risk Is significant, My
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= maximum frasible magnitude, and G*(M) = complementary cumulstive
prababijity distribution of magnitudes every time that an evenl (M> M)

oceurs. A particular form of G*(M) that lends itself to analytical derivations
is:

GHM) = A+ Ay exp(—M) — Ag exp[—(0 — (,)A1) (6.8)
wliere:

Ay = Ay exp| =My — M

Ay = - ) explIal)

Ag =y exp(—f Al +A6L)

A =B —exp[—B,(Afy — M) =By 1L =~ expl- My =)L 1

As M tends Lo My from above, eq. 6.7 approaches eo. G Adaption of
aleeuale values of Ay and #, permits satisTying two addinonal conditions:
the maximum feasibie mognitude and the rote of variation of X in its vicinity,
When 3, -+ =, eq 6.B tends to an expression proposed by Cornedl and
Vannuirche { 1969).

Yegulalp and Kuo (1974) have applied the theory of extreme values to
estimating the probabilities that given magnitudes are exceeded in given time

intervals. They assume lhose probabilities Lo [it an extreme type-U1§ dis-
tribution given by

Fu,., M) = exp]~C(My — M) t]  for M < M,y

=0 for M > M, (6.9)

Here Fu,,, (M1 indicates the probability that the maximam nuugnitude ob.
servedd in € years is smalier than M, M, has the same meaning as above, and
C und K are zonedependent parameters. This distribution is consistent
wilth the assumplion that earthquakes with mognitudes greater than M take
place in accordance with a8 Poisson process with mean rate A equal to C(A,
—M)" . Equation 6.9 produces magnitude recurrence curves that it closely
the statistical data on which they are based for magniludes above 5.2 and
return periods from 1 to G0. years, even though the valucs of Ay that
result from pure statistical analysis are not reliable measures of the upper
bound Lo meagnitudes, since In many cases they Lurn out inndmlssibly high,

For low magnitudes, only a [ractlon of Lhe number of shocks that take
place is delected. As a consequence, A-values based on statistical Informa.
tien lic belnw those computed according to eqs. 6.6 and 6.8 for M smaller
than about 5.5, In addition, Fig. 8.9, taken fromn Yegulalp and Kuo (1974),
shows that the numbers of detected shocks fit the extreme type 11 in eq. 6.9
better than the extreme type-1 distribution implied by eq. 6.6, coupled with
the assumption of Poisson distribution of the number of events. It is not
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clear what portion of the deviation from the extreme type | distnbuation is
due to the low values of the detectabulity levels and what portion comes
Irom differences between the actunl form of variation of A with M and that
Kiven by eq 6 6. The problem deserves attention becouse estimates of expect.
erl losses due Lo nonstructurid dumage may be sensitive to the values of A Tor
small magnitudes (sny below 5 5) and because the evaluation of the level of
seismic activily inaregion is often made to dtepend on the recorded numbers of
simalb magmtude shocks and an assured detectrbility levels, ie. of ratius of
numbers of detected and occured carthquakes (Kaila and Narnin 1971
Kula et al |, 1972, 1474).

None of the expressions for A presented in this chapler possess (he diesir-
able property that its applicatulity over a number of non-overlapping regions
of the carth’s erust implies Lhe alidity of an expression of the same form
over Uhe addition of those regions, unless some restrictions are imposed on
the parameters of each A, For instance, the addition of expressions like 6 6
wives place to an expression of the sama form only if 8 is the same for all
lerms in the sum. Similar objections can be made to eq 8.8, In what follows
these forms will be preserved, however, as thelr accuracy ls conslstent with
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the amount of availabile informalion ated ther adoption offers significant
wlvantages in the evaluation of regional seismicity, as shown later.

6 2 2 Vartation unth depth

Depth of prevailing seismic activity in a region depends on its teclonic
structure  For instance, most ol the aclivity in the western coast of the
United States and Canada consists of shocks with hypocentral depths in the
range of 200=30 km. In olher arcas, such as the southern couast of Mexico,
seisinic events can be grouped into two ensembles: one of small shallow
shiocks and one of earthquakes with magniludes comptited in a wide range,
and with depths whose mean value increuses wilh distance from the shoreline
(Fig. 6.10). Figure 6.11 shows the depth distribution of carthquakes wilth
magntitude above 5.9 for the whole circum-Pacific belt.

6.3 J Stochastic models of earthqtiake occurrence

Mean exceedance rates of given magnitudes are expected sverages during
long time intervals. For decision-making purposes Lhe limes of earthquake
accurrence are also significant. At present those times can only be predicled
within a probabilistic context.

Let &, (i =1, ..., n) be the unknown times of occurrence of earthquakes
generated in o given volume of the earth’s crust during a given time intesval,
aml Jet M, be the corresponding mognitudes. For the moment It will be as.
summd that the risk is uniformly distrlbuted throughout the given volume,
and hence no attention will be paid to the focal counlinates of esch shuck.

Clussical methods of lime-series analysis have been applied by different
researchers allempting to devise analyltical models fur random earthquake
sequences. The following approaches are often found in the literature;

{a) Plotting of histograms of waiting Limes between shocks (Knopolf,
1964, Aki, 1963).

{b) Evaluation of Poisson’s lndex of dispersien, that is of the ratio of the
sample variance of the number of shocks Lo its exprected value { Vere-Jones,
1970; Shlien and Toeksoz, 1970). This index equals unily for Poisson pro-
cesses, is smaller for nearly periodic sequenees, and is greater than one when
evenls lend to cluster.,

{c) Determination of sulocovariance functiong, that is, of functions rep.
resenting the covarionce of the numbers of events olservead in given Lime
intervals, expressed In terms of the time elapsed between those intervals
(Veredones, 1970; Shlien and Toksiiz, 1970} The autocovariance function
of a Poisson process is a Direc delta function. Tius feature is characterstic
fur the Poisson model since It does not hold for any other stochastic process.

(d) The hazard function A(t), defined 30 that A{t} dt is the conditional
probability that an event will take place in the intervat (f, t + di) given that
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no events have occurred before ¢ It F(1) is the cumulative probability dis-

tribution of the time between evenls:

A(ty = (O~ F(0] i (6.10)
where f[#) = 3F(¢)/a1L.
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For e Poisson maodel, h{t) is a cunstant equal Lo tw

mean rale of the pro-
cues,

6 3.3.1 Porsson model .

Most commonly applied stochastic models of selsmicity assume thel the
events of earthquake occurrence constitute a Poisson process and that the
M/'s are independent and identically distributed. This assumption Implies

thet the probability of having & earthquekes with magnilude exceeding M
during time interval (0, 1) equals:

Py = fexp(—ry vt} )IN? (6.11)

where vy, is the mean rate of exceedance of magnitude M in the given vol-
ume. If N is taken equal Lo zero in eq. 6.11, one obitains that the probahility
distribution of the maximum meagnitude during lime interval ¢ is equal to
exp{—vy t). Il vy is given by eq. 6.6, the extreme type-l distribution is ob-
tained, N .
Some weaknesses of this model become evident in the light of statistical
information and of an snalysis of the physical processes involved: the Pois-
son assumption implies that the distribution of the waiting time to the next
event is nol moditied by the knowledge of the time elapsed since the Inat
one, while physical models of gradually accumulated and suddenly releasad
energy call for a more general renowal process such Lhat, unlike what hap-
nain the Paisson process, the expected time to the nexl event decrenses oy
time goes on (Esteva, 1974). Statistical data shuw that the Poisyon asymp-
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lton may be aceeplable when dealing with farge shocks throughout the
warld (ten-Menahem, 1960), implying lack of correlation hetween seismici-
tirs of different regions, hawever, when considering amall volumes of the
vurth, of the onder of those that can signilicantly contptbute to seismic fisk
at a site, dala often contradict Poisson's model, usually because of clustering
of earthquakes in time: the observed numbers of short intervals hetween
events are signilicantly Migher than predicted by the exponential distrili-
tion, arl valties of Poisson’s index of dispersion are well nahove unitly {Figs
6.12 and 6.13}. In some inslances, however, devintiong in the opposite direc-
tinn have been ohserved. waiting Limes lend to be more nearly periodic,
Poisson’s index of dispersion is smaller than one, and the process cun he
represented by a renewal model, This condition has been reported, for
instance, in the southem coast of Mexico (Esteva 1974), and in the Kam-
chatka and Pamir—Mindu Kush regions (Gaisky, 1966 and 1967). The mol-
els under discussion alse fail lo account for clustering in apace (Tsubui,
19658, Gajardo and Lomnitz, 1960), for (he evolution of seismicily wilh
time, and for the sysiemalic shilting of aclive sources along geologir ac-
ctidesls {Allen, Chapter 3 of this book). On account of its simplicity, how-
ever, the Poisson proeess madel provides a valuable tool for the formulation
of some seismic-risk-related cecisions, particuladly of those Lhat are sensitive
only to magniludes of evenis having very long return periods.

67732 Trgger meodels

Statistical analysie of waiting times hetween enrlhguekes does not fuvor
the adoplion of the Poisson modet or of other forms of renewal processes,
surh os those that assume that wailing limey are mutuslly inde pendent with
lognormal or gamma distributions (Shiien and Tokssz, 1970) Allernalive
molels have been developed, most of them of Lhe ‘trigger type' (Vere Jones,
1970}, i e the overall process of earthguake generation is considered ns the
superposition of a number ol time series, each having a different arigin,
whete the origin limes are the events of a Poissan process. In gencral, lel N
be Lthe numnler of events that take place during time interval (0, 1), r,, = ori-
gin time of the mth series, W, (1, 1.,,) the corresponding numbaer of evenls
up to instant t; amd n, the random number of time series initioted in the
interval (0, 1). The total number of events that occur before instant £ is then:

ok

N'%'J Wt r,.) (612)

If vrigin times are distributed according to a homogeneous Poisson process
with mean role v, and all W 's are identically distributed stochastic PrOCESSes

wilh respeet Lo {f — r ), il can be shown (Parzen, 1962) that the mean and
variance of N can e oltained from*

[
E(N)=v fslwu. T)]dr 6.13)
o
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. Farren (1962) gives also an expression for the probability generating fune.
tion ¥ (Z; t) of the distribution of N in terms of Ywi(Z;t, 1), the generat
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ing function of each of the component processes:

[
GalZit) =exp |- i u-fwqu;t. thlr] (615}
[+]
where:
Yo lZ 61y = 25 2" PIW(t, 1) = n) (616}
ne)

twul the probebilidy mass Tunetion of N can be oblained from $, (2 1) by
mcalling that:

GnlZ: )= 2, 2°P N = n)

expanding §,, in pnwer series of Z, and taking P(N = n) equal to the coel
ficient of 2" in thol expansion. For instance, If it is of interest to compute

P[N = 0}, expanslon of 5 (Z; t) in a Taylor's'series with respect to 2 = 0
leads to:

b ]
Utz ) = 00+ 20 (00 v S bii0i g ¢ (6.17)

where the prime signilics derivative wilh respect to Z. From the delinition of
U PIN=G}=4,00,0).

lecause Lthe component processes of 'trigger’-type time seties appear over.
lapped in sample histories, their analytical representation usually entmls
study of a number of alternative models, estimation of their parameters, and
comparison of model and sample properties — often second-order propertics
(Cox and Lewis, 1966).

VereJones models. Applicability of some general ‘trigger’ models to rep-
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resent loval seismicily processes was discussed in 8 comprehensive paper by
Vere-Jones (1970), who calibrated them munly against records of seismlc ac-
tivity in New Zealand. In addition to simpie and compound Polsson pro-
cesses (Parzen, 1962), he considered Neyman-Scutt and Dartlett-Lewis mod-
vls, hath of which assume that earthquakes oceur in clusters and that the
number of events in each cluster is stocastically independent of its origin
time. in the Neyman-Scott model, the process of clusters is asasumed station-
ary and Poisson, and each cluster is defined by py, the probability mass
function of its number of events, and A1}, the cumulative distribution func-
tion of the Ltime of an event corresponding Lo a given cluster, measured from
the cluster origin The Bartlett-Lewis modct is a special case of the former,
where each cluster is a renewal process thal ends after a finite number of
renewals. In these muodels the conditional probability of an event taking
plave during the interval (t, ¢ + dt), given thal the clusler consists of N
shocks, is equal o NA{E)}dt, where Ait) = d.A(1)/AL.

Necause clusters overlop in time they cannol easily be identified and
separaled. Estimation of process parameters is accomplished by assuming
different sets of those paramelers and evaluating Lthe corresponding goodness
of fit with observed data.

Various alternative forms of Neyman-Scotl's model were compared by
Vere-Jones wilh observed dota on the basis of first. and second-otder statis.
tics: hazard functions, interval distributions {in Lhe form of power spectra)
and variance time curves. The atatistical reenrd comprises ahout one thou-
sond New Zcoland earthquakes with magnitudes greater than 4.5, recorded
from 1942 to 1961. Flgures 6.13~6.15 show resulls of the analysis for shal-
low New Zealand shocks as well as the comparison of observed dats with sev-
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Fig 6.14. Smonthed periodogram for New Zeafand shallow shocks, {Alter Vere Jones,
1966.)
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eral nllernative maorlels. The process of cluster ornging is Poisson in el cases,
but the distributions of cluster s1zes (M) and of times of events within clus-
ters chffer among the various instances in the Poissnn model no clustering
takes place {the distribution of N is a Dirac delta function centered at N = 1)

while in the exponential and in the power-law madeis the distribution of N is
extremely skewed towanls M = 1, and Aft) is laken respectively aa | — e ™™
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and 1 — [cfie + t]l“ for ¢ 2 0, and as zero fur ( < 0, where N, ¢, and § are
positive parameters. In Figs. 6 13-6.15, § = 0.25, ¢ = 2.3 days, and A =
0061 shocks/day. The significance of clustering is evidenced by the high
value nf Poisson's dispersion index in Fig. 6 1.3, while no significant period-
ivity can be inferredt from Fig. 6.14 Bolh ligures show thal the power-law
munlel provides the best fit to Lhe stotistivs of the samples, A similar analysis
for New Zealand's deep shocks shows much less clusteting: Poisson’s disper-
sion index equals 2, and Lhe hazard function is nearly constant with time.

Shll, data reported by Gaisky {1967) have hazard functiuns that suggest
models where the cluster origins as well as the clusters themselves may be
represented by renewal processes, Mean retumn periods are of the order of
sevetal months, and hence these processes do not correspond, at least in the
time scale, lo the process of alternale periods of activily and quiescense of
some geological structures cited by Kellcher et al, {1973), which have led to
the concept ol ‘temporal seismic gaps’, discussed below,

Sunplified trigger modeis. Shlien and Toksvz (1970) proposed a umple
parlicular case of the Neyman-Scott process; they lumped together all earth.
quakes taking place during non-overlapping time inlervals of a given tength and
defined them as clusters for which A(t) was a Dirac delta function, Working
with oneday intervals, they assumed the number of events pet cluster Lo
be distributed in sccordance with the discrete Pateto law and applied 3 maxi-
mum-likelihood criterion to the information consisting of 35000 earth-
quakes reporied by the USCGS from January 1971 to August 19GR. The
model proposed represents reasonably well hoth the distribulion of the num-
ber of eartheuakes in oneday intervals and the dispersion indes, Tlowever,
owing to the ussumption that no cluster lusts more than one day, the moilel

" fails Lo represenl the autocorrelation funclivn of the daily numbers of

shocks for small time lags. The degree of clusterning is shown Lo be a regional
function, and lo diminish with the magnitude threshold value and with the
focal depthy,

Altershock sequences, The trigger processes described have been brandd
os reasonnble representations of regional seismic activily, even when after.
shock sequences snd earlhquake swarms are suppressed Trom statislicw
records, however arbitrary that suppression moy Le, The most sigiifivont
instances ol clustering are refated, however, o ullershock sequences which
often follow shallow shocks and only rarely intermediate and deep events.
Persistence of large numbers of altershocks for a few days or weeks has
propitialed the detailed statistical analysis of those sequences since last
century. Omor [1894) pointed out the decay in the mean rate of after-
shock occurrence-with {, the time elapsed since the main shock; he expressed
that rate Bs inversely proportional Lo t + g. where q is an empirical constant.
Utsu (1961} proposed 8 more general expression, proportionst to {t + ¢)7?
where [ is a constant; Utsu's proposal is consistent with the power-law ex-
pression for A(1) presented above.
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Lamnilz and Hox (1966) proposed a clustering model to represent after.
shovk sequenees; b is a modified version of Neyman and Scott’s model,
whern the process of cluster origing is non-homogeneous Poisson with menn
rate decaying in accordance with Omori's law, the number of events in earh
cluster has a Poisson distnbution, and A{t) is exponential. All the resulls
and methods of analysis desegibed by Vere-Jones (1970) for the stationary
process af cluster eriging can be applicd to the nonstationary case through a
Leansformation of the time senle Filling of parameters to four aftershock
sequences was accomphahed through use of Lhe second-arder information of
the sample defmed on o transformed tiune scale. By appiying this criterion 1o
carthguakn sels havime magnituchess above different threshold values it was
noticed that the degree of clustering decreases as the threshold value in-
rreases,

‘the mognitude of the main shock influcaces Lhe number of aftershocks
nid the distribulion of their magniludes and, although the rale of activily
tleereases with lime, Lhe distribution of mognitudes remains stable through-
oul each sequence (Lomnilz, 1966, Utsu, 1962, Drakopoulos, 1971). Egua-
tion 6.6 represents fairly well the distrtbution ol magnitudes observed in
mast aftershock sequences. Values of § range from 0.9 to 3.9 and decrease
at the depth increnses, Since values of ( for regular {main) earthquakes are
usunlly estimated from eelalively small nuimmbers of shocks generaled
throughout crust volumes much wicder than those active during aftershock
sequences, no relation haa been estahlished among f-values for series of hoth
types of events. The parameters of Utsu's expression for Lthe decay of aller-
shack sctivity with time have been estimaled for several sequences, for in-
stance those following the Aleulian earthquake of March 9, 1957, the Cen-
tral Alaska earthquake of April 7, 1958, and the S5outheastern Alaska carlh.
quake of July 10, 1958 (Utsu, 1962), with magnitudes equal to 8.3, 7.1,
and 7.9, respectively: c (in days) was 0.37, 0.40, and 0.01, while { was 1.05,
1.05 and 1.13, respectively. The relationship of the total number of aflcr-
shocks whose magnitude exceeds a given value with Lthe magnitude of the
main shock was studicd by Drakepnulos {(1971) for 140 aftershock se-
quences in Greece from 1912 to 1968, Ihs resulls can be expressed by
N(My = A exp{--fiAf), where N{M) is the tolal number of aftershocks wilh

mugnilude greater than M, and A is a function of M,,, the mognitude of the
muin shock:

A =exp(1620 4 1.1M, — 3.46) (6.18)

Formulation of stochastic process models for given earthguake sefuenees is
feasible once this relationship and the activity decay law are available for the
source of inlerest  For seismic-risk estimation at a given site the spatial dis-
triliution of eftershocks may be as significant as the distribrution of mng-
nitudes and the time vanalion of aclivity, particularly for sources of rela-
tively large dimensions

.t —————
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6 333 Renewal process models

The Lrigper models described are based on information about earthquakes
wilh magnitudes above relatively low thresholds recorded during Hme intet-
vuls of at most ten years. The degrees of chustening observed and Lhe dis-
tbutions of times hetween clusters cannot he extropolated to higher mag-
nitude thresholds and longer timae intervals without further study. .

Avallable information shows beyomd douht that sigmficant clustecing is
the rule, at least when dealiog with shaltow shocks, Tlowever, there is con-
sidderable ground lor discussion on the nalure of the progess of cluster origing
during intervals of the order of one century or longer. While lack of stotisti-
val data hinders the formulation of seismicity models valil over long time
intervals, qualitative consideration of the physical protesses of earthquake
peneration may point Lo models which at leust are consistent with the state
of knowledge of geophysical sciences. Thus, if strain encrgy stored in a re-
gion grows in a more or less systematic manner, the hazard function shoutd
grow with the time elapsed since the lost pvent, and nut remain constant as
the Poisson assumption implies. The concept of a growing hazard function s
consistent with the conclusions of Kelleher et al. (1873} concerning the
theory of periodic activation of seismic gaps. This theory Is partiafly sup-
ported by results of nearly quelitative analysis of lthe migrotion ol seismic
activity along a number of geological structures. An instance is provided by
the southern coast of Mexico, one of the most aclive regions in the worid,
Large shallow shocks are generated probsbly by the interaction of the con-
tinental masy and the subduclive oceanic Cocos plate that underthrusts it
anil by compressive or Mexural laiture of the latter (Chapter 2), Seismologi-
cal data show significant gaps of activity slong the coast during the present
century and not much is known about previous history (Fig. 6.16). Along
these gaps, seismic-risk estimales based solely on ohserved intensities are
quite low, although no significant dillerence Is evident in the geological
structure of these regions with respect to the rest of the coast, save same
transverse [aults which divide the continental formation Into several blocks.
Without looking at the statistical records a geophysicist would assign equal
risk throughout the arca. On the basis of seismicily data, Kelleher et al. have
concluded that aclivity migrates along the region, in such a manner thst large
corthquakes tend Lo occur at selsmic gaps, thus implying thot the hazard
functlun grows with Lime since Lthe last earthqueke, Similoar phenomens have
been ghserved in other regions, of particulur interest is the North Analolian
fault where activity has shiflted systematically along it (rom cast Lo west dur.
ing the last forty years (Allen, 1969),

Conclusions tolative Lo activation of seismic Raps ate controversial because
the obyservation perinds have nol exceeded one cycle of sach process, Never-
Lheless, those conclutions point to the formulation of stovhastic mexlelas of
seismicity that reflect plausible features of the geophysicsl processes.

These consideralions suggest the use ol runewal-process models o tep.
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resent sequences of individual shocks or of clusters. Such models are char-
ncletized because times between events are Independent and identically
distributed. The Polsson prucess is a particular renewal model for which the
distributlon of the waiting time iz exponential. Wider generalily Is achieved,
without much Joss of mathematical tractatility, if inter-event times are sup-
posed to be distributed in accordance wilh a gamma funetion:

[0 = e en e (6.19)

which becomes the exponentinl distribution when b = 1 Il & < 1, short in-
tervals are mare frequent and the coelficient of variation is greater than in
the Poisson model; if & > 1, the reverse by tree Shlien and Toksiz (1970)
found that gamma models were unable to represent the sequences ol in-
dividunl shocks they analyzed; hut these authors handled time Intervals ot
least an order of magnitude shorter than those referred Lo in Lthis aection

On the hasis of harard function estimated lrom sequences of simall shiocky
m Lhe Hindu-Kush, Vere Jones (1970} deduces the validity of “randhing
renewal process’ models, in which the intervals between cluster centers, as
well ag those between cluster members, constilute renewal processes.

Qwing to the scarcity of stalistical information, reliable comparisons -
tween alternate models will have to rest partinlly on simutation of the pro-
cess of stornge end liberalion of strain energy {Burridpe and Knopofl, 1947
Veneziano and Comel), 19731)

G0 ifluence of the setsiclly madel an gesinie rnish

Nownunal values of itvestments made al a given instant increase wilh time
when placing them st compound inlerest rales, ie when capitulizing them
Fheir reat value — and not only the nominal one — will also grow, provided
the inlerest rale overshadows influlion Conversely, fur the purpose of mak-
ing design decisions, nominal valurs of expected utilities and costs infhicted
upon in the future have to He converted into present or aclualized values,
whith can he drweclly compared with initial expenditures. Descriptions of
seisinic risk ot a site are insulficient for that purpose unless the probalnlity
distributions of the limes of occurrence of different intensities — or niag-
nitudes sl neighbouring suurces — ere stipulated; thus entails more than sim-
ple magnitude-recurrence graphs or even than maximum feasible magnitude
estimates,

tmmediately after the occurrence of a large ex:thquake, seismic risk is oh-
normally high due to aftershock activity and to LLe probability that damage
infticted by the mein shock may have weakened natural or man-made slruc-
tures if vmergency measures are nol taken in litne When aftershock activity
has ceased and damaged systems have been repaired, & normal risk level is
attained, which depends on the probability density functions of the waiting
Ltimes Lo the ensuing damaging earthquakes.

piniate et gt il o e s -
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For the purpose of illustration, let it be assumed that a lixed and deter-
ministically known damage D, occurs whenever & magnitude above a given
vilue is generated at a given source. If f{{) is the probabilily -density function
of the waiting time to the occuirence of the damaging event, and if the rlsk
level is sufficiently low that only the first failure {s of concemn, the expected
value of the actualized cost of damage is (see Chapter 9):

D=, [ e (6.20)

L)

where y is the discount (or compound interest) coelficient and the overbar
denotes expeclation. If the process is Poisson with mean rate v, then fit) is
exponential and 0 = D, vfy: however, if damaging evenls takes place in
clusters and most of the damage produced by each cluster correaponds o ila
first event, the computalion of I} should make use of thr mean rate v cor-
responding to the clusters, instead of that applicable Lo individual events,
T'able 6.1I shows a comparison of seismic risk determined vinder the slterna-
live assumptions of a Poisson and a gamma model (& = 2), both with the
same mean return period, kfv (Esteva, 1974). Three descriptions of risk are
presented as functions of the time ty elapsed since the last damaging event:
Ty, the expecled Lime Lo the next event, measured from instant g the ox-
pected value of the present cost of [ailure computed from eq. 6.20, and the
hazard funclion (or mean fallure rate). Since clustering 13 neglecled, risk of
aftershock occurrence must be either Included in Dy or superimposed o

Lhat displayed in the table. '

This table shuws very slgnificant differences among risk levels for both
processes. At small values of t,, risk Is lower [or the gamma process, but it
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wruws with time, until it oulndes Lhat Tor the Poisson process, which remains
constant. The differences shown clearly affect engineering decisions.

61 ASSESSMENT OF LOCAL SEISMICITY
"

Only exceptionally can magnitude recorrenee réfations for small volumes
of e earth’s crust and statistical correlalion functions of the process of
varthqguake generation be derived exctusively from stalistical analysis of
recurded shocks. Tn most cnses this information s too limited for that por
pose and it does nol always reflect grological pvidence Sinee the latter, as
well as ils cannection with seismicity, is besel wilh wide uncertainty mar-
pins. infonnation of different nature has to be evalunted, its uncertainty
unnlyzed, and conclusions reached consistent with all pieces of informatims,
A probobilistse enterion that accomphshes this is presented hern: on Lhe
basis of geoleclonic data and of conceplual models of the physical provesses
involved, a set of alternate assumptions can be made concerning the fune-
tions in question (magnitude recurrence, time, and space correlation} and an
initial probability distribution sssigned thereto; statistical Information
is used to judge the likelihood of erch assumplion, and a posterior prob-
ahility distribution is obtalned. How statistical Information contibutes to the
posterior probabilities of the alternale assumptionas depends on the extent of
that informntion and on the degree ol uncertainty implied by the inilial
probabilities. Thus, if geological evidence supports conlfidence in a particular
assumplion or range of assumptlions, matistical information should not
greally modify the initial probabilities. If, on the other hand, a Jong and
retinble statictical record is available, it practically delermines the form and
parameters of the mathematical model selected to represent local seismicily.

6 4 | Dayesion estumation of seismicity

Bayesian statistics provide a framework for prohabilistic inference that
accownts for prior probabilities assigned Lo o set of alternate hypothetical
merlels of a given phenomenan as well as for statistical samples of events re-
tatedd to that phenpmenon. Unlike eunventional methods of statistieal in-
ferenee, Bayesian methods give weight to probability measures obtained
from samples or from other sources; numbers, coordinates and magnitudes
of earthquakes observed In given time intervals serve to ascertain the prob-
able vahdity of each of the alternative morlels of loral seismicity that can be
postulated on the grounds of geological evidence, Any criterion intended to
weigh information of different nature and different degrees of uncerlainly
should lead o probabilistic conclusions censistent with the degree of con.

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

0%

Let H, (i = 1, ..., n) be a comprehensive set of mutually exclusive assump-
tions concerning a given, imperfectly known phenomenon and let A he the
observed oulcome of such a phenomenon. Before ohserving outcome A we
assign an initial probability P(I1,) to each hypothesis. IT P{A}) is the
probalntity of A in case hypolhesis #f, is true, then Bayes' theorem {Railla
wiyd Schlafer, 1968) states that:

P

LAY = PULY . 6.21
PULLAY = PURY - gty ATy (6.21)

The firsl member in this equalion is (he (posterior) probatality that
assumplion [, is true, piven the observed outcome A,

I the evaluation of seismic risk, Bayes' theorem can be used to improve
initial estimates of A{M ) and its variation with depth in o given arca as well as
those of the paramelers thet define the shape of A(A) or; equivalently. the
conditional distribution of magnitudes given the occurrence of en earth-
quake. For that purpose, take M) as the product of a rate funclion A =
A(Ay) by a shape function G*(M,B), equal Lo Lhe conditional complemen-
tary distribution of magnitudes given the occurrence of an ¢arthquake with
M > M, where M, Is the magnitude Lhreshold of the set of statistical dala
used in the estimation, and B {s the veclor of (uncertain) parmmelers B, ...,
B, that define the pha_[)e of A(M). For instance, if A{M} is taken as given by
cq. 6.8, B is a vector of three elements equal respectively to 8.0, and M;
il eq. 6.9 is adopted, B |y defined by k and M, .

The initial distributlon of seismicity is in lhls case expressed by Lhe initial
joint probability density function of A snd B: f()\l,m The ohserved out-
come A can be expressed by the magnitudes of all earthquakes generaled ina
given source during a given time interval. For instance, suppose that ¥ earth-
quakes were oliserved during time Interval ¢ and that their magnitudes were
my, ma, ..., my. Bayes' expression takes the form:

A , P[mpﬂlg .H‘Iy.“\l’. ”l

£, Blmy, cmy: ) = F B Fpim, ma . my. i, b1V
(6.22)

where f7(.) is the posterior probability density function, and / and b are
dummy varighles that stand for all values that may be Luken by Ay ond B
respectively. Estimation of A can vsually be formulated mdependently of
Lthat of the other parameters. The observed facl is then expressed hy N, | the
number of earthquukes with magnitude above M, during time 1, aml the
following expressjion is obtained, as a lirst step in the estimation of MM/}

P(NL !I_M,)‘ (6 20
FPINL i (i

6411 Inithal probabilities of hypothetical models
Where stalistical information is scarce, seismicily estimates will he very

N = Fixg)
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sensitive to initinl prebabilities assigned to allemative hypothetical models,
the opinions of geologists and geophysicists about probable mocdels, ahout
the parameters of these models, end the corresponding margins of uncertain-
ty should be adequately Interpreted and expressed in Lerme of a functlon 7,
us requited by equations similar to 6.22 and 6.23. Ideally, lhese opimons
should he hased on the formulation of potential earthquake sources and on
Lheir comparison with possibly similar geolectonic structures. ‘This is usually
flone by grologists. more qualitatively than quantitatively, when they esti-
wate My, hmbral estimates of Ay are seldom macle, despite the signifivance of
Uns parameter for the design of moderalely unportant structures (sec Chap-
tier )

Anmatysis of geological information must consider local details as well nv
general structure and evolution In some areas it is clear that all polential
carthgunke sources con be idenlified By surlace faulls, rnd their displice
menls in recent geologieal times measured  When mean displacements per
onil time ean be estimaled, the onder of mognitude of creepr and of energy
hherated by ahodcks and benee of the eevurrence intervals of given muagni-
tedes can be established (Wallace, 1970, Davies and Brune, 1971}, the cor-
respounding uneertminly evaluated, and an initial probability distnibation as-
st The Tacl that magnitude recurrence relations are only weakly cor-
relibiad wath e siee of resent displacements is reflected in large uncerlam-
ties {Petrushevsky, 1966).

Application of the cnterion deserilied in the foregning paragraph can he
unfensible or inadequale in many prolitems, as in arees where the abundanee
of faults of different sizes, ages, aml activily, and the insufficient accuricy
with winch focnl coordinates are determined preclude a differentiation of all
sonrces. Ilegional seismicity may then be evaluated under the assumption
that at least part of the seismic activity is distnibuted in 8 given volume
tather than concentrated in faults of different importance. The same mitua-
linn would be faced when dealing with aclive zones where Lhere is no surface
evidence of mottons Henve, consideration of the overall behavior of com.
plex geological structures is often more significanl than the study of tocal
detnils.

Nol much work has been done in the anulysis of the overall behavior of
large geological structures with respect to the energy that can be expected
to be liberated per unit volume and per unit time in given portions of those
structures. Important research and spplications should be expected, how-
ever, since, as a result of the contribulion of plate-tectonics theory to the
understanding of large-seale tectonic processes, the numerical values of some
of the variables cotrelated with energy liberation are being determined, and
can he used at fenst to obtain orders of magnitude of expecled activity alony
plate boundaries. Far less well understond are the occurrence of shocks in
apparently inactive regions of continental shields and the behavior of com-
plex conlinental blocks or regions of intense folding, but even there some

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

Knowledge ol the geological struclure can serve to formulate initial prob-
atnlity distributions of selsmicity even when quantitative use of geophysical
informatlon seems beyond reach. Initial probability distributions of local
seismicily parameters Ay, B in the small volumes of the earth’s crust that
contribute significantly to seismic risk nt a site, can be assigned by com-
panson with the average seismicity observed in wider areas of similar tec-
tonic characteristics, or where the extent and completencss of slatistical
information warrant relinble estimales of magnitude-recurrence curves
tlsteva, 1969). In this manner we can, for instance, use the information
ahout the average distribution of the deplhs of eurthquakes of different
magniludes throughout a seismic provinee tu estimate the corresponding
distribution in an area of that province, where activity has been low during
the observation interval, even though there might e no apparent geophysteal
reason Lo nerount for the difference. Similarly, the expeeted value and coelli-
cient of varintion of Ay in a given area of moderate or low seismicily (asa con-
tinental shiekly ean ba oblained from the statisties of the motions originoled
aL all the supposedly stable or aseismic regions in the world.

The significance of initial probabilities in seismic risk estimates, against
the weight given Lo purely statistical infdrmation, becomes evident in the
veample of Fig, 6.146: il Kellcher's theory ahoul activatm of seismic gaps s
Lrue, risk is greater at the gaps than any where else along Uhe coast; if Poisson
mudels are deemed representative of the process uf energy liberation, the ex-
tent of slatistical information is enough to substontiale the bypothesis of
reduced risk at gaps. Because both models are still controversiul, and rep-
rescnt ot most two extreme positions conceming the properlies of the
actual process, risk estimates will necessarily reflect subjective opinions.

6 4.1.2 Significance of stalistical information

Estinration of A, . Application of eq. 6.2] to estimate A independently
of other paramecters will be first discussed, because it is a relatively stmple
problem and because Ay is ususlly more uncertain than A, and much more
so than .

A model as defined by eq. 6.19 will be assumed to apply. If the possible
assumptions concerning the values of A constitute a continuous interval,.
the initial probabilities of the aiternative hypotheses can be expressed in
lerms of u probability density function-of A, . If, in addition, a certain a-
sumplion is made concerning the form of this probability-density function,
only the initial values of E(Ay} and V(A ) have to be assumed. It is advanta-
geous to assign to B = R/E(T) a gamma distribution. Then, if g and p are the
parameters of this initial distribution of v, if & is assumed to be known, and
it the nhsrrved outcome is expressed as the time ¢, elapsed duting n + 1
consecutive events (earthquakes with magnitude >M ), spplication of eq.
6.23 leads to the conclusion that the posterior probability function of v is
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also gamma, how with paramelers p ¢ pwk and g + ¢,. The mitial anel the
posterior expreted values of v are espectively equal to pfu, and to (p + nk)f
(u + 1), When initial uncertainly about v is small, p and u will be large ancl
the initinl and Lhe posterior expecled values of v will not differ greatly. On
U olher hand, if onty statistical information were deemed significant, p and
p should be given very small values in the initial distribution, and E{v), and
henee Ay, will be practically deflined by n, k, and ¢,. This means that the
witial estimates of geologists should not only include expected or maost
prohable values of the different paramelers, but also statements about ranges
of possible values and degrees of ennfidence attached to each.

I the case studicd above anly & portion of the statistical information was
useel. In most cases, especially if scismic activity has been low during the
abservation interval, significont information is provided by the durations of
the intervals elapsed from the initiation of observations to the first of the » +
I events considersd, and from the last of these events until the end of the
observation period. Here, application of eq. 6.2 leads to expresaions slightly
more complicated than those obtained when only information about ¢, 9
used.

‘The particular case when the statistical record reporls no events during at
lenst an interval (0, fy) comes up frequently n practical problems. The
probability density function of the time T, from ty Lo the occurrence of
the hist event must account for the corresponding shifting of the time axis.
Furthermaore, if Lhe time of uccurrence of the last event before the origin is
unknnwn, the distribution of the waiting time from ¢ = 0 (o the first event
caingides wilth that of the excess fife in a renewal procesy at an arhitrary
value of t thal appronches infinity (Parzen, 1962). For the particular case
when the waiting times constitute a gamma process, T, is measured from ¢ =
0. T is the waiting time between consecutjve events, and il is known Lhat
Ty w tg, the conditional density function of T =Ty — 1oV E(T) is given by
eq. 621 (Eateva, 1974}, where u,, = to/E{T):

h
i i et b g
’.” (“ITI > lo) - -“—‘.—“‘"‘_——-——_ — e_ﬁu (6 2.')
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Cemsitler now Lhe imptications ot Bayesian analysis when applied to one of
the seiswnic gaps in Fig. 6 16, under the conditirns impheit in eq 6,24 An
tntinl set of assumptions and corresponding probabilities was adopted as
tleseribied i the following From previous studies refernng to all the south.
erm const of Mexico, local seismicity in the gap area (measured in terma of
A for M > 6.5) was represented by a gamma process with & = 2. An initial
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probablity densily funclion for v was adopted such that the expected value
of A6.5) Tor the region coincided with its average throughout the vomplete
sesmic province. Two values of p were considered: 2 and 10, which cor-
respond Lo coellicients of variation of .71 and 0.32, respectively. Values in
Table 6111 were obtained for the ratio of the final Lo the Initial expected
values of v, in terms of uy,.

The last two columns in the Lable contain the ratios of the computed
vilues of £°(T,) and E'(T) when v is taken as equal respectively Lo ils initial
or to its postenor expected value, This tatile shhows that, for o = 10, that is,
when uncertainty attached to the geoloyically based assumptions is low, the
exprected value of the time to the next event keeps decreasing, In accordance
with the conclusions of Kelleher et al, (1970). However, as lime goes on and
ne evenls occur, the statistical evidence leads to & reduction in the estimaled
risk, which shows in the increased condlitlonal expected values of T, . For p =
2, the geological evidence ls less algnificant and risk estimates decrease at a
faster rale.

6.4.1.3 Bayesian eatimation of jointly distributed parameters

In the general case, estimation of B will consist in the determination of
Lhe posterior Bayesian joinl probability function of its components, taking
as statisticnl evidence the reletive [requencies of observed magnitudes. Thus,
il event A is described as the occutrence of N shocks, with magnitudes
my, ..., my,and &, (i =1, ., ¢)are values that may be adopled by Lhe com-
ponents of vector D being estimated, eq. 6.21 becomes:

.. by 8,100ALG, ., 0,
fitbren biAy = —— (801 o 8IADY, o B.)

[ f falugy o WA Uy, o u Wy, e,
where PlAlu,, ..., u,) is proportional (v:
N !
” Rimu,, ..., u)
-1

(6.25)

and g{m) = —-3G*(m)fom.

Closed-form solutions for f7 as given by eq. 6.25 are not feasible in general.
For the purpose of evaluating risk, however, estimates of the posterior first
and second moments of 7 can be obtlained from eq. 6.25, making use of
available first-order approximations (Benjamin and Comell, 1970; Rosen-
blueth, 1975} Thus, the posterior expected value of f, is given hy [ [;‘lu)
u du, where faup) = [ o f [aluy,..., &) duy, ..., du, and Lhe mulliple inte-
gral is of order r'— 1, hecause it is not extended to the dominion of 8,
Hoenee:

EpinPriAIn,, ..., B,

E7(,) - E",.[P(Ai'h.:?.ﬁ:ir {6.26)
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where E7 and £7 stanl Tor initial amd posterior expeectation, amd subseripe 1
menns that expectation is {nken with respect to all the componenls of M
Likewise, the fellowing posterior mesncnta can be obtained :

Covarianve of 1, and 7,

Exlarenn,, .., B,

('uv”“f,. n,l = E;.[P(.”B.. ,ﬁ,” - - E"m,]FZ"(n,) (627

Fxpected value of A(Af)
ECIAAD] = ETOE TG M, 1y

. KA )fghlf:'w; BBy, B
- EniPtamn,. . i) 1 28)

Marginof distribuitions The posterior expeetation of A{Af) i in some cases
all that is required to describe seismicity for decision-making purposes. Of.
ten, however, uncertaintly in A(M) niust also be acounted for. For instance,
the prolahility of exceedence of a given magnitude during a given time Iinter-
val has to be obtoined as the expectation of the corresponding probabilities
vver ali allernative hypotheses concerning AMM). In this mannezr it can be
shown that, if the occurrence of earthquakes is a Poisson process and the
Dayesian distribulion of A, 1s gamma with mean Ay and coefficient of varia-
tion Vi, the marginal distribution of the number of earthquakes |s negative
binomial with mean A, In particular, the marginal probability of zern
evenls during time interval t — equivalently, the complementary distribution
funcliml of the waiting time between events — |3 equal to (1 + 7
where r” = Viland t* = r"/A_. The marginal probability density function r)l.
the wailing time, that should be substitutled in eq. 6.20,ia k(1 ¢epe7y)— 1
which tends to the exponential probability tunclion as r* and t* tend l.u'
infinity {and V, ~+ 0) while their ratio remains equal to RL.
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Bayesian uncertainty lied to the joint distribution of all seismicity param.
eters (A, H,, ..., B,) can be included in the compulation of the probability
ol occurrence of a given event Z by laking the expectatlion of that prob-
ability with respect to all parameters:

Plz, - Ell. n[P(z). hb ﬂ.. [ B.)I (6.29,

When the jnint distribution of kg, I stems from Bayesian analysis of an
imbial disteibution and an observed event, A, this equation adopls the form:

E.,,_nIP(ZIln.. mPAIx, B

17y - L
’ E' ok MAIN A

(6.20)
where " and 7 stand for initial and posterior, eespectively.

Spatial vanabihty  Figure 6.17 shows a map of geotectonic provinees of
Mexies, according Lo F. Mooser. Each provinee is characterized by Lhe latge-
scule [eatures of its tectonle structure, but significant local perturbations Lo
the overall patterns can be identified. Take for instance zone 1, whose
stismolectonic fealures were described above, and are schemalically shown
in Fig. 6.18 (Singh, 1975): the Pacilic plate underthrusts the continental
hlock and is thought to break into several blocks, separated hy faults Lrans-
verse Lo the coast, that dip st different angles. The conlinenlal mass Is also

19
N - | 20
e

L4 L et e
v &Y - -
. . - et a -
- A ST N ARt ;
. [} ’ l
, o LI BN .
I Lo -
N - - " ': _ - i-:.'.
e - h {
e e .
- L | 4
N S S P P d
—es ; t 'l__; 4 v e A
- Vet m——
B 'I o G- gTJIpry
"
e "

Fig. 6.17, Seismotecionic provinces of Mexico. (After F Mooser )
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008,08,

Flg 6 iR Schemallc drawing af the segmenting of Cocon plate as it subducts betow
American plate, (Afler Singh, 1874

macle up of several large blocks. Seismic activily at the underthrusting plate
or at ils inferface with the continental mass is characterized by magnitudes
thal may reach very high values and by the increase of mean hypocentnl
depth with distance from the coast; small and moderate shallow shocks are
generutinl at the blocks themsalves. Varinbility of statistical data along the
whale tectonie system was discussed above and is apparent in Fig. 6.10.
Buyesian estimation of local seismicity avernged throughout the system is a
matter of applying eq. 6 21 or any of its special forms {eqs. 6.22 and 6.271),
taking as statistical evidence the information corresponding to the whaole
systemr. However, seismic risk estimates are sensitive to values of local
seismicily averaged over much smaller volumes ol the earth’s crust; hence the
need Lo develop criteria for probabilistic inference of possible patterns of
space varinbility of seismicity along tectonically homogeneous zones,

Un the basis of seismolectonic information, the aystem under considera-
tion can [irst be subdivided Into the underthrusting plate and the subsystem
of shallow sources; each subsystem can then be separately analyzed, Take for
instance Lhe underthrusting plale and subdivide it into s sufficiently small
erqual-volume subzones Let v be the rate of exceedance of megnitude M
throughout the mamn system, Iy, the corresponding rate at each subzone, and
deline p, as v vy, with p, independent df Vi.{p, is equel to the probabilily
thal an earthquake known to have been generated in the overal| system orig-
inated al subzone j). Initial infoimation sbout possible space variability of

ni

by, can be expressed in terms of an initial prohability distribution of p, and
ul the correlation among p, and p; for any i and j. Because v, = vy, One
oblains Xp, = 1. This imposes two restrictions on the initial joint probability
dislribution of the pls: E'(p,) = 1, var” Tp, = 0. 1f all p;s are assigned equal
exprelations and all pairs p,, p,, 7 # [ are assumed to possess the same cor-
relation cuefficient p,; = p°, the restrictions mentioned lead to E'(p;) = 1/s
and p' = —1{(s — 1}. Posterior values of E(;,) and p,, are obtained according
ta the smme principles that led to eqs. 6.25—6.28. Statistical evidence is in
this vase desenbed by N, the total number of earthquakes generated in the
system, and n, (i = 1, ..., 8} the corresponding numbers for Lhe subzones.
Given the pls, the probability of this event is the multinomial distribution:

N o
Pl o p.] SR ... b, {6.31)

if Lhe correlation coeflicients among seismicities of the various subzones can
be neglecled, cach p, can he separately estimaled. Because p, has to be
compirised between 0 and 1, it is natural Lo assign it a beta initial probability
distribution, defined by its paramelers n, and N,, such that E'(p;) = n/IN;
and var'(p,} = n/(N; — n/YINYN/ + 1}] (Railfa and Schiaifer, 1968). The
parameters of the posterior distribution will he:

nSo=n +n, N" =N +N

Take for instance a zone whose prior distribulion of A, ls assumed gamma
with expecled value A}, and coefficient of varlation V, . Suppose that, on the
Lasis of geological evidence and of the dimensions involved, it Is decided to
subdivide the zone into four subzones of equal dimensions; a-priorl con-
siderations Jeod to the assignment of expected values and coellicients of
variation of p, for thuse subzones, say E'(p,) = 0.25, V'(p) = 0.251i =1, ...,
4). From previous considerations for 3 = 4 take p,, » —1/3 lor i # |. Suppose
now thal, during a given time interval {, len earthquakes were observed in
the zone, of which ¢, 1, 3, and 6 occurred respeclively in each subzone, If
the Poisson process model is adopted, A} and V[ can be expressed in terms
of a lictitious number of events n' = V{"? occurred during a [ictitious time
interval ¢' = n"jA); afler observing n earthquakes during an interval ¢, the
Bayesian mean and coellicient of varintion of A, will be Al = (n' + n)
(" +1), VL = (n' +n)" V7 (Esteva, 19689, Hence:

AL s (VITAINVITIAT 1), Ve (VT 102
Local deviations of seismicily in each subzone wilh respect to the avernge
Ay, can be analyzed In terms of p, (i = 1, ..., 4); Dayesian analyais of the pro-

portion in which the ten earthquakes were distributed among the subzones
proceeds according Lo:

E[P:P(/"Pu een P‘)_]

E”(ﬁl“d) " E;I'T(jlph ey pl)i (632,
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The expectations that appear in this equation have to be computed with re.
spect o the inital joint distribution of the ps. In practice, adequate approx-
imsbions are requisrd  For instance, Benjamin and Cornells’ (1970) firsl-
orler approximation leadsto £ (p,) = 0.226, E”(p,) = 0.294,

If currelation among subzone seismucities is neglected, and statistical in-
formation ol each subzone Is independently analyzed, when the pls are as-
signed -heta probability density funclions with means and coelficients of
varialion as deflined above, ane oMains E7(p,) = 0.206, E%(p,) = 0111,
whivh are not very dilflerent from Lhose formerly obtained; however, when
E‘tpd = 0.25 and Vip) = 0.5, the first critetion leads to £7{p,) = 0 206,
E“tp ) = 0311, while the second produees 0131 and 0.416, respectively,
'art of the differenee may be due to neglect of p),, but probably a signifwant
part stems from inacearacies of the first order aper sximation to the experta-
tions that appear in cq. 6.32; alternate approximations are therelore desic-
ahle

Inearmplete data Statistical information is known Lo be fairly reliable oniy
for magmitudes ahave theeshald values thal depend on the region consitdered,
its level of activily, and the quality of local and nearhy seismic instrimenta-
tion. Even incomplete statistical records may be significant when evaluating
some seisticily parameters; their use has Lo he accompanied by estimates of
detectubulity values, thal is, of ratlos of the numbers of events recorded to

tolal numbers of events in given ranges (Esieva, 1970; Kails and Naroin,
1971).

65 REGIONAL SEISMICITY

The final goal of loral seismicily assessment is the estimation of regional
seismicity, that is, of probability distributions of intensities at given sitey,
and of probabilistic correlations among them These functions are obtained
by integrating the contributions of local seismicities of nearby sources, and
hence their estimates reflect Bayesian uneertainties tied to those seismicilins,
In the following, regionnl seismicity wil! be expressed in terms of mean rates
of exceedance of given intensities: more detailed prohabilistic descriptions

would entail adoplion of speclfic hypotheses concerning apace and time cor-
retations of earthquake generation.

65 1 Intensity-recurrence curves

The case when uncettainty in seismicity paramelers (s neglected will he
discussed first. Consider an elementary seismic source with volume dV anil
local seismicity AAf) per unit valume, distant R from asite S, where inlensity.
tecurrence functions are to be estimated. Every Lime that a magnitude M
shock is genersled at that source, the intensity at S equals:

2z

e Lt
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Y=V, = eb, exp(byMgll) (6.33)

(see eqs. 6.4 and 6.5), where ¢ is o random factor and ¥ and Y, stand foc
actual and predicted intensities, b, and b, are given constants, and g(R}is a
function of hypocentral distance. The probablity thal an c:l.r!hquake orig-
inaling at the source will have an intensity greater than v is equel to Lhe
probahility that €Y, > y. 1f ¥, is expressed in teems of M oand rindumness
w € is accounted for, one obliuns:
oL

v} = [ Ly fe)f (u)du (6.3:0)
where u" aml v, are respeclively mean eates al which actual and predicted
intensities exceed given volues, ey = y/yy, 0y, = y/v,. ¥, and yy are the
predicted intensities that correspond to My and My ond f, the prohability-
density function of ¢. If eq. 6 3J is assurmed to hold:

valy) = Kog # Kyy™"t — Kpy™ "2 (6.35)
where:

Kio={b,g(R)"AA DV (i=0,1,2) (6.36)
ro =0, ry-pibs, "l'(ﬂ"'ﬂn)lb: {6.37)

Substitution of eq. 6.35 into 6§.34, coupled with the assumplion that In ¢
is nonnelly distributed with mean m and stendard devistion o leads lo:

u(y) = coKo * € Ky —eyKay (6.38)
whrre:
| - 1 —
e = exp(@,) [¢(~'3-";—-1‘) ~¢ (2‘;—"—')] (6.39)

¢ is the standard normal cumulative distribution function, @, = 1/2 o*r,® +
mr,, and u; = m + 9%, Similar expressions have heen presented by Merz and
Comell (1973) for the special case of eq. 6.8 when §; —~ = and for a quadra-
lic form of the relation between magnitude and logarithm of exceedance
rate. Closed-form solutions in terms of iIncomplete gamma functions sre oh-
tained when magnitudes are atsumed Lo possess extreme type-jll distribu-
Gons (eq. 6.9). '

Intensity-recurrence curves al glven siles are obtained by Integration of
the contributions, of all significant sources. Uncertainties in local seismicities
can be handled by describing regional seismicily in terms of means and vari-
wiees of v{y) and estimating these moments from eq. 6.34 and suitable first
and second-moment approximations  Influence of these uncertainties in
design decisions has been discussed by Rosenblueth (in preparation).
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6.5.2 Seismic probabilily maps

When intensily tecurrence functions are determined for a number uf sites
with unifurm local ground conditions the results are conveniently rep-
resented by sets af seismic probability maps, each map showing contonrs
of intensities that correspond to a given return period. For instance, Figs.
6.1% ond 6.20 show penk ground velocities and accelerations that correspond
to 100 years retum period on ftrm ground in Mexico, These maps form part
ol a st thal was obtained through application of the criterin described in
this chapter. Because the ratio of peak ground accelerations and velocilies
does unt remain constant throughout a region, the corresponding design
spectra will nol only vary in scale but also in shape (frequency content), in
ollier words, selsmic risk will usually have to be expressed in lerms of at
teast the values of two parameters (for instance, an in this cnse, peak ground

aceelerations and velocities that correspond to various risk Jevels {return
prrimia)),

6 5 3 Microzoning

[rplicit in the above criterin for evaluation of regional seismicity is the
adoption of Intensity attenuation expressions valid on firm grouml. Scalter
of actual intensities with respect to predicted values was ascrilyed to differ.
ences In source mechanisms, propngation paths, and local site conditians; at
least the latter group of variables can introduce systemaltic devialions in Lhe

1
rbt

Fig 6 19 Peak ground velocities with return petiod of 100 years (em/aec).

ey LT LY. s
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Fig .20 Peak ground sceelerations with relurn petiod of 100 yeurs |cmller’l.

rulio ol artual to predicted intensities: and geological details may sipgnili-
cantly aller lacal seismicity in a small region, as well as c:nprgy radiation pa-t-
terns, and hence regional seismicily in the neighhourhood . These systematic
deviations are the matter of microzoning, Lhat s, of local modification of
risk maps similar to Figs. 6.19 and 6.20.

Maost of the effort invested In microzoning has been devoted to study of
thee infuence of lueal soil stratigraphy on the intensity and freguency con-
tend of varthguakes (see Chapter 3. Analytical models hove heen prnr‘li}'nlly
hmilesh o response analysis of stratibed formativns of linear or nonlinear
soils Ly vertically Lruveling shear waves, The resulls of comparing obyerved
wd predicled behavior have ranged from sntisfactory {lHerrera et al,, 1.965'
to poor {(Tludson and Udwadia, 1972} Topographic ieregularities, as hills or
slopes of firm ground (ormations underdying sediments, mny introduce sig-
nificant systemalic perturbations in the surface motivn, as a consequence ol
wive focusing or dynomic amplification ‘The latler effect was probably re-
sponsible Tor the exceplionafly high acceelerations reeorded at the abutment
of 'acoima danfduring the 1971 San Fernando earthquake.

Fresent pmcl.ice of micrgroning determines seismic inlensitics or drugn
pAremeters in two steps, Flrat tha values of those parameters on firm ground
sre gitimalad by meuns of sultable attenunllaon expressiving and then they are
amplified according to the properties of local mii'; but lhls. irnplles an ar-
bitrary decision to which seismic risk is very sensitive: selecting the bound-
ary between soil and firm ground. A specially diflicult problem stems when
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trying to fix that boundary for the purpose of predicting the motion al the
lop ol a toll or the slope stability of a high ¢litf (tukos, 1974},

It con be eoncluded that rational formulttion of microzoning for se1smis
risk is st in Hs dnfoney and thatl new criteria will appear that will probatly
reqgrune intensity attenuation modets which include the influence of loeal
systenvatie pesturhiations: Whether these models are avaslioble of the two step
proness deserbed above s aceeptable, intensity recurrence etpressions can
be oblnined as for the unperturhated cnse, after muliplying the second
member of eq 6 30 by an adequate inlensity dependent corrective factor,
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CIMENTACIONES CIRCULARES

TIPO DE MOVIMIENTO K
TRASLACION VERTICAL 4GR/(1-v)
TRASLACION HORIZONTAL 8GR/(2 - v)
GIRO DE TORSION 16GR®*/ 3

GIRO DE FLEXION

8GR>/3(1-v)

G = moddulo de rigidez al corte del semi-espacio

v = modulo de Poisson del semi-espacio

R = radio de la zapata
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CRITERIOS DE ANALISIS SISMICO - ESTRUCTURAS TIPO 7

3.7.1 Eleccién del Tipo de Andlisis

Para el anélisis sismico de estructuras tipo 7, se puede recurrir
a tres métodos: a) método simplificado de anflisis, b) método de
anidlisis estfético y c) método de andlisis dinémico. " El método
simplificado de andlisis que se describe en la seccidén 3.7.2 solo
es aplicable a puentes regulares. Aquellos puentes que‘posean un
cierto grade de irregularidad se analizar&n con el método
estatico, Yy aquellos puentes aGn mis irregulares y los puentes
especiales, con el método dindmico.

3.7.2 Método Simplificado de Ané&lisis

Este método serd aplicable al andlisis de aguellos puentes que
cumplan con los siguientes requisitos:

a) Que tengan dos o mas claros o tramos

b) Que sean rectos ; que la longitud de sus tramos sea muy
parecida.

€) Que se pueda subqngr gue 1lus marcos del puente trabajan
de manera independiente , tant> en sentidonlongitudinal como
transversal.

d) Que sus claros sean menores de 40 m y el ancho de la calzada

sea menor de 30 m.
El método consta esencialmente de los siguientes pasos:

1. Se elige el marco a disefar.



Se obtiene la masa tributaria correspondiente.

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

Se obtiene el periodo fundamental de vibracién.

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

La fuerza lateral equivalente E se obtiene con

c M *
E.= ——W 7.1
Q 3 ‘

donde W es el peso de la masa tributaria.

3.7.3 Método de Andlisis Estético

Este método serd aplicable al andlisis de aquellos puentes que

cumplan con los siguientes reguisitos: __

a)
b)

c}
d)

e)

£)

Que tengan dos o mds claros o tramos

Que sean rectos o alojados horizontalmente en curvas de poco
grado

Que 1la longitud de sus tramos SsSea nuy parecida.

“Que la fuerza sismica se distribuya en todes los marcos

resistentes.

Que la relacién de la rigidez lineal de toda la superestructura
y la rigidez transversal de la superestructura sea menor gque 2.
Que sus clares sean menores de 120 m y el ancho de la calzada
no supere los 30 m.

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

maneras:

1.

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

Se obtienen los desplazamientos y elementos mecé&nicos
resultantes de la aplicacién de la carga uniforme.

Con base en los desplazamientos calculados en el paso anterior

se escala el valor de la carga uniforme para gue produzca un

-

[



desplazamiento horizontal méximo de 1 cm en la estructura,
4. se caléula la Tigidez lineal total de 1la estructura

multiplicande la 1longitud por el nueve valor de la carga
uniforme.

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

6. Se determina el periodo natural de vibracién.

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

estructura. . \
8. La fuerza lateral equivalente (E) se cobtiene con v

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

Efectos bidireccionales

Los efectos de ambas componentes horizontales del movimiento del
terrenoc se combinardn tomando, en cada direccidn que se analice
el puente, el 100% de los efectos de la componente gue obra en esa
direccién y el 30% de los efectos de la gue obra
perpendicularmente a ella, con los signos gue para cada concepto

resulten mé&s desfavorables.

3.7.4 Métodos de Analisis Din&mico

Cuande no se satisfagan los requisitos para aplicar Cualquiera de
los métodos de anflisis est&tico se empleardn como métodos de

anélisis dindmico los siguientes:

a) Andlisis modal

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

la participacién de cada modo natural de vibraciébn en las fuerzas



que actan sobre la estructura se definird con base en las
aceleraciones espectrales de disefio reducidas de acuerdo como se

indica en el capitulo 3,

lLas respuestas modales SI (donde 5: puede ser fuerza cortante,
fuerza axial, desplazamiento lateral, momento flexionante, etc.),
se combinarin para calcular las respuestas totales S§ de acuerdo

con la expresién

s =(zsh) . 7.3

b) Anslisis paso a paso

-

Si se emplea este método, podrd acudirse a acelerogramas de
tenblores reales o de movimientos simulados, © combinacicnes de
estos siempre y cuande sus intensidades y duraciones sean

compatibles con lo especificado en el capitulo 3.

Efectos bidireccicnales

Cualquiera gque sea el método de andlisis dinimico que se emplee,
los efectos de movimientos horizontales del terreno en direcciones

ortogonales, se combinardn como se especifica en relacién con el

método de andlisis estético.

3.7.5 Estados Limite de Servicio

Adem&s del célculo de las longi.u.2s de apoyo y holguras para
tener en cuenta los efectos por cambios de temperatura, .fluencia
Y contraccién del concreto, se deben calcular las lengitudes de
apoyo para tomar en cuenta los efectos del sismo.

Longitud de apoyo

L2 longitud minima de apoyc D (en mm), de las trabes o tableros

sobre Ja subestructura se calculard como sigue



D = 254 + 2.08L + 8.3SH 7.4

donde L es : a) la longitud, en metros, aentre dos apoyos
adyacentes; b) la longitud entre el apoyo Yy la junta de expansién
m&s cercana; o, C) la suma de las longitudes a los lados de una
articulacién dentro de un claro; H es : a) la altura de la pila,
en metros, cuando est& formada por una © varias columnas; b) la
altura promedio de las columnas o pilas mds cercanas, si se trata
de una Jjunta de expansién; o, ¢) la altura promedio de las
columnas entre el estribo y la junta de expansién g&s‘cercana gue
soporta la superestructura, si se trata de un estriﬁo; H=0 para

puentes de un s0lo0 tramo.
Movimientos relativos

Ademas de los efectos anteriores, los puentes deben ser disefiados
para soportar los efectos de movimientos-relativos ocasionados por

los mismos movimientos sismicos © por fallas del terreno.

3.7.6 Interaccion Suelo-Estructura

Como una aproximacién a los efectos de la interaccién
suelc-estructura serd valido incrementar el periodo fundamental de
vibracidén y los desplazamientos calculados en el puente bajo 1la
hipdtesis de gue éste se apoya rigidamente en su base, de acuerdo

con las expresiones reportadas en el capitulo 6.
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Tabla 3.1 Espectros de disefic para estructuras del grupo B

Zona Tipo de | et |1 r
sismlica suelo o a b
1 0.02 0.08 0.2 0.6 1/2
A 11 0.04 0.16 0.3 1.5 273
ITI Q.05 0.20 0.6 2.5 1
I 0.04 0.14 0.2 0.6 172
E 11 0.08 0.30 0.3 1.5 2/3
111 0.10 0.36 0.6 2.9 1
1 0.36 0.36 0.0 0.6 172
C 11 0.64 0.564 0.0 1.4 273
I11 0.64 0.64 0.0 1.9 1
I 0.50 .50 c.0 0.6 172
D 11 0.86 0.86 0.0 1.2 273
111 0. 86 0.86 0.0 1.7 1




a =

T
ao¢[c-ao]-—.—r—.—: 51T<T.
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A) METODO SIMPLIFICADO DE ANALISIS .

HIPOTSSIS: LOS MARCDs DEL PUENTE TRABAJAN DE MANCRA
INDEPENDIENTE

LA FUERZA SE .CALCULA CON BASE EN UN CRITF QU DE

AREAS TRIBUTARIASL

1) SE CALCULA LA RIGIDEZ TRANSVERSAL DEL MARCO EN EL SENTIDO OF
ANALISIS
(x)

1i) SFE OBTIENE LA CARGA MUERTA TRIBUTARIA
(w)

1) SE OBIIENE EL PERIODD NATURAL DE VIBRACION

T-an/ ¥  .on/ M

ok K
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rigidez en la direccidn longitudinal
masa total de la superestructura

M_ =
L
MODELO EQUIVALENTEI PARA ANALISIS LONGITUDINAL

Kp = rigidez eguivalernte en la direccidn transversal
M_ = masa eguivalente en la direccidén transversal
£ PARA ANALISIS TRANSVERSAL

T
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B) ANALISIS ESTATICO. MCTODO DE LA CARGA UNIFORME

1ed)

\

SE TOMA EN CUENTA LA CONTINUIDAD DE LA ESTRUCIURA
LA FUERZA SISMICA SE DISTRIBUYE ENTRE TODOS LOS ELEMENTOS DEL
PUENTLC

SE APLICA UNA CARGA UNIFORMEMENTE DISTRIBUIDA (Q) EN EL  SINTIDU
DE ANALILIE

SE DETERMWNAN LOS DESPLAZAMIENTOS Y  ELEMENTOS  MHECANICUS
ORIGINADOS POR LA CARGA

L

SE DETERMINA UN FACTOR DE AJUSTE DE TAL MANERA QUE EL MAXIMO
DESPLAZAMIENTO PROVOCADO FPOR 0 SEa 1 (KD

SE MULTWLICA LA caRGA o (YA AFECTADA POR EL FACTUR  LC
AJISTE) POR LA LONGITUD DE LA ESTRUCITURA a0

SE DETERMINA EL PESO TOTAL DE LA SUPERESTRUCTURA (W)

SE OBTIENE EL REWRIODO NATURAL DE VIBRACION

Ut

fw
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re)

rei)

HE X/}

ANALISIS ESTATICO. METODO DE LA COORDENADA GINIRALIZADA

St SUPONE EL MODO FUNDAMENTAL DE VIBRACION (LUNGITUDINAI. Y
TRANSVERSAL)

SE ELEXPRESA EL  MODO FUNDAMENTAL EN  FUNCION. DL UN
DESPLAZAMIENTO GENERALIZADO.

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

SE CALCULA EL PESO DE LA PARTE ELEGIDA DE LA SUFERECTRUCTURA
(WD

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

SE OBTIENE EL PERIODO NATURAL DE VIBRACION

. W
T=207 —_
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DISENO SISMICO DE PUENTES

TEMA 6 COMPORTAMIENTO SISMICO DE PUENTES
CON ELEMENTOS DISIPADORES DE ENERGIA
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periodo de vibracion aumenta, se reduce el cortante basal. Sin embargo, como se puede notar, la

flexibilidad proporcional adicional que se necesitd para incrementar el periodo da origen a mayvores

desplazamientos (fig. 1.3).

1.2 Disipacion de energia

. i . V.
Los desplazamientos relativos generados pueden ser controlados si se introduce un

v
amortiguamiento adicional a la estructura. Esto puede verse en la figura 1 4, asi como el efecto de

suavizacion de la curva para un mayor amortiguamiento.

Cambio del penodo

i _

acion

Aceles

-

Periodo
Figura 1 2 Curva idealizada del espectro de respuesta de aceleraciones

Cambio dz penodo
f - -

Desplazamiento

oot

Periodo _
Figura 13 Cunva idealizada del espectro de respuesta de desplazamientos

(B8]



Incremento de
amoriguamiento

Aceleracion

~—

Periodo

Figura | 4 Espectro de respuesta para diferentes niveles de amortiguamiento

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

plomo, los cuales pueden Jograr este tipo de comporamiento.

Fuerza
Deformacion
plastica

/

[ .

Desplazamiento

Figura 1 5 Curva de histéresis idealizada



1.3 Rigidez bajo cargas laterales pequeiias

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

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



2. MECANISMOS DE DISTP.-\C]()N DE ENERGIA PARA PUENTES

2.1 Introduccion.

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

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

2.2 Disipadores histeréticos de acero.

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

mecanismos de esta categoria se encueniran los siguientes
2.2.1 Viga torsional (fig. 2.1}

La seccion rectangular solida es de acero suave y generalmente tiene una longitud variable de
500 mm a ! m Estos dispositivos se anclan en sus extremos sujetandolos 2 una base fija del
puente mediante tornilios a cornante v sus brazos cargadores se unen a la superestructura, de
modo gue se generan momentos fiexionantes relativos entre los brazos cargadores en cada
extremo de la viga en una direccion v el centro de la viga en la otra direccion, tos cuales inducen

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



Figura2.l  Viga torsional.

2.2.2  Viga a flexion (fig. 2.2)

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

estribos, como s= muestra en la figura 2.3

Anclae

Cabezal de
~laviga

Figura2 2 Vigaa flexion



elastomencd

Estribo
Figura 2.3  Colocacion de la viga a flexion

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

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

2.3 Disipadores histeréticos de plomo.

La investigacion en el uso de la capacidad de deformacion plastica del plomo para disipadores
histeréticos comenzo en 1971 con la invencion del mecanismo de extrusion. Las razones de la
eleccion del plomo son fluye a esfuerzos relativamente pequehos, cercanos a 10 Mpa., y su
comportamiento se aproxima a un solido piastico fineal. Por otro lado, la deformacion plastica del
plomo a 20 centigrados es equivalente a la deformacion plastica del acero a una temperatura
mavor que 400 centigrados; por lo tanto, el plomo se comporta adecuadamente bajo condiciones

de fatiga durante fos ciclos de deformaciones plasticas
2.3.1 Mecanismos de extrusion de plomo (fig. 2.4}

Los momentos relativos entre el piston vy el cilindro, expulsan el piomo encerrado a traveés de
un onficio en el cilindro La energia es disipada durante ciclos de deformacion por extrusion de!
plomo a traves del orificio hacia atras v adelante Cuando el plomo es extruido, éste se

recristaliza inmediatamente. restaurandose sus propiedades mecanicas originales



Cabeza del

piston Anclaje

Qrificio de
extrusion

Figura2 4 Mecanismo de extrusion de plomo

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

Este mecanismo se compone de un apoyvo elastomeérico reforzado (placas de acero
intercaladas) con un cemtro de plomo cilindrico insertado a presion. Cuando el mecanismo es
deformado en corntante bajo una carga sismice, el plomo tiene una deformacion plastica, de modo

que la energia es disipada.

Piomo

Elasiomerp

Figural 5 Apovo elastomerico con centro de plomo

Los apoyvos elastomericos son muyv utilizados en estructuras de puentes, ya que resultan ser un

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



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

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

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

para 3 funciones principales:

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

¢) dar confinamiento al nucleo de plomo.

Si a estos apovos se les incorpora un centro de plomo, este permite disipar energia durante la

accion de un sismo, ademas de que aumenta la rigidez para soportar los efectos de cargas

t
'

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

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

amortiguamiento debido a las propiedades histeréticas de la deformacion inelastica.

Este apovo es disefiado para resistir en el rango elastico niveles bajos de conante (como Jos
producidos por cargas de viento} con una rigidez inicial alta (Ku) hasta que se alcanza un nivel
defluencia determinado por la resistencia caractenistica (Q), la cual depende del diametro dei
centro de plomo. La rigidez en la posi-fluencia (Kd) es manIeni'da en un minimo para asegurar
una buena cisipacion de energia v una rigidez baja de la estructura durante una carga sismica mas
severa. La curva de histéresis bilineal formada por estas dos ngideces (fig 2.6) tiene una forma

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

Dependiendo de la magnitud y onientacion de las cargas aplicadas, estos apovos pueden tener

varios grados de rigidez:



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

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

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

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

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

para evitar deflexiones laterales grandes bajo condiciones de servicio.

Figura 26 Modelo bilineal de histéresis

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

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

Xmax = Maximo desplazamiento

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

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

elementos.

De pruebas experimentales para medir los ciclos de carga — deflexion del apoyo elastomérico

con centro de plomo [ref 5], se encontro que una descripcion razonable del ciclo de histeresis es

un solido bilineal con las siguientes caracteristicas:

Ku = 10 Kb(r) ' ec.2.1
Kd = Kb{r) ec. 2.2
Kb(r)=GA/h ec 2.3
Qv=1(Pb) A’ ec.24
o Xy = 1(Pb) A(Pb) / Kb(r) ec 2.5

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

horizontal

Se -encomirod ademas que la fuerza horizom2l F, requerida para deformar al apoyo
horizontalmente puede ser considerada como equivalente a dos fuerzas actuando en paralelo: la
primera debida a la elasticidad del elastomero v la segunda debida a la plasticidad del plomo. La

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

1



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

una buena aproximacion resulta ser:
| F = 7(Pb) A(Pb) + Kb(r) X ec. 2.6

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

del disefo, para obtener ias caracteristicas deseadas del sistema disipador.

Los efectos concepruales de las variaciones geométncas tanto del centro de plomo como del
elastomero se resumen en la figura 2 7. El tamafio del centro de plomo es proporcional a la fuerza
de fluencia del aislador, mientras que la rigidez en la post-fluencia es proporcional 2 la rigidez del

elastomero, por lo tanto, incrementa cuando el tamafio en planta del apoyo elastomeérico

incrementa v cuando su altura decrece.

A Incremento de
‘ Incremento ‘

Fuerza . airura del

de tamario Fucrza .
cortante del centr disipador v/o

i ie” D° cortante reduccion del

Tt -
pioi ¥ tamaiio en planta
i —— —
Dcespiazamicnto . Desplazamicnto

Figura 2 7 Efecto de variaciones geometricas del centro de plomo v del elastomero en la

respuesta total

2.4 Seleccion del tipo de disipador.

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

costo, el merito tecnico y su adaptabiiidad a la aplicacion requerida

12



Es opinion general, que el apoyo elastomérico con centro de plomo es l2 mejor seleccidn
para puentes en general, ya que incorpora en una sola unidad dos funciones: servir de apoyo
para los puentes y a su vez como mecanismo disipador, ademas de que ofrece simplicidad en

su instalacion. En virtud de lo anterior se selecciond este mecanismo en los modelos de

puente estudiados. , \



3. FILOSOFIA DE DISENO

3.1 Antecedentes

.

De acuerdo con Turkington et. al. [ref. 6], dos de los procedimientos mas comunes para
disefiar puentes con apoyos de centro de plomo son: \

\

1) La guia de disefio del Ministerio de trabajo y desarrollo de Nueva Zelanda'(MV\’D, 1983),

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

El procedimiento MWD supone que la superestructura es infinitamente rigida y que la rigidez
del sistema equivalente de un grado de libertad es la suma de fas rigideces de todas las pilas v los
estribos; v supone ademas que la masa del sistema equivalente es igual a la masa total del tablero
de la superestructura. Con este método la respuesta se puede obtener de dos formas:
determinando la respuesta directamente de unas tablas 6 ayudas de disefio, aunque son muy
pocas las que se presentan no se puede apreciar qué parametros se consideraron, o la forma en
que estos se consideraron, ademas son para un peso asumide de la pila La otra forma es
determinar lz respuesta directamente del espectro inelastico Pudiera parecer que es éste el
método mas confizble. No lo es asi. va que el periodo real no se calcula directamente y la

respuesta debe estimarse utilizando el procedimiento de prueba y error.

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

caracteristica de 5% el peso de la superestructura

En ninguno de los dos procedimientos descritos se 1oman en cuenta los efectos de la inercia
rotacional de la masa de la superestructura Por esto Turkington et al [ref 7] proponen un
procedimiento de diseho de acuerdo con los resultados obtenidos anteriormente por elios mismos

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

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

de disefio ya realizadas.

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

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

3.2 Aspectos generales a considerar
3.2.1 Aphcacion

Los mecanismos de disipacion de energia pueden ser aplicados al disefio de estructuras de
puentes nuevos O para rehabilitacion de estructuras existentes Para puenies existentes, la
disipacion de energia representa una solucion efecuiva parz las 3 deficiencias mas comunes en

puentes construidos a mediados de los 70's.



a) Vulnerabilidad de los apoyos existentes y sus conexiones
b) Insuficiente resistencia y ductilidad de columnas
¢} Longitud de soporte inadecuada de las vigas.

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

5

siguientes casos:

a) en regiones de alta stismicidad

b) cuando se tiene una subestructura rigida
3.2.2 Costo
Los factores a considerar son los siguientes

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

b) Ahorro en el sistema estructural

¢) Ahorro en el tiempo de construccion

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

e) Beneficios indirectos tales como accidentes, muertes vy demandas como
resuttado del dano de un sismo.

f) Imponancia de la continuidad de operacion después de un sismo

Dispositivos adicionales necesarios.

fa
—

3.2.3 Ventajas v desventajas

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

diseno sismo resistente de puentes

a) Simplicidad conceptual - esto es, el arractivo de concentrar la disipacion de
i
energia de un sismo en componentes especialmente disefados para este proposito

v detaliados para un facil reemplazo si es necesario,

16



b) Eliminacion de grandes demandas de ductilidad y por lo tanto el dafio a las pilas.
¢) Reduccion en las fuerzas sismicas en columnas y cimentacion.

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

mantenimiento y el costo que esto pueda presentar.

17
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El REFUERZO NO EVITA QUE LA ESTRUCTURA
DE UN PUENTE FALLE O SUFRA UN CIERTO
NIVEL DE DANO

SUPERESTRUCTURA
-  SUBESTRUCTURA

CIMENTACION



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

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

¢)  COSTO



METODOLOGIA DEL REFUERZO

<  CLASIFICACION PRELIMINAR
< EVALUACION

X ALTERNATIVAS DE REFUERZO
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CLASIFICACION PRELIMINAR
ATC
- VULNERARBILIDAD SISMICA
- SISMICIDAD DEL SITIO

- IMPORTANCIA DEL PUENTE

CALIFORNIA

SISMICIDAD DEL SITIO

IMPORTANCIA DEL PUENTE

ESTRUCTURA

- TIPO DE SUELO
JAPON
- ESTRUCTURA

- TIPO DE SUELO



COMBINACION DE FACTORES

> (FACTORES)* (PESOS) = CALIFICACIOI}I

S fi W;=CALIFICACION

Y (FACTORES) = CALIFICACION

S fi= CALIFICACION

* informacion
* juicio ingenieril
* experiencia en el diseno de puentes
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& INSPECCION SOMERA

e [dentificacion

e Aspectos sociales

» Aspectos economicos
» Aspectos practicos

<+ EVALUACION DETALLADA

r=C/D
e Elementos
e Todo el puente

<+ ALTERNATIVAS

o Falla local
» Falla global

BECO = Relacion beneficio/costo
PEAR = Perdidas antes de reforzar
PEDR = Pérdidas despueées de reforzar
CR = Costo del refuerzo

PEAR-PEDR
CR

BECO =



<+ EVALUACION DETALLADA

Inspeccion detallada

e Ampliaciones

e Espesor de la carpeta asfaltica
e Apoyos

e Juntas

e Desplomes de pilas

« Cambios del proyecto original
e« Socavacion o erosion

‘Evaluacion cuantitativa (elementos)

e Juntas

e Apoyos
e Pilas

e Estribos

e Licuacidon
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inspeccion detallada
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Apoyos
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Desplomes de pilas
Cambios del proyecto original -
o Socavacion o erosion

Evaluacion cuantitativa (elementos)

e Juntas

e Apoyos

» Pilas
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DISPOSITIVOS PARA ACOMODAR 1.1
DESPLAZAMIENTOS EXCESIVOS

REFUERZO DE CIMENTACION 21
2.2
2.3

REFUERZO DE SUBESTRUCTURA 31

REDUCCION DE FUERZAS SISMICAS 4.1

CAIDA DE LA SUPERESTRUCTURA

TIPO DE CIMENTACION
LICUACION
SOCAVACION

TIPO DE SUBESTRUCTURA
MATERIAL DE LA SUBESTRUCTURA
ACERO PRINCIPAL DE REFUERZO

INTENSIDAD DE LOS MOVIMIENTOS
SISMICOS

CONEXIONES ENTRE
SUPERESTRUCTURA Y
SUBESTRUCTURA

NUMERQ DE PILOTES
ENSANCHAMIENTO DE
ZAPATAS

- NUMERO DE COLUMNAS

ENCAMISADOS
MUROS

ANCLAJE (ESTRIBOS)
DISMINUCION DE
EMPUJES DE TIERRA

DISIPACION
AISLAMIENTO

ALTERNATIVAS DE REFUERZO CONTRA SISMO PARA PUENTES



X EVALUACION DETALLADA

e Desplazamiento de juntas

N = longitud de apoyo

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

(-]
A; = desplazamiento perrhisible

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

Aeq = desplazamiento relativo maximo producido
durante un temblor



REDUCTORES DE MOVIMIENTOS

" Disenno Conceptual

- FUERZA DE DISENO

- MINIMO DE 2

- ORIENTACION

- PERMITIR MOVIMIENTO

- NIVEL DE CARGA PARA QUE FUNCIONEN



' REDUCTORES DE MOVIMIENTO

Criterios de diseho
EUA

- JAPON

Opciones:
Cables
Barras .
Método de analisis

- Estatico



CALCULAR EL ALARGAMIENTO MAXIMO
PERMISIBLE EN EL REDUCTOR DE
MOVIMIENTO

D;=D, + Dyq
donde:
D, = deflexion maxima permisible del

dispositivo de restriccion

D, = deflexién de fluencia del dispositivo
de restriccion

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

oy = esfuerzo de fluencia del dispositivo
de restriccion

L= longitud del dispositivo de restriccion

E = modulo de elasticidad del dispositivo de
restriccion



Si D, > longitud de apoyo disponible, entonces

a) reducir la longitud del dlSpOSlthO de
restriccion :

b) reducir la holgura

c) reducir el esfuerzo en el dispositivo de
restriccion

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

. _p,=CW
Ku
donde:

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

W = peso del claro o segmento

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

\ ot



Con los valores anteriores se calcula el valor
maximo de:

*

Deq = D¢ + 0.3 D,

Deg =0.3 Dy + Dy
donde:
D.q = separaciéon maxima producida por el

sismo

COMPARAR RESULTADOS DE LOS PASOS 1
y 2

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

SiDeg >Dr = calcular el nimero de constric-

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

N; = K, (Doq — D,)/F,A,



donde:
N, = numero de constrictores

\
A, = area de la seccion transversal de un
constrictor

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

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

donde:

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

Si Dys = D, = ajustar N,

Si D, > D, = reducir N,

Si D, < D,et = aumentar N,



CONSTRICTORES DE MOVIMIENTO

Aspectos constructivos

ACCESO

TRANSITO

MUERTOS/DESVIADORES DE CONCRETO

PERFORACIONES
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COLOCACION DI REDUCTORES
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- CONCRETO

- ACERO



REFUERZO SiSMICO DE SUBESTRUCTURAS

“ ENCAMISADO DE PLACAS DI ACERO
%+ ACERO ADICIONAL

#* ACERO nia PRESFUERZO

“+ AUMENTOS DI SECCION

+ OTROS MATERIALES



EVALUACION PRELIMINAR DE LA RESISTENCIA
DE ELEMENTOS DE SUBESTRUCTURAS DE PUENTES



ne

Para tomar decisiones en cuanto al tipo y nivel de refuerzo sismico de la subestructura de un pucente, es
necesario realizar una evaluacion sismica de la misma. L] refuerzo se provee con ¢l objeto de minimizar la
probabilidad de colapso total y/o daifio estructural del pucnte.

Iin empalmes cn regiones criticas, o por el desgaste prematuro del refuerzo longitudinal, las columnas de

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



METODOLOGIA

x"]
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S

6.

~

. EVALUACION DI LA PILA POR CARGA MULRTA

. ESTIMACION DE LAS PROFIEDADIES DE LOS MATERIALES

ANALISIS LATERAL BAJO CARGA SISMICA
IDENTIFICACION DI PROBABLES MODOS DE FALLA
ESTIMACION DE LA RESISTENCIA A FLEXION

a) empalmes

b) articulaciones plisticas
ESTIMACION DE LA RESISTENCIA BAJO FUERZAS CORTANTES
REVISION DIE UNIONES VIGA-COLUMNA

REVISION DE ZAPATAS



RESISTENCIA ESTIMADA DE LOS MATERIALES

Iis necesario conocer la resistencia y las caracteristicas de delormacion de los miembros de la subestructura. Asi se
obliene una mecjor estimacion del comportamiento esperado. Se recurre a pruebas no destructivas en sitio,
incluyendo prucbas de compresion en corazones de concrelo tomados de elementos del puente,

Cuando sea posible, {a resistencia del acero de refuerzo debe ser determinada con base en pruebas representativas y
confiables o con muestras adectuadas tomadas de la estructura del puente. Cuando las pruebas no sean factibles de
realizar, se sugiere utifizar los siguientes valores de resistencia :

[ =1.5F,

f = LIt
donde: { ; y f, son los valores estimados de la resistencia a la compresion del concreto y la resistencia a la

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



MODO DE FALLA DI LOS ELEMENTOS

Se debe identificar el mecanismo de deformacton inelastica que puede ocurrir :

- flexion
- cortanle :

donde :

pr = factor de reduccion por flexion
s = lactor de reduccion por cortante
M, = resistencia a {lexion, estimada
V., =resistencia a cortante, estimada
M, = resistencia a flexion, requerida
Vi = rcsisl‘cncia a cortante, requetida

Segin AASHTO :

09 2(p=
Otros reglamentos :

Pr= i.0

Pr= i.0

qpr=1.0

My Mn 2 M req
‘P«-Vu =2V req

0.9-2P/f A )205

CALTRANS
NUEVA ZELANDA
JAPON
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RIGIDEZ ELASTICA

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

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

_ Mrm
el ™

fb om E

donde M., y dew o0 el momento y curvatura a la fluencia, respectivamente.
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RESISTENCIA A LA FLEXION

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

La resistencia a {lexion es el momento correspondiente a
a) la deformacion por compresion de la fibra extrema de concreto ¢c.= 0.004

b) la delormacian por tension de la barra extrema del acero de refuerzo g,= 0.005

Concreto : Del analisis momento-curvatura:

p="¢

C

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

Acero : Cuantia de refuerzo en columnas :

1% <p <8%  USA
0.8% <p, <8%  NZ
0.5% <p <8%  JAPON
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RESISTENCIA LATERAL DE LAS COLUMNAS CON EMPALMES DE REFUERZO
LONGITUDINAL

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

I.a resistencia a Mlexion de columnas con empalimes en la base se degrada de la resistencia inicial (correspondiente a
ba Tuerza de tension maxima) a la resistencia residual M, ... '

"ara columnas con conflinamiento transversal no efectivo, la capacidad de momento residual puede ser llevado por
la fuerza de compresion axial (I’) en [a columna, sin que contribuya el refuerzo longitudinal,

I’ara una seccion rectangular, la capacidad del momento residual (M, ), basada en la fuerza axial es:

M.,, - |{ h'-a )
2

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

Para una columna.circular, la resistencia residual correspondiente es:

7))
2—-x



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

St el empalme es efectivamerie confinado con reluerzo transversal la resistencia residual de la seccion se

incrementara. Una columna cit _ular con refuerzo debidamente conlinado serda capaz de desarrollar la resistencia
total a la flexion.

I:l refuerzo confinado puede detallarse con aros soldadoes o espirales continuos soldados cada vuelta, o con aros o
espirales doblados con ganchos estandar de 135°,
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CAPACIDAD DE DEFORMACION DE ARTICULACIONES PLASTICAS

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

£ = 0.004 -+ (1.4 g rg /1)

donde :

Ps = cuantia

[ = esfucrzo de fluencia del acero de los estribos
£, = deformacion maxima a tension en el acero
[ = resistencia del concereto confinado

se recomienda emplear un valor de 0.005 para la deformacion Gltima por compresion g,
No se debe confiar en los electos benéficos del confinamiento, a immenos que este sea propiamente anclado con

soldadura o con ganchos en el nicleo, dado que los empalmes de aros (estribos) en el nlcleo de concreto pierden su
integridad una vez que la cubierta del concreto se astilla o deteriora.

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

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

s



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

i M, ~M,
Ll = ! k

' 'bu—(by

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

b, 1) =2.45c, £15%
o, h=2.14c, £10%

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

Sccciones con empalmes de acero de refuerzo. ara secciones donde el empalime falla antes que la resistencia
nominal a flexion sca alcanzad: es necesario una ductilidad de curvatura gy =~ 8 para alcanzar la capacidad residual
Miee. Donde la falla de empaln.:s ocurre después que la capacidad nominal M, es alcanzada, la capacidad residual
es desarrollada para una ductilidad de curvatura alta.

] t
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RESISTENCIA AL CORTANTE

L.a resistencia al cortante de miembros puede ser estimada usando las siguicentes ecuaciones:

V,=V_ +V_+ Vl,
donde:
V. es la resisiencia al cortante del concreto

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

V. =k /A,
r AL D'cotdd .
5 columa circultar
5
v, = '
A D'cotd?
columna rectangular
s

V =Plana

donde:

Ac=0.8 A,

0 =angulo de inclinacion de Ia grieta de flexion con respecto al ¢je de la columna ( 30°)



Gy

Ay, = drea de la seccion transversal de uno de los estribos

A, = area tolal de una capa de refuerzo transversal en la direccion de la {uerza cortante

2" = dimension del nicleo de centro a centro del estribo periférico para columna circular y rectangular
k = faclor que puede ser expresado en términos del faclor de ductilidad de curvatura Ju.

s = distancia o separacion entre estribos, a lo fargo del elemento

i’ = fuerza axial

o = dangulo formado entre ¢l ¢je de la columna y el punto donde se aplica la carga

Fuera de las zonas extremas de las articulaciones plasticas (extension de distancia de 21D o 2h), el valor de k

aplicable para piy = | puede ser adoptado.
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CARACTERISTICAS DE DEFORMACION Y RESESTENCIA DE UNTONES VIGA-
COLUMNA

Sea py el esfuerzo principal de tension en la union, el cual se calcula con

r\r -+ rh rv - rh )? ?
p, = + + v
-2 YUo2

donde:
v = esluerzo promedio en la direccion vertical

f, = esluerzo promedio en la direccion horizontal
v, = esfuerzo cortante en la junta

Si p 2 3.5V0¢ (psi) sc inicia el agrictamiento de la junta
Si p. 2 5\Nc (psi) se desarrolla un patrén completo de grietas

Si la articulacion plastica se desarrolla para esfuerzos en el rango de 3.5Vfc < p, < 5Vfc (psi), la fuerza de fluencia
en la union incrementa con la ductilidad, y la falla de la union ocurre eventualmente. -



h 0

Si el esluerzo principal de tension permancce debajo de Ia envolvente de resistencia, Ia union no limitara la
capacidad de ductilidad de miembros adyacentes. Sin embargo, si este esluerzo principal afcanza la resistencia, la
resistencia en la union se degradara.

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

bR



CARACTERISTICAS DE DEFORMACION Y RESISTENCIA DE ZAPATAS
Estabilidad. En primer término se debe revisar el sigiuicntc requisito de estabilidad :
(P4 W)l -a)22 M" + VI
donde :

¢ = factor de resistencia = 1.0
P = carga axial

M" = momento flexionante

V" = luerza cortante

W= peso total de la zapata

L, = loongitud de la zapata

a ={(P+W)/p, B

hy = peralte de la zapata

p, = presion del suclo

B; = ancho de la zapata |

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

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



[)C '{" 3(][
c” I;L "' 3(.Ir

donde :

D, = diametio de la columna

B. = ancho de la columna

d; = peralte clectivo de la zapata

[.a ductilidad de curvatura maxima, y la capacidad de rotacion de una articulacion plastica en la zapata, pueden ser
estimadas basada en la deformacion de compresion maxima de €. = 0.005 o en la deformacion de tensiéon méxima
de £, = 0.04.

Resistencia al cortante. Se recomienda utilizar el mismo ancho efectivo ber que para la revision por flexion.
Uniones zapata-columna. Sc utilizaran los procedimientos descritos anteriormente para uniones viga-columna
pero utilizando el siguiente ancho efectivo :

bjer = 2D para columnas circulares

bier = he+ be para columnas rectangulares

por to que el esfuerzo cortante promedio vy, en la junta se calcula con :



Th

Vie = Vjv / b‘m h[
donde :
V;, = fuerza cortante en la union zapata-columna

Falla del cimiento como un mecanismo de respuesta aceptado. En todos los casos la zapata debe ser capaz de
soportar la carga gravitacional de la columna durante y después del sismo. Cuando ocurre un dafio severo de la

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

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

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

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

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

o Fuerzaen los apoyos

Y
V(D)
V = Cortanle
» PILAS
- Formacion de articulaciones plasticas
- Modos de falla
- Momentos elasticos
- Momentos tltimos
a) revisar r =M(C)/ M(D) para el momento
b) revisar r- 2(Cl.. para el anclaje
la{D)
H - Alr(C) Nt
c) revisar r= r' para los empalmes
Ar(D)

d) revisar r para confinamiento transversal
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Basic Design Concepts
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[J. Gates, L. G. Buckle]



lry}p_rpatinnalj\'orkshoslon Seismic Design and Retrofitting of R.C. Bridges

T

Pregent Criteria [1 Gates)
INTRODUCTION

The following discussion presents US seismic design view from two primary
prespectives The AASHTO code viewpoint, which refers to the current
version of the AASHTO seismic code (1) which was previously known as the
Saismic Design Guideline and earlisr knewn as ATC-6, hereafter referred to as
AASHTO The second viewpoint, the curirent CALTRANS code(2), (used by
the State of Califarnial, is very similar to AASHTO in many respects and
hereafter will be referred to as CALTRANS. It is the intent of this paper to
discuss primarily the above two criteria but there are currently several bridge
designs and retrofits underway in the US which apply a modified code which
departs somewhat from either of the two above major codes. These departures
will also be discussed in this paper

1. DESIGN PHILOSOPHY

The basic design philosophy of both major US codes is to prevent collapse
under a major seismic event. The AASHTO code indicates that:
"Bridget and their components that are drsigned to resist these
forces and that are constructed in a ce with the design
details contained in the provisions may suifer damage, but
should have fow probability of collapse due to seismically induced
ground shaking”

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

A secondary philosophy i3 also spelled out in the AASHTO code:
"Small to moderate rarthquakes should be resisted within the
elastic range of the structural components without significant
damage”.

Although imphcit in the current CALTRANS code, this secondary philosophy is
not spelled out directly .

1.1_Evaluation of importance of the bridge

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

AASHTO only requires the application of the importance classification to bridges
located with a seiwmic coefficient greater than 0 29 Classification of Essentiat
Bridges (IC Classification 11 is based on social/survival and security/delense
requirements:
"An Impartance Classification (IC) shall be assigned for all
bridgrs with an Acceleration Coefficient greater than 0.29 for
the purpose of detrrmining the Seismic Performance Category
(SPC) in Sec 1 4 a3 follows
1 Essential bridges - 1C = |
2 Other bridges - IC - 1)

Bridges shall be classified on the basis of Social/Survival and
Security/Befense requirements, gquidelines for which are given in
the Commentary.”
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The current CALTRANS code dass nol specifically addresy importance in the

criteria, The assumplion made at the time of the development of the current
code (in 1973) was that all bridaes were important, Recommendations by the
Loma Prieta Investigation Beard {3) require CALIRANS 1o address this 1s¢ye.
Future codes at CALTRANS will specdy importance 1n terms of emeargency and
economic need to the community,

Currently CALTRANS 13 developing guidelines for evaluation of bridges for
seismic retrofit and are Proposing a three |ayel fmpartance classification as
follows -

Category 1 -+ Essentiaf structures for rmMergency response

Category 2 -- Structures necessary for recovery
(determinsd by cost-benefit evaluation)
Category 3 -- Structures needed for normal operations (others)

1.2 Definition of himit slaggs_g_ng;!!]gir_p_rpb_ability_o[_qg;ugggcq

Both the AASHIQ and CALTRANS codas dy not specifrcally address this istue
imphcit in both codes iv the fact that a vield Dunit state witl eccur in coluymn
members.  AASHTO assumes the rrobability of the elastic design force lpvels
nol heing exceeded in o0 Yrars iy an the range of B0} to 95% However,
AASIHTO states that:

" the design earthquake force layvel by itsell does nnt determine

risk; the risk 15 alto affected by the design ruleg and analysis

procedures used in connection with the design ground moltion™

AASHTO provides additional material on thits i the tritrentary to the criteres.

CALTRANS does not make any p-obabilistic assumptions, their code js based on
deterministic methods defining a mavimym credible event where return periods
vary from hundreds to many thousands of years, dnpendmg on the particular
fault adjacent to the site. Additional discussion is provided in their
commentary tmaterial to thes specification |

This particular consideration in the variouys US criteria is currently undergoing
change. For example the Transportation Corridor Agency in Orange County is
buitding a new privately owned tolt facility in Orange County(4), Their design
return period about 2500 years which compares favorably with the CALTRANS
values for the region undar consideration.  Variguys groups evaluating the
current AASHTO criteria are also inve!hgaling the possibility of increasing the
teturn period of the design motion .

The recently issyed recommendations by the (oma Prieta Investigation Board 3]
requires CALTRANS 1o perform a comprehe&nsive seismic safety assosyment of
each major toll trosting  The first step recommended in this process (s to
perform a seismic hazard analysis to establigh the annuyal probability of
excredance ralation for peak free-field around scceleration on frrm soil and/or
bedrock at the bridge yilag.

1.3 _Basic design _choless: structural systems, erdgg_ixp__es, 1solation or
dissipation deyicey

Bridge designs in the US fal} into two gener,) calegories -
1 Monolithic tystems
2 Glrder/bearing tystems,

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

The monolithic systems are generally concrete girglerdsy;;e:l:inv;tl’ly:?l:‘n;n:miu
i e
olithic with the superstructure. trder Y
CU":";::::(Lme:armg astembly installed at the superstructure soffit level,
:Zg‘arahnq it from the column and/or cap beam substructure.

iities ttion of the US the girdcr/bearu?g system
" ew hmm.e"I1iltv'-w|nET|smt::1e:i'2r‘n US, the monolithic conﬁgu.r'al?on is more
pFEdommat“ihw stems appear to he approximately equally seismically resistant,
commaon, .H"“h:: case it is generally accepted th.at !u.perstruclures ml:;t be
::‘;:tei::u;u':‘ :s much as possible in order to minimize joint pull apart an

subsequent collapse

i i hmited use in the US, with
isolatinn has presently sorneyvhal e :
T u";'o'stt;ri:::om in California as a retrofit measure and a few m“tla'“a(t;::’[;:
2ot 'rr;s of the country, AASHTO recently adopted a Czuida.dSple)cl ;;:(35)
gtai;?i:);latmn which will be available as an option on a Nationwide bas

2. SEISMIC ACTION

2.1 Definition of gqround motion (ground acceferation and_frequency content)

Both US codes uliirte 5% damped acceleration response lpectrasto dc!icl;: el;sht::
(o reduced) design forces over a period range of abgut 0 to > ’T;?: : '(6)
AL:\nSHTO code tpectra are bated on batic spactra defined for bui 9 R

Smooth elast 5 with re nal

00 efastic spe 1 lOPEd to be used t giD 3'
P ctra for % dﬂmplng were deve »

An e'x BIHPFE sel of response spec\ra for a maximum glOUl’ld acceleration

of 0 Fhis represents the maximum level of shaking

of 0.4g is shown in Figure |.
specified by the criteria,

T T
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The CAI TRANS spectra were base of d .
X drvelnp d 973 d on ound bmo on
spectra derived from edin 1973 an Are based on elattic rock 2..‘! Assumphonsr ths groun oti t the bas F differ r

several Crliforni
acceleration tevels vary from 0 1 (n» '6'8? rart
10° Alluvium) it shown in Figues 2. ?

hauakes recorded on r
‘ ock, R
The CALTRANS rock 1pectra (o(;:k

to All current US design specificatiuns assume squal motions at each support.
Several of the larger Califorrmia Toll bridges are currently being evaluated using
state-of-the-art techniques including the consideration of variation of support
mations (or coherence) along the length of the structure. Hopefully the results
of thete studies will better define. the practical Iimits where such refinement In

analysis i1 required

Srvas [ mase Loty Yoy § -
'---wn..l\mh‘..-:..._..

- .4 Treatmant of vertical acceleration

' - . N Vertical acceleration is currently not directly specified in the two major criteria
in use in the US. Both codes specify hold down requirements for resultant
uphlift forces obtained from the horizonta! loads as follows:
“Hold-down devices shall be provided at all supports and

. intermediate hinges where the vertical teismic force {from »

‘ 1 - horizontal seismic load) exceeds 50% of the dead load reaction.
The hold-down device (when required) shall be designed for the
greater of 10% of the dead load reaction or 1.2 times the net
upward force.” .

-1 ARm

L A I-SSPECTRA

CALTRANS standard superstructure expansion hinge datails provide for uplift.

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

Fortod af Suucnas 1Sec) T

Fi 3. PROCEDURES OF ANALYSIS
ig 2 CALTRANS Rock Speclra

J.] Linear static

ZJ_ELOC-"_P.'_IAILQQndmpﬂ.
Three soit types are wied to dilferentiat ; Aoth AASHTO and CALTRAMS permit the use of a linear static analysis.
Soil Pipfi - ntiate site conditions |
So':f ;‘::;::: ‘I:z: :, ,RS"lci:‘f oCrraSy“” Sco.:: prdtlions in the AASHTO code. AASHTO specifies a more complex procedure bated on a generalized coordinate
Soil i or Lohesionles i h.
Choerrofile Tyoe 111 - Soft to Medwm Stil Clany o ‘ Approac
erization is based on ATC-3 soil types (G;r and Sands Thiy

CALTRANS specifies a simple uniform load approach. CALTRANS also requires
that the static load approach always be used to determine forces in longitudinal

CALTRANS ulilizes 4 i i
caleqgories to describe varions depths restrainer aystems.

rock-like materjal- 0 to 10 feet

of allyvi
150 feet jn depth, vium over

1) to BO feet, 80 1n ]
. 50 feet, and
' N¢ greater than Both codes restrict the use of the static load approach to simple framed
structures where a single mode of vibration in the direcltion under consideration

Yoth criteria recognire
can accurately replicate the results of 2 sumple mndal analysis.

pectra for specyal sites
Decr.:f spectrs when gite ¢
Sttes adjacent 1o ach

the naed to permit the devel pment of stle- spocifir

The CALTRANS i
- criteria peaymits )
onditions and structirre rmhur!ml:el"w(.::;vPh’:bmmlt of
. ants:

ve faults, gites with trusyal 3.2 Linsar dynamic (Modal Analysts)

;:3::’!'“0:\1, unusual structyre types. and stryct Srologic
’pecia";'ec"‘t:e"?e";:d’grealer than 3 0 srennds Wlf:"be: ::’::'“;EI‘ d Both AASHTO' fnd'CALTRANS permit the use of linear dynamic analy_rsis.
seismic loads by uti;:ch cates, structuies shall be evaluated "or AASHTO sprcifies in greater detail the number of nodes to be used in the
dyramic analys) ration o!. spproved soil response and model CALTR:’\[‘JS uses the 1ame numbers in their models, however they have
. Ysis techniques. no wrilten specification. Nationally, there it 3 very small percentage of
’ bridgks being designed using linear dynamic analysit procedures, however 3

usage is slowly growmng as a result of the complexity of the AASHTO simplified

model, the availsbility of a simple and easy to uie dynamic analysis tor’
SEISAB), and the recent adoption of the AASHTO Guide Specificatic [
rquired specification for Natioowide use.
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CALTRANS has automated the linear dynamic procedure to the point whers it
. is

being used on virtually every bfldgp

The program STRUDL it beang ysed 1n

conjunclion with an efficient pre-processar call BAG to generate a late |
specific model which can be utilized for alt horizontal loade inclhirdin o
temperature, and centrifugal forces as well a4 sersmic ’ @ wnd,

tncracked section proper

3 3 Nonlinear

tres are ubilized 1n the space frame model

Nerther US code currently specifies 3 non-hinear analysis Both codes allud [l
. ude o

this as a method, but no

CALTRANS 13 currently o
linear and non-lrnear anal
enable 3 better definition

specific guidelines are presanted

y:u} Hopefully the results of these studies will
of what structure conhiguratrons, sizes and force-

levels will justify this refinemant of analysis

3.4 Fougga‘li_q_q!_(abu!n}eqts]_andﬁl_nu!f:tqucjg_rs’ toteraction

Both AASHTO and CALTR

stiffness in the analytical

ANS recognize the peed to consider the abutment

model  CALTRANS assumes a hinear ipring equivalent

to 200 k/in per hinear foot
| of abulment wi i
KSF on mobilized abutment strucluralnm:r:::htras maniman force hmitation of 7

Pier foatings, whether loc

unlesy founded on very soft materials

ated on rock or piles are usually considersd frxed

analyred astuming s0il springs as a lataral support

4. DUCTILITY LEVELS

4.1 Bridge types
Both AASHTO and CALTR

specific components and substructure confiqur-tisng

08 to5 CALTRANS red
specifically states in their
their column members and
substructure cenfiguration
entire period range

Retrofit and replacement a
overall duelility reductron

ANS define ductiity levels (or reductions) in terms of
AASHT i
uchion values can be ag high as §. OCKTEIE;!;;EY from
tn:’fammentary that a basic ductility of 4 js assumed for
! ecr; 2 risk of up to 2 js applied dependﬁng on the

nd size AASHTO uses 3 single value over the

nalysis of ¢t i i
naly he San Francisco Viaducts utilizes an

| ) It has b i
tmportant California retrofit projects incr:glnuglll;l:;fe

where peer reviews are utilized to better define the dyct lity demand
iy and on

existing columns to verify

the decision to not retrofit the member
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4.3 Displacement ductility

Displacement ductility is not normally computed.
approximately equal to the force reduction factor.
at CALTRANS to implement displacement ductility calculations on a routine

It is assummed that it Is
Effort is currently underway

basis

4.4 Force reduction factors

The force reduction factors used by AASHTO are shown in Flgure 3.

Substructure’ R Conneetiony R
Wall-Type Pier? 2 Superstructure 1o Aburment [ ].]
Expanuion Joing within

Retnforced Concrete Pale Bents
2 Verucal Pies Only
b One or more Barter Pdes
Singc Colemns
Sicel or Composite Sceel
and Concrete Pile Benna
1 Vertical Pies Only L]
b One or more Baner Piley ]
Multiple Column Bent §
" I'he R Factor 15 10 be used for both orthogonal axet of the swhstructure
YA wall type prer inay be desrgned a5 b codumn n the weak direcison of the peer provided all the provissons

Tor columns 1n Chaprer § arr followed The R Factor for 2 single rolump can then be naed.

'For bridget claiulied a1 SPC € and D n u recommended that the connections be designed for o
marmum forers capable of heng developed by ptattic hinging of the tolumn or column beni 43 specified in
Scc 4 85 Thew forces sl ofien be ugmificanily beas than thoae obtained wting an R Factor of |

a Span of the Supersiructure 0B
Columns, Prers or Pale Bents

to Cap Beam or Supersiructure? 1 0
Columns or Prers 1o Foundastions’ 10

[y

Fig 3 AASHTO Response Modification Factors {(R)

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

. (] T
! Welt conbned ductle
muhi-oobsrn h“
]
N
]
°
L]
w
4
o
E
3 Piers, abutrmant wall, and wingwals (1 = 20)
: a
< 2 t
r Hinge resirsine: cables (1 = 1.0
|
\ T
Well rmnforced corcrele shees leys (1 =0 )
0 t

0 02 04 068 OB 10 20 30

Period of Structure (Sec) T
Fig. 4 CALTRANS Adjustment for Ductility and Risk Assessment Factors (7)
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In th criteria, the adj it applie
bo . justmant pli ividi i
1 o o nl:‘, applied by dividing into the elastic smismic

earthquake. lLoad Caee | -
30% of the forces from the

Case 1. This combination accounts for th
earthquake mations. ‘

4.5 Maximum displacements

Neither US criter}
Prift hmitations o
in San Francisco

2 tpecily any maximum
f aboul 18 were yypd for
% part of their retrofif

splacements or dr
evaluation of
valuation

ift limitations
portions of the viaducts

The AASHTO 1pecification indir

ectl i
;:::”‘:u;lhs to svsure span llmportyar:’rﬁr“i:: i":fe"nhal fotions b
o ed. Figure 5 shows the AASHIO 1eat wuﬂ!:
‘mensions apply to both Inw 1PiSIMIGC Tones (C
teismic rones (Category C and D) - b Heae

¥ specifyi
ttudinal movements have vine
v dimensions These

Yy A and B) and far high

I Y R R
s s

I

ABUTM
Eny COLUMN OR BrER

"ﬁ—#-——-——j i

HINGE WitHIN A SPAN

'EXPANSION JOINT OR END OF BRIDGE DECK

Fig 5 AASHTO Seat width dimensiong

£
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Seat width (N) is specilied as follows:

In Categories A and B zoner (Low seismic):
N =8 +002 +» 0084 (inches)

In Categories € and D zones [High ssrsmic)-
N =12« 003L + 0 12 (inches)

= Length in Feet between expansion joints and,
H = Height in Feet of the column or pier

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

4.6 Second order effacts (pi delta)

AASHTO requires that moment magnification and slenderness effects be
considered as part of the seismic loading case. CALTRANS does not include
this refinement in their calculations. HNeither code specifically requires the
consideration of other second order effects, however CALTRANS recommand:
maintaining & KL/R ratioc of less than 100 on all column members.
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fyesign Delails [S. A Mahin]

1. PRELTMINARY REMARKS

achievement  of satinfacteory structural performance in the event of
rare and unusually severe earthquake ground motions depends on a
wide wvariety of parameters, Possibly none of these parameters |s
more important than the selection and implementation of details to
achieve ductile response.

This paper reviews the basic detailing, proportioning and related
design principles incorporated in the design of reinforced concrete
bridge sStructures located in regions of high selsmic risk in the
united States, with an emphasis on specifications adopted by the
california Department of Transportations (Caltrans).

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

Transportation Officials ({1987 edition [1]). california bridge
design practice is governed by Bridge Desiqn Specifications (1990
edition [2]). The California specifications are in large measure

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

Some of these details and guidelines are summarized herefn as
applicable | to California. Where appropriate, comparisons are also
rade to code recommendations for reinforced concrete tu.ldings [@8].

2. MEMBER PROPORTIONING AND DETAILS

2.1 Basic Parameters and Cheoices for Member Proporti{oning

The basic U.5. and Caltrans design practice is to desiqn structures
Capable of redisting small to moderate parthgquakes with little or no
damage and maximum credible events with no serious damage or
tollapse [9). Thus, while essential:y elastic behavior is expected
for moderate level excitations, damage associated with {nelastic
Iesponse is anticipated in the event of a large earthquake. It |-«
the intent of current Caltrans design practices te limit damage to
tepairahle levels and to have important fnterchanges remain operabten
following a major earthmqiake.

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

Monolithic Eetructures have become the standard of practice n
California. Special drtails are reguired at all expansion Jjoints,
hinges and abutments to prevent unseating during earthguakes.

To provide a more rational means of assessing member ultimate
capacities and the distribution of forces in the structure during
earthgquakes, Caltrans stipulates that the earthguake design gf
concrebe structures and members be perlormed using strength methods
The design forces are determined for critical members, typically the
columns, using results of elastic dynamic analyses hased on response
spectrum for the =cite corresponding to the maximum credible
earthquake. These elastic forces are vreduced by a response
modification (ductility/importancey factor, I, accounting for the
inelastic deformations permitted in the columns and other elements.
The walue of Z depends on the Importapce of the structure and member
as well as on the period and perceived ductility capacity of the
structure.

Within these general guidelines a wide variety of structural forgs
are wutilized. In California, aesthetic considerations have an
important role in the selection of member shapes and proportions
For exarmple, drarn pipes pand utilities may not be exposed,
necessitating the positioning of these {tems within structural
members. Similarly, vrectangular columns are only infrequently
employed, with more complex and aesthetically appealing shapes being
preferred. Typically, columns are flared, vrather than being
prismatic, and octagonal or circular cross-sectional shapes are
favored (Fig. 1}. Hexagonal columns and rectangular columns ({with
beveled corners) are used in some special cases (10)]. Simple
prismatic columns are only recommended by Caltrans for “"multi-colurn
bents, bridges with low public exposure and highly industialize?

areas." Architectural treatments in the form of texturing, 1insets
and fillets on the column surfaces 2:e frequently used where
pedestrian and vehicular densities are signifiz:int. In spite of

these complexities, use of standardizeu column sizes and shapes is
encouraged by Caltrans for aesthetic, economic and practica!l
reasons.

Pier walls are also utilized in some situations, fThese are define?
as vertical elements with heights less than 2.5 times the width.
Again, tapered or flared geometries are most commonly used (Fig. 1).
Although ductile details are stipulate for these elements, thesr
relatively poor behavior under seismic loading conditjons has lel
Caltrans to utilize forces 2 to 4 times greater (i.e., a lower I
factor is utilized) than for ductile columns.

Bridge decks are monolithic. Generally, box girders with eithe’
vertical and inclined edge girders are utilized. The depth of @
continuous box gitrder section is typically equal to the span divided
by 18. Vertical deflections due to live load plus jimpact ar¢
limited to the span length divided by 800¢

International 'ﬂorkshop on Seisnue Design and Retrofitting of R.C Bridges 181
L

{4 )] A-A r‘

| _”’1
 \ /|
f’_"l

2

Etﬂ

-

ol

L._

is:

Wl

(b) Pier Ceometries

BECTION B°D

(2} Column Ceametries

Fig. 1 Typlical Column and Pier Geometries

7.2 Foundations

Foundations are elther of the spread or pile type., Piles are
constructed from timber, concrete, steel or cast-in-drilled-hole
{CIDH) ceoncrete. Friction and point bearing may be considered as the
lead resisting mechanism for pile foundations. TFiles may be spacer
no closer on center than twvice the largest sectional dimension of
the pile or 3 ft. (910 mm). Friction piles may be considered able to
resist an intermittent seismic uplift equivalent to S0t of the
pile’s ultimate compressive load capacity (providing proper
provision is made to anchor the pile to the footing and sufficient
skin friction can be developed). The Commentary to Caltrans’ Bridge
Design Specifications stipulates against the allowance of uplift
forces for saturated cohesionless soils, because of the ponsible
loss of frictional resistance due to the huildup of pore-water
pressures during earthquakes,

Standard details are utilized for piles. With the exception of cant-
in-place piles, details for confinement and shear reinforcement deo
not conform to ductile detailing requirements imposed for columnn
above ground. However, special analysis is required for moment,
shear, axial load and stabxlity when piles are embedded in soila
with measutred standard penetration resistance values of 10 or lese,
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Footings are typically reinforced top and bottom in both dirnctiong

and minimum reinforcement is stipulated for shear. A typical detay
is shown in Fig. 2, Design loads for footings are based g
capacity desiqgn principles, [ the moament and shear indaced |,
the supported column 1s taken as the lessor of the torces rn--.ultur.,'i

from plastic hinging in the column, or from thr clastic  1ropans,
spectrum analysis of the structure plus dead load. The plastic hlnﬁ
capacity of the column {s taken as 1.) times the nominal capacity gf
the critical section. The capacity reduction factor for footing;
(and plles} is taken as unity. Thus, vyielding iz expected ¢,
initiate din the celunn and the footing is designed to be able ¢,
develop the full plastic capacity of the column.

A top layer of reinforcement i{s provided both ways in all footings
to resist uplitt and bending effects. This layer of reinforcement |
aften controlled by the minimum flexural reinforcement requirementg
for concrete Sections, rather than by computed internal forces.

The need for shear reinforcement in footings is computed as for

flexural elements However, no distinction 1< made 1n the capacity
reduction facteors applied to flexure and shear. Thus, no apparent
pteference i made regarding the poscible eventual failure
(flexural vs. shear) mede of the footing. Neone the less, a minimus
amount of shear reinforcement Is stipulated for all footings in .
band located near the column. Vertical hooked ties (Ho. 5] are
required at 12 in. (305 mm} spacing in each direction in a band

extending from 6 in. (152 mm) avway from the column face to a
distance away from the column face equal to the effective depth of
the footing (see Fig. 2). These tie- ~ust be hooked around the top
and bottor layers of flexural reinforcement in the footing. This
steel is ntended to prevent delami atien of the footing due te
tensile yielding of the colu~* 1lo: tudinal reinforcement. 1t
undoubtedly plays an. important role in resisting the anchorage
forces developed by the hooked column bars terminating in the
footing. '

The connection of the column reinforcement to footing is called out
for special attention by the Caltrans’ Bridge Design Specification.
When a moment connection is provided, the column longitudjinal bars
must be anchored by hoeoking them at the bottom of the footing (Fig.
2). Typical design practices have the hooks turned outward. The
commentary to the Caltrans’ specifications indicates that it is
preferable from a performance perspective to turn the hooks inward,
tut  that outwardly turned hooks are used in practice in order to
provide a more stable base for supporting the column recinforcenment
cage during constructien. The adequacy of this detail remains to be
cvaluated.

In many cases columns are intended to be pin connected to the

footings (see Fig. 2). 1In these cases, a minimum of four barc are

used with a combined area of not less than 0.51 of the gross are2

of the supported column. The required shear capacity of the pin is

based on the plastic shear demand provided by the column or the

force resulting from the elastic (unreduced) earthquake response
‘

—
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spectrum analysis (which ever is less). The shear capacity of dowel,
passing through the center portion of the connection is ecotimate,
as;

v, o= Au{f:,}’ [,

where A 4 is the area of steel provided in excess of that needed [a.
compression 1loading and p is the frictlon coefficient (p equals ),
for wonollthic concrete and 1.0 concrete cast against a roughened
but hardened concrete surface. If uplift is developed in 2 pinnes
connection, an additional area of steel must be provided to resig
the full applied tensile force with a capacity reduction factor gf
unity for seismic loading. The tensile design force is computes
based on equilibrium considerations for the case where plastic
hinges occur in all of the columns (plus dead load). The large shear
and axial forcesn acssociated with ptastic hinging in  the colum
frequently necessitates the wuse of clusters of rebar bound in 4
spiral cage, or steel H-beam or tube sections, fnstead of the
traditiconal grouping of a few unconfined, large diameter, rebars
near the center of the column.

2.3 Abutments

The selectlon of abutment type depends on the nceds for structural
support, structure movement, drainage, structure . approach and
earthquake effects. Six priﬁcipal types of abubtments are utilized,
but two are the most common: diaphragm abutments, and short sex
abutments (Fig. 3). Both of these types of abutment are wusually
placed at the top of the approach embankment in order to provide the
structure with a relatively open appecarance, Suppotrt for the
abutments {is provided by spread footings or piles, depending ox
loading ,and soil conditions. The main difference between the twc
types of abutments is that the seat abutment permits relative
movement betveen the superstructure and the embankment, and the
diaphragm abutment does not,

Jﬁﬂ"}
Wingwall T Wingwal ; <
Barm . ™-Bsanng
— Aam
Piles (Optionalh Ples {Optional \

Monollthic Abutments Seat Type Abutments

' Fig. ] rommon Types of Abutmants
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e

piaphragm abu?ments monoli?hically connect the superstructure to the
supporting piles or footing. This integral behavior facilities
resistance of large seismic loads. While this type of abutment is
economical, it often requires substantial long term maintenance due
to settlement of the approach roadway relative to the abutment and
due to potential erosion of the embankment resulting from water
intruding in the joint between the diaphragm abutment and the
approach roadway. Special details can be employed to alleviate these
problems. HNonme the less, this approach Is most commonly utilized fn
relatively short structures (spans less than 400 ft. (123 m),.

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

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

Well conflined duciie
mutu -column bentt

o

~J
\?\\\
1 tW:LI :cnﬁ:!-d duaide

ringle column ben(i~—_ 113 0)
Y Pien, Abutment Walh, and Wingwalls (1 = 20)

ADJUSTMENT FACTOR (2)
|

¥ Hinge nn?tzcr cables (2 -1 0)
; '

! 1
L Ul reinforced concreie Sheat Keys (2= 0 1)

ot

1 b
BIUIOJUGOSIU 20 10
PERIOD OF STRUCTURE (Sec) (T)

Fig. 4 Response Modification Factors for Importance and Ductilitf

2.4 Provisions for Deck Joint Seismic Movement

A positive restraint mechanism is required at all deck hinges and
expansion joints in order to limit relative displacements and
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minimize the possibility of unseating. 1In the transverse directiogp
keys are generally utilized. Pestraint in the longitudinal directijgy
is generally provided by flexible, wunidirectiocnal devices which can

l1imit superstructure displacement. longitudinal restraint at the
abutments is optional depending on site conditions, abutment type
and the need to limit overall displacements of the structure.

Often multiple post-tension strands are utilized by Caltrans for the

longltud: -1 restrai- A minimum of two restraining units arg
required  at an expan-.ion joint, one nrar each side of the deck, A
minirem of four and a maximum of seven cables per restraining  gyngt

are tocommended on the hanis of practical considerations, the likely
strength of the derk and results.

The design criterion for restralners and keys at intermediate hinges
reguires them to remain elastic. Keys at abutments are permitted to
yield to limit damage in the abutment and foundatlon.

J. REINFORCEMENT DFTATLS

1.1 Typical Material Properties and Reinforcement Ratios

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

Prestressing steel is permitted, but not as a part of the critical
earthquake load resisting systém that is allowed to yleld,

The ACI code (8] contains requirements for the minimum and max imun
ultimate strength of the bars, as well as for the minimum yield
strength of the reinfercement. The emission of such requirements
from the Caltrans’ Bridge Design Specifications may not be generally
significant ip view of manufacturing practices in the U.5.

Concrete with a minimum strength of 31250 psi (230 kgsem2) s
stipulated by Caltrans. Special quality assurance measures are
required for strengths equal to or greater than 6G00psi (420 kg/m2).
Hormal weight and light weight concrete may be used. HNo limit |Is
apparently placed on the strength of light weight concrete, unlike
the ACI which stipulates a maximum strength of 4000 psi (280kg/cm2}
for lightwveight concrete.

J.1.1 Flexural Members \

The maximum reinforcement ratio permitted in flexural elements |5
limited to 7%t of the balance ratio considering the beneficial
effects of any compression steel. Since it is not expectrd that
flexural members will significantly yield for bridge structures,
requirements for flexural! elements are far less stringent in
References 1 and 2 than in the ACI code [8]. For example, the Bridge
Design Specifications do not mandate minimum ratios for compression
reinforcement, minimum ratios of positive to negative moment
capacities at critical moment locations and so on.

LS

Moreover, bridge seismic detailing requirements ‘"are far less
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desanding than the ACI code with regards to the need for and amount
of continuous reinforcement in flexural menbers. However,
requirements for side face crack control reinforcement require that
a wminimum of one MHo. 8 bar be placed in the top corners of all
girders with a depth greater than 2 feet (610 mm}. Additionally, 10%
of the tensile steel provided at any section along the length of the
pember must be distributed across the sides of the member. {The 1989
AcI Code has been revised with regard to the amount of side steel
required.)

A winimum amount of tensile longitudinal reinforcement iec required
at locatiens in flexural wmembers where tensile . stresses are
copputed. Reinforcement able to resist the lessor of 1.2 times the
cracking moment or 1.33 times the computed design load is required:

For continuous flexural members a minimum of 25% of the maximum
amount of flexural reinfeorcement must be continued into the support.
This reinforcement must be anchored to develop the full yield
capacity of the bars,

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

3.1.2 cColumns

In columns the reinforcement ratio (total area of long!*udinal steel
to effective area of the column) is limited to a range between 1 and
B percent. The ACI Cocde limits the maximum reinforcement ratio to
6t. Where architectural treatments increase the cover the Bridge
Design Specifications permit the effective area may be arbitrarily
reduced to satisfy the 1% requirement (provided the design load can
ttill be carried).

For spiral columns a minimum of six bars are te be used. Four bars
€an be wused in the case where ‘rectangular hoops are used for
transverse reinforcement. Rectangulas columns are usually reinforced
with overlapping spiral cages {see Fig. 5). A minimum overlap of
b§tWeen adjacent spiral cages shall not be less than 0.7% cage
diameters, At least 4 longitudinal bars shall be located in the
overlapped region.

The shear capacity in columns is estimated identically by the AcCI
and Caltrans’ specifications. Shear copacity of the concrete ic
increased with axial compression and decreased for axial tencion. At
the plastic hinge regions Caltrans stipulates that the concrete
Shear strength should be be varied linearly from zero to 2 \f'c as
the axial Joad increases from zero to 0.1f’cAg, where A9 is the
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gross area of the sectjon. Where the axial stress intensity 1s
greater than ©.lf’'cAg the normal shear relation is uned for
concrete. The contribution of the steel is based on only the
transverse steel in the core and the effective depth of the re-=ber
is taken to be B0 of the dimension of the column in the directior
.of the applied shear. The Caltrans specificatiosns do not sey what
should be done in the event of tensile loads. Current ALl
requirements stipulate that the contribution of the concrete be
taken to be zero for axial loads less than 0.05f°'cAg. This tresults
fn the A bheing more concervative for Tnals tee- thiat 0 7" fer anl
less 5o feor larger loads. However, given the limited

amount [43]

experimental data on this ranqge of behavior, greater refinemnnt may

be unwarranted at this time,

In pier walls the minimum reinforcemant ratio 15 0,27

» fmrrcont
Spacing of bars on each face shall is limited to 12 n faoe--)
More stringent requirements are placed on the plastic hinge zagion
3.2 Critical Regions
3.2.1 Flexural Members
As jndicated previously, bridge design philosophies in the U.S:

envision ylelding to take place primarily in the columns. As such,

|
|
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special earthquake provisions are stipulated
of flexural members. The Bridge Design Specifications
that transverse reinforcement must be provided for
compression reinforcement used to increase the flexural strength of
members (MHo. 4 stirrups for No. 10 and larger bars, spaced no more
than 16 bar diameters on center).

fou ; for ductile
detailing

{ndicate

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

caps anhd other (flexural members that develop axial compression
forces as a result of seismic loading ls uncertain. There 1is no
formal definition of the axial load necessary in an element to

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

The Bridge Design Specificatlions {2} indicate that
areas, where an earthguake that could cause majer
constructibn  has a high probability of occurrence,
reinforcement shall be designed and detailed to provide adequate
strength and ductility te vresist expected seismic movements.”
However, no quidance is provided regarding the application of this
provision.

"in seismic
damage to
lateral

closed ties are regquired where computed torsional forces
the need for torsional reinforcement. The stipulated detajling for
these elements do not anticipate, consistent with the design
criteria, that torsion would develop in a critical region.

indicate

1.2.2 Compressicn Members

Special lateral reinforcement is required in columns in
develop the required ductility during seismic events. This consists
generally of spiral reinforcement, but circular hoops and a

combination of perimeter and cross ties may be used vhere spirals
nre nat fea il

order .o

Lateral reinforcenent is continued over the full height of the
column  and continues into the footing and bent cap connection. In
the footing it must continue to the beqginning of the hook. In a bent
cap connection it must continue into the cap for a distance cqual
to the lesscr of: (a)} one-half of the maximum horizontal! dimension
of the column’s confined core: {b) the development length of the
longitudinal! colunn reinforcement, if the barsc ate straight: and (c)
the sctraight portion of the column reinforcement, if the bars are
hooked (see F1q. 6). 1This late:r provision may have significantly

adverse effects with regard to joint confinement and shear, Jf the
lateral reinforcerent i5 actually terminated within the Jjoint,
Practical consideratinns normally dictate that the reinforcement

continue over the full extent of the joint.

As indicated previcusly the maximum spacing allowed for the 1lateral
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Coesd oo o prem in the plastic hinge region it may be neceséary to increase the
——— amount of lateral reinforcement. The length of the plastic hinge is
=

specified to be not less than the maximum horizental dimension of
;np coelumn, 1/6th the length of the column, or 24 inches (610 mm).
e i tieiem LS mvep emae In these reqiops: the ratio of ?pirnl reinforcement may not be taken
s less than specified by the previous expression or the greater of:

[P T Sy, (a} for columns J feet (910 mnm) or less in diameter:

pg = 0-4S{Ag/Ac - 1)f'c/fy [0.5 + 1.25Pe/f’CAg) (1}

and (b} for columns 3 feet (910 mm) or more in diameter:

__rig!n 5}
v - et 1} vt Yo = bt s p, = 0.12f’c/fy [0.5 + 1.25Pe/f’cAq) {a)
AT COLUMN —J_r porgr S b PRk oo il 3

These later provisions, based on research in New 2Zealand, require
larger amounts of confinement than stipulated by the ACl Code for
celumns when Pe/f’chg exceeds 40%. Current practices do not normally
result in such large axial load intensities.

— e b

e g h Where longitudinal bars are provided outside of the special
//1 transverse reinforcement, they shall be supported laterally by cross
S5 ties (see Fig 7). The cross tile must be hooked around the
AT longitudinal bar at one end and fully developed in the confined core
of the columh at the other. The Caltrans’ sTeciflcations are not
specific regarding the design of these cross ties, Use of a single
LovrmeSiam, | ‘ cscss tie qdesiq?xed to ngmihal minimum specifications for gle
AWEY FAGM COLUMNS diameter (No. 4 ties for NHo. 10 longitudinal bars or greater) and
spacing {the lessor of 1/5th of the least dimension of the column, 6
) .- . times the diameter of the longitudinal bar or 8 inchrs (200 mm))
Fig. € Bent Cap and Joint Details would not be expected to allow these longitudinal bars ‘o contribute
T i i d wou ]
reinforcement is the lessar of 1/5th of the least dimension of the ;?qni?§caﬁip2;;§{in;fogh:h212§5;i.hinqe an ould likely result in
column, 6 times the diameter of the longitudinal bar or 8 1nches )
(200 mm}, This is in excess of spacing requirements in the ACI code
which limits spirals to a 3 inch (76 mm} clear spacing and a center |
to center spacing in tied columns to 1/4th  the minimum colur- -7 ) -7 Yorw fodtmrmams
dimension or 4 inches (100 mm) for he lessor of six bar diameters or r Do & [ L
6 inches (150 mm) avay from the plastic hinge regiony, e e h Y ke
- L A -—
For spirally reinforced columns the ratio of spiral reinforcement is /
given by: T pAM_prTag
V’!"l:w STIBL BF pray,
P = 0.45(Ag/Ac - 1}f'c/fy . (2 T

where Ag is the gross area of the section, Ac is the area of the
confined core, f’c is the specified strength of the concrete and Iy
i= the yirld =tiength of the spital. Where architectural or otha~
;::5:;gszr§;;;t(;; ;:;qioszﬁeéiér ::: ;;;ﬁﬁ,zf R9 may be based on an :éfrs are often designed as walls about the strong axis and a<,

umns about the weak axis. Overlapping spirals or closely spacea,
tier and crosy ties are used as lateral reinfarcement uhen a 2
'

Fig. 7 Cross Tie Detail for Bars Outside of Confined Core
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factor corresponding to column design is employed n the weak axis
direction. However, Memo to Designers €-5 [5] indicates that, if the
axial load in the pier is less than 40t of the balanced load and a 2
factor of 2 or less is used, less stringent criteria may be
enployed (see Fig. B8} In this case, vcrtica! spacipg of horizontal
ties shall not exceed the smaller cross-sectional dimensien or 12
inches (300 mm) wvhichever is léss. In a possible plastic hinge zone,
the maximum Epacing is reduced to & inches (150 mm). Special
requirements are stipulated for bundled bars. Cross ties, with 1235
degree hooks on one end and 90 degree hooks on the other end, are
used at each intersection of- longltudinal and transverse
reinforcement.

1.3 Anchorages

Development length requirements in the Caltrans’ Bridge Design
specifications are essentially the same as in the 1983 ACI Code for
gravity load. Revisions to these provisions in the 1989 ACI Code are
not reflected in the BAridge Design Specificatiens. The main
difference is that the basic development length of No. 18 bars is
increased in tne new ACI specifications by about 14%t. The ACI has
more definitive descriptions for cases where bar spacing and
transverse veinforcement modify the basic development length.
Relatively severe penalties are imposed by the new ACI ‘code for
close bar spacing. These new ACI modification factors could give
substantially different - development length requirements than
camputed using the Caltrans’ Bridge Design Specifications, idepending
on the particular situation. Reguirements for bundled bars and
hooked bars are virtually {dentical for the ACI Code and the Bri:ge
Design Specification. As a practical matter the Caltrans’ ODivieion
of Structures is using the 1989 ACI Code development length
prgvisions 'in design.

The ACI stipulates special anchorage length requirements for hooked
and straight bars in joints. These lengths take advantage of
reductions in the basic development length provided by mandated
confinement for joints and include increased due to the expected
deterioration of anchorage due to cyclic load reversals., The
Caltrans’ Bridge ODesign Specifications contain ho such special
anchorage requirements for seismic loading conditions.

1.4 Joints

Column to bent cap jeints are desfgned through a combination of
nominal detailing and limitations on uwltimate shear stressnc at the
jeint. tateral reinforcemant in the columns is continued jnto the
Joint {at lcast partistly) and column and bent cap stee] are (with
exceptions) to be fully developed inte the joint region ({see TFiq.
6). The shear stress f[or the jolnt may not exceed 12 f‘c for normal
¥eight concrete and 75t of this value for lightweight concrete.
These " values are the same as provided by the ACI Code for a joint
vith members framing into fewer than two of -its transverse sidesn.



191 International Warkshop on Seisnue Design and Retrolitting of 10 C Bridges

Hovever, it should be noted that the design philosephy adopted
the ACI Code tends to force plastic hinging into the beams.
the column reinforcement is expected to remain elastic
additional lateral reinforcement (spirals or ties) is provided .
joints, a joint is confined hotirontally and vertically by close],
spaced reinforcement that remains essentially elastic. 1In the cac.
vhere column longitudinal steel is expected to yield significantyy
as ig the case with bridges designed in accordance with Refs. ) ap.
2, it is doubtful that the column (flexural reinforcement ca.
contribute effectlvely to the required confinement and Shea.
resistance. Consequently, the adequacy of these types of Joipe
details remalins unclear. FElementary calculations can be carried oy
to demonstrate that vertically oriented stirrups may be required j;
typical cases on the basis of joint equilibrium. Furthermore,
vertical ties may be needed to help confine the joint when the
column eteel [ yrelding Adilitional dnvesl igationt are 1r~r]|li|(-r] to
assrss this situation

.
Slng!
an:

4. CAPACITY DESIGHN PPINCITLES
4.1 General

Capacity design 15 a intrinsic part of U.S5. bridge desijgn
procedures. As adopted by Caltrans [2?] this consists of postulating
plastic hinges in the columns,® making a realistic assessment of the
maximum likely flrxural capatity of the critical plastic hinges, and
distributing the effects of these plastic capacities to othe:
elements in the structure on the basis of equitibrium. 1In addit:on,
variations in capacity reduction factors further promote the
development of flexural (failures fn all elements over those
associated with shear and axial load. As indicated previously,
smaller amounts of yielding are anticipated in some regions of the
structure. HNotably, abutrents are expected to yield, and where keys
exist in abutments they are typically designed as fuses that protect
subgrade elements.

The rtesults of the elastic dynamic analysis Is used to select the
capacity of the plastic hinge regions, The elastically compute?
moments may be used directly (vithout reduction} or may be reduced
by the ductility and importance factor, 2. The column plastic hinge
is then designed for 81% of this mom.: , as a moment capacity
reduction factor of 1.2 is sppcifled for earthquake loading. The
probable plastic moment capacity of the ~lastic hinge is then taken
as 1.1 times the nominil romeny  pan..y of the actual gection
selected. The 1.3 factor is used to account approsaimately fo:
increases 1n  strength due to overstrength material  propertles
resulting from as-built conditions, age ctrengthening of consrete,
confinement effects on concrete and strain hardening in  the
reinforcement, and an anticipated ultimate concrete compressive
strain in excess of 0.003 at failure. The code stjpulates that more
refined analyses are warranted to determine probable capacity in
some cases, such as when axial loads exceed the balanced load.

The column axial load specified for seismic design consists of the
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dead load plus or minus the axial forces resgltipg from an analysis
of the distribution of forces due to plastic hinging in the bent.
the dependence of flexural capacity on axial load makes design of
the column an 1terative process. In addition, ‘lt is intgrestinq to
note that the capacity reduction factor for axial loads in columns
is 1.0. The difference betweer this value and 1.2, utilized for
flexure, tends to-promote a flexural, over an axial, fajflure mode.

column shear forces. are based on statics considering the probable
plastic moment capacity of the column and the distance between
hinges (Fig. 9). When columnhs are flared, p%astic hinges are
conservatively assumed (for shear) to occur outside of the (flared
reglons. The length of the plastic hinge is estimated as the greater
of: (2) the maximum horizontal dimension of the prismatic portion of
the column: (b} 1/6th of the length of the column; or (c) 24 inches
(61 cm). Special provisions are stipulated for shear design of the
flared portions of the column as well as for cases where the column
ic the extcnsion of a CIDN concrete pile. The capacity reduction
factor utilized f[or shear design is 0.8%, which further mitigates
against a shear failure in the columns.

Aasume
Flares Efscove

ve'h v.ElorV..E‘_ va M tly Vot My v o Moyt My
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or or or
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Fig. 9 Potential Plastic Hinge Locations and Column Shears

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

The Caltrans’ Bridge Design Spegification stipulates lateral loac
conditions combining 100t of the designh load in ohe direction with
10Y of the load associated with the orthogonal direction. This
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criterion is applird about both principal axes of the structure. @

AT

implication eof this criterion is that vhenever 2 values greater tha.

1/0.1 = 3.3 are employed in design, bidirectional yielding must &,
anticipated in columns  This can br easily accounted for tn circals.
or other typnrs of columns, It may necesaitate, howeowver, Specia
considerations when applying capacity desiqgn metheds to the dermyne
of bent caps and, esprcially, outriqgers

4.2 Columns

As Indicated above capacity design principles are clearly elucidates:
by Caltrans for columns. Procedures for computing maximum forces i-
columns are well developed on a practical basis. Potential problers
that may develop due to difficultirs in estimating axial loading ;-
the column due to bidirectional loading and vertical ground  an:
structural accrlrrations are treated on a case by case basis,

4.3 Seil-Foundation System

Typically, common practice 15 to avoid yielding and damage t-
subgrade elements, However, local yielding and distress may be
anticipated in footings due to the use of a capacity reduction
tactor of unity for both shear and flexure. The adequacy cof pin
connection details where the,plastic shear capacity of the colurs

must be transferted by shear friction may be questioncd. Howaver, s-
Inng  as  the column a7 adrquately confined, slippage at  the pi-
connection would not be expected to be a lite safely 1scu

In areas supported on soft soil, special ductile detailies
provisions should be incorporated in pile foundations. Detajlins
these elements on  the basis of strength and pile dtiv:né
considerations may not be sufficlent considering the uncertainties
in predicting pile response. :

4.4 Connections botween Deck and Columns

Jeint provisions in the Bridge Design Specifications are not highly
developed. The performance of jeoints in even relatively new bridges
during the 1loma Prieta carthrguake suggests that these provisicns
need re-evaluation.

4.5 199&EER_§

The lateral Inad resisting elements of the abutment systenm are
designed wusing the strength method consistent with the assumptions
utilized in seismic analysis. The response modification fac-eor
vtilized in the design of seismic elements is 2, less tham half of
that wused for ceolumn bents, Thus, damage in the abutments is
expected, but the damage should be less than that in the colur:
bents. The design of the abutments is directed towards prevention c!
collapse, control deformations at the sypport and realiscic
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assessment of displacements at the column bents,

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

seat abutments are designed for less force than dlaphragm abutments,
byt measures must be taken to prevent the superstructure from being
gnseated during the earthguake. Positive longitudinal and transverse
restraints are required. Typically, this is provided by shear keys
in the transverse direction and by passive soil resistance of one
abutment backwall for the longitudinal direction. Because of the
high capacity of the backfill the back wall adjacent to
superstrusture 1is expected to be critical and designed accordingly.
Th stiffness of the anpalytical modeling is reduced to reflect
overstressed conditions when they occur..

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

N = (12 + 0.0JL + 0.12 H) (S2/8000 + 1) {5)

where L is the length of the bridge deck In feet from the abutment
to the first expansion joint, H is the average height in feet of the
columns supporting the deck, 5 is the skew of the abutment in
degrees. The bearing support width should not be less than 2 ft. - 6
in. (762 mm). These provisions of the Caltrans specifications are
adapted from AASHTO guideline to account for skew.

4.6 Deck

The deck is not usually considered part of the lateral 1load
resisting eysten, However, consistent with the objective o:
maintaining the operability of the Structure following a major
earthguake, it is desired to maintain.elastic behavior in the deck.

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

4.7 Deck Joint Restraining Devices
Longitudinal restraining devices at expansion joints and hinges are

intended to remain elastic under the earthquake induced loading in
order to prevent unseating of adjacent sections of the deck. :The
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equivalent static method of analysis is »acommended for dete;mi

the longitudinal forces 4in the restralners. This procedureninq

believed to be conscrvative and avoids © sblems {n estimating seu
openings  that occur with dynamic w«.alys15s methods as a result 3

trying to supet inpose the deflectinns of incompatible mode

Friction forces developed on the seat gurface may not be consideri
as contributlng to the required restraining force. e
The static method of design isnlates.a gmall segment of ¢y
ctructure Iocaged between expansion jointe. Lateral) dieplacements N
the expansion joint in question are initlally estipmated by applirj:t
unrequged static earthquake loads to a deck segment on one side g
the joint. Two separate analyses are required. One analysis for eacy
segment adjacent to the jolnt. Any restraining effect of th
restrainers is ignored {in these {initia} calculations. The
contribution of one add{tional adjscent segment may be considered ;
the direction of deck motion, if the computed displacements arn
sufficient to close the gap separating the two segments. If the
computed displacements exceed the seat width provided (minus a 4 1ne
{10 cm) satety margin), restrainers are provided to reduce th
displacements. The displacement of the restrained system s thee
cbccqu (pssuming the restrainers are f{ixed at the end away from th:
direction of motion), Because the weaker of the two segments will be
forced to move along with the stronger segment by the restrainers
the smal!cr number of restrainers computed for each segment is useé
at the joint. Clearly, this , process is complex and iterative
invelving modifications in number, sjize and length (i.e. stiffness)
of restrainers, initial slack in the restrainer systeé the ga

width between segments, serat width and segment (column) séi(!ness.p

When vertical seismic forces are computed at a hin
ge that exceed 50
of the dead load reaction, hold down devices are required, Thes:

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

When rigid restraining devices, 1{ke keys, are used, they

r ini are
demigned  for  amplified loadings relative to the elastic response
specttum  spalysls results (l.e,, & 2 factor of 0.4 |s employucud).

However, keys at abutments are most often intentionaliy desi
t esigned to
have a smaller capacity than than the piles, footlngsyand sgil

order to limit damage to these subgrade elements. o
5. COHNCLUDING REMARKS .
The earthquake resistant design provisions utilized in the U.5. for

areas of high seismic risk are based on absorbin a signi t
amount of the energy imparted by the earthquake qthroughq sééii?e
y:equqq. Satisfactory performance {s regulated though the used of
ductility/importance factorge which control the degree of yielding
capacity Qesiqn concepts that contro) the distribution of damag;
(plastic hinging), and local details that insure adequate ductility
capacity at the critical plastic hinges.

Due to the limited research that has been carried out on the seisnic
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erformance of bridge structures, bridge design specifications are

not as refined as those promulgated for buildings. While the overall
earthquake design procedures stipulated by Caltrans for bridges is
conceptually  sound, the format makes its implementation by
inexperienced designers problematic. In addition, significant areas
exist which need additional research wupon which improved code
provlsions might be based. These areas include joint shear and
confinement, foundation design, built-in pins, hinge restrainers,
abutment design details, and so on. Similarly, a whole spectrum of
unresolved problems exist related to the three dimensional response
and behavior of elements and bridges.

problems assoclated vith precast and other types of non-monolithic
pridge construction also need to be addressed. Such structural types
are common in the U.5. in areas of lessor seismic hazard. The
relationship of seismic hazard, required details and expected
pet formance needs to be carefully assessed for areas of moderate
ceismlc risk.

6. REFERENCES ]
1. Standard Specifications for Highway  Bridqges, American

Association of State Highway and Transportation oOfficials, 444
. Capitol Streect, H.W., fuite 224, Waczhlngton NDC 20001, 19n7.

2. Bridge Desiqn Specifications Manual, State of California,
Department of Transportation, Office of Structure Design,
Sacramento, June 1990.

3. Warriner, P. and Mancarti, G., “"Abutments," Memos to Desligners
{5-1), State of california, Department of Transportation, Office
of Structure Design, Sacramento, Sept. 19%88.

4. HMellon, F. and Mancarti, G., "Column Analysis Considerations,"
Memos to Designers (6-1), State of California, Department of
Transportation, Office of Structure Design, Sacramento, June
1990.

5. Warriner, P. and Mancarti, G., "Reinforced Concrete Pier Walls,"
Memos to Desiqners (6-5), State of california, Department of
Transportation, Office of Structure Design, Sacramento, Oct,

1988,

€. Mellon, F. and Mancarti, 6., "Restrainers at Hinges and
Bearings,™ Memos to Designers {20-3), State of CcCalifornias,
Department of Transportation, office of Structure Design,

Sacramento, MHov. 1909,

7. Mellon, F. and Mamcarti, G., "Farthguake Retrofit Analysin of
Single Column Bridges,” Memos to Designers (20-31), State of
California, Department of Transportation, Office of Structure
Design, Sacramento, Jan. 1990.

Commjttee J18, Building Code Requirements for Reinforced



200

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

10.

Concrete and Commentary, American Concrete Institute, Detroit,
MI, 19B9.

Roberts, J. and Maroney, B., "Theory of California Seisnic

Bridge Design and Analysis for the Beginner," Training Material,

State of California, Department of Tr;nsportation, Office of :

Structure Design, Sacramento, 15%0.

Bridge Design Details Manual, State of California, Department of
Transportation, Office of Structure Deslign, Sacramento, June
1989.




Basic Design Concepts
Japan
[K. Kawashima, H. Ichimasu, J. Kodera]



international Workshop on Seistnic Destgn and Retrofitting of R.C. Bridges 85

1.1 INTRODUCTION

Highways in Japan consist of Expressways (3,721 km), National Highways
(46,661 km), Prefectural Roads (128,202 km), and Municipal Roads (925,118 km).
Along the highways and roads, excluding the Municipal Roads, there are about
60,000 bridges with  span  lengths (deck length between two  adjacent
substructures) of 15m or longer.

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

Design of highway bridges with span lengths less than 200 m is made in
accordance with the "Design Specifications of Highway Bridges® issued by the
Ministry of Construction. The Design Specifications of Nighway Bridges consist
of “Part | Common Part™, "Part il Steel Bridges®, "Part {ll Concrete Bridges=,
*Part |V Foundations” and "Parl Y Seismic Design”™. The explanation for the main
body of the specifications are provided and published by the dJapan Road
Association [1-1] .

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

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

1 2 DAMAGES OF HIGHWAY BRIDGES IN THE PAST FARTIQUAKES

Lacated along the Pacific Seismi¢ Belt, Japan is one of the most seismically
disastrous countries in the world and has often suffered significant damage
from large earthquakes, Fig. 1.1 gshows the largest magnitude of the earthquakes
which occurred in the past [1-2] . It is recognized that the earthquakes with
magnitude over 8 have occurred with rather short recurrent period in and
around Japan in the past It should be noted that seismicity is especially high
along the Pacilic coast. Cities large in population and industrial products
such as Tokyo, Osaka and Nagoya are located in this region.
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Fig 1.1 Largest Magnitude of Earthquakes in the Past

Table 1 1 shows the highway bridges which suffared damage in the past
earthquakes since the Kanto Earthquake of 1921 It should be noted that
although there were many bridges which suffered damage due to earthquakes,
the number of bridges which fe!l down was anly 15

- Based on surveys of the damaged bridges. iU is pointed ont that the three
major lactors which contributed to the damage of bridges are [1 3)

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

From such [lactors, the following types of diwmnges wera most often
developed 1n the past -

ab substructure  tilting. settlement, gliding, cracks, and overtarning

b} superstructure : movement, buckling and eracks near the .‘:u‘l'lnrl.::_ |
falling of girder

c} beartng supports ¢ failure of supports, and pull out or tupture of
anchor bolts

-
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Table 1-1 Daange of Righway Rridges In the Past since Kanto Farthquake of
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Although these kinds of damage are the ones commonly ohserved in pasl
rearthquakes, the damage types have been changing in secordance with the
progress of seismic design methods and improvements in construction practice.
Seismic damagr since the 1921 Kanto Earthquake may be classified into three
stages from their significance [1.4] (refer to Table 1-2).

(D) Bamage due to Inadequate Strength of Foundations - Stuge 1 -

After experiencing the destructive- damage of the 1923 Kanto Earthquake .
the first requirements for seismie design of highway hridges were included in
the "Detnils of Road Structures {(Drafi}" issucd by the Ministry of luternal
Affairs in 1926, No seismic effects were constdered lor design of higlway
bridges prior to the Kanto Earthquake. Even after the first stipulations issued
in 1926, seismic desipn was not  adequate brcause the stipulatious only
deseribed c]rﬂ;ign foree tTevels without pr‘rn.'uhrl[: a detailed design method or
design detaila - Therefore,”  seismic salety  of bridge substructures was
inadequate untel  the 1950°s when sevamic  design for foundations  amld
substructures came to be widely adopted

In those days, when seismic effects were either disregarded or inadequately
considrred, seismic dimage was characterized by failure of foundationg and
substructures as shown in Photos 1-1 and 1-2. In most caser, foundations



89

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

International Woﬂshup on Scismic Design and Retrofitting of R.C Dridges

B8

- Stape 2 -

Damage ol Snkawa-gawa Bridge on Matlonal Righway No., 1 by the Kanto

Farthquake of 1923
Photo 1 2 Damage of Nakazuno Birldge by the Fukal Farthquake of 1944

Although the damage due to inadequate strength of foundatjons hecame losa
frequent in accordance with the improvement of seismic design apd construction

methods, the next stage of damage encountered was 5031 faiture during the 1964

tilted, moved or even overturned due to inadequate strength of the lfoundations
Photo 1-1

and the surrounding subsoils. This led to falling-off of the superstructures.

(2) Damage due to Soil Liquelaction
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Niigata Farthquake Sail liquelaction, which took place extensively around
sites, cauned destructive damoge to bridges Photes 1-3 and 1-4 ghows the
falling off of the diecks of the Showa Bridge and th Higashi Overcrossing.
Extensive enil movement associated with hiquefact. . (1.5] raused Large
lateral movements of bent pite Toundations, which cansed the deck to fatl Fig
1-2 ghows the damage of Yachiyo Brodpge due to such lguefaction induced lateral
movemont of roils

Photo 1-4 Damage of illgashi-Kosen Ireidge by the Nifgata Farthqunke of 1964
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empritlite qirder

Sinann river

mortal -

movabte bearing |

ftxed bearing

{a) Residunl Displacement of picrs (b) Damage of Bearing Seat

Fig. 1.2 Damape of Yachiyo Bridge due to Liquefaction Induced Soil Movement
during Niigata Earthquake of 1964

Through the damage, it was learned that it is important to take account of
liquefaction in design of bridges, and various studies for assessing and
evaluating the effects of liquelaction were initiated. Through such studies, Lthe
first stipulations for nasessment of liquelaction were introduced in the
"Seismic Design Specifications of llighway Bridges™ in 1971 [1-6] .

One more important lesson gained from the Niigata Earthquake was that
devices for preventing superstructures from falling from the crest of
substructures are required. It was considered that even il large relative
movements between the deck and substructures occurred due to either lailure
of substructures or lailures of soils such 03 soil liquefoction, critical lailure
causing the deck to fall could be prevented il such devices were provided.
Various devices were then developed, and design recommendations were included
in the Seismic Design Specifications of Highway Bridges issued in 1971.

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

In recent earthquakes including the Miyagi-ken-oki Earthquake (M7.4) of
1978 and the Nihon-kai-chubu Earthquake ¢M7.7) of 1981, substantial damage due
to inadequate strength of foundations and effects of soil liquelaction did not
develop in those hridges designed and constructed in accordance with the
recent design speeifications However, dumage to reinfurced concrete piers and
hearing supports dil develop extensively as shown in Photos 1.5, 1.6 and 1 7
This is due Lo the Tazt that other modes of ailures such as tilting or movenent
of the foundations, sord limefaction, and falling-off of superstructures were
prevented by the new design recommendations,

The new strengthening and earthguake resistant countermeasures brought
damage at the next weak points such as the reinforced concrete piers and the
bearing supports, This obviously shows thal eountermeasures aiming only at
minimizing the damage observed in  past earthquakes do not necessarily
contribute to avoiding new types of damage in future earthguaker ~ © now
required to take account of the total seiamic safety of highway . , and
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thia was the main scope of the Iatest revigien of the seismic design
rpecifications in 1900

Thoto 1 h Damage Lo Relnforeed Conceete P'lers of Sendal Neldge by the
Miyapgl ken okl Earthquake of 1978

Photo 1 6 Namape o Bearlng Supports of o e Brlidge by vhe Miyagl ken okl
Earthguake of 478

It should b noted ‘||cr(’ that the bamagze <howa i Phato 1.7 was des eloped
by shear at the mid-height of the reiuforeed conerete piers where maimn
reinforcement was termaated. In (he desipn speeilecations issued prior to 1980,
the main reinforcement was terminated with the bond length of 20 times the
diameter of the main reinforcement Theough the dumape. <ueh as that shown in
Photo 1-7, the bond Irngth was revesed n (he 19890 <pecilications to 20 times the
diameter of the main reinforcement plus the effective e pth of the pier.

|

[nternational Workshop on Seisinic Design and Retrofitting of R C. Bridges ‘93

S

Photo 1-7 * Damage Lo Relalforced Conerele Plers of Shlzunal Rrldge by the
Urnkawi oki Farthquake of 1982

1.2 HISTORY OF SEISMIC DESICN OF IHICITWAY RRIDGES

Seismte  design was initiated for highway bridges in 1926 after the
experience of  the Kanto Earthgquake in 192}, The importance of considering
seismic offects in desipgn ol highway bridger was recognized from the extensive
damage resulting from the Kanto Earthquake. The first gtipulations requiring
seismic effecls Tor  highway bridges were included in "Details of Road
Streuctures (Deaft)” issued by the Ministey of [uteenal AfTairs in 1926, It was
stipnlated in the drealt detmils that the maximon lateral force - pected to
develop at the site shall be consdered in seismic design. 1t was also
reconmended i the dealt details that the 30 4 of gravity force shall he
ndopted Tor the veconstroction of the bridges dumaged by the Kanto Earthquake
at Tokyo amt Yokohww.

After esperiencing sipnifeant damage during strong earthquakes scismic
regulations were reviesed and ameirded several times as ‘shiown in Tabfe 1-3.
"Desiga Specslivations of Steed Higlway Bridges (Dralft)” were issued in 1939, and
Desipn Specifications of Steel Ihghway Beidzes” and the revised version were
tsawed o 190G and 161 respeetively A seianie lateral force of 20 % of the
gravity Fopee was pidlated on these specifieations The 20% gravity forge was
cattedeyed Tor o Foar tine oo basie dlesipn foree for highway hridges,

The frest comprechensive seismie design stipulations were issued by the
Ministry of Constraction mi 19710 v a separate volume exclusively for seismie
destgn ns  Spectheations for Seiemine Design of Thghway Bridges. 1L was
desciibed in the spocifications that Yateral force shatl he determined
depending on zone, importance ol geoned eondilion in the 'é'l:llic lateral force
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method (seismic corflicient methodr and structural response shall he further
congtdered in the madified static Iateral foree method (modificd seisme
coelMicient method) Evaluxtion of koil hguelaction was Nirstly mearporated in
view of the damage cawwdd gn the 191 Hirgata Farthquake Design details 1o

incicase the seisme salety sneh as deviers tp prevent the superstrictiaoe

f-'l“illﬂ {rom

substructutes

werea

substructures were also issued bhetween

Specifications of Suhstructures”
i sale

increases

gerpsme

ty were

newly

int roduced

for

constructed 1n accordance with the 1971 Specificationa

Talble 1 3

Desipn

mi:thods
1964 and 1971 in the form of
Therelore,
made

"Desipgn
it is considered that considerable
those bridges desipnad

History of Deslgn Scicmice Foads for lligheay Arldges In Japan
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The 1971 «pecifications were revised hy the Mimstry of Canstruetion in He
farm of "Part V Seismic Design” of the "Design Specilications of Highway
Rridges" in 1980 Although the Part V was essentially the same as the 1971
Specifications, a rational evaluation method for predictiog soil liguelaction as
well as practical design methods at the Ume when hyuefaction 15 judged to
- occur £1-6] weree included in the Part V 9(-|Hm|c Design
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The latest specifications were issued by the Ministry of Construction in
Eebruary 1990 in the Torm of "Part V Seismic Design for the " Design
gpecifications of Highway Bridges™ [1-1,1.8] . Major revisions introduced in the
191 Spreifteations were unification of static Iateral force method (seismic
corfhictent methodt and the modified static fateral Torce method (modified
servanic coefficient method) including the revision of the seismic design lorce, a
pew method for computing inertia force for multi-span continuous bridges, a
new ductility check for reinforced concrete piers, and detailed stipulations
for dynamie response analysis, These revisions were incorporated based on the
recent studies for predicting earthquake ground motions and strength of
reinlorced concrete piers [1-9~1.27]

The "Part ¥V Seismic Design” ol the
RBridges ' has the following contents

"Design Specilications of Highway

Chapter 1 General
1 1 Scope and Application
1.2 Definition of Terms
Chapter 2 flasic Principles of Seismic Design
Chapter 3 Loads and Design Conditions in Seismic Design
3 1 Loads and Combinations for Seismic Design
3 2 Effects ol Earthquakes
3 3 Inecrtia Foree
3.3 1 General
3 3 2 Computation Method of Natural I‘ermd
3 3 3 Computation Method of Inertia Force
3 4 Dynamic Earth Pressure
3 5 Hydrodynamic Pressure
3 6 Cround Conditions for Seismic Design
37 Soil Layers of Which Bearing Capacity Shall be Decreased in Scismic
Design
37 1 General
37 2 Sandy layers Vulnerable to Liquefaction
373 Very Loose Clayey and Silty Soil lLayers
37.4 Soil Layers of Which Bearing Capacity ‘§lm|l he Decreased and
Treatment of the |.1_ycr5
3 8 Cround Surlace Assumed in Setsmic Begign!?
Chapter 4 Seismic Coeffictent
4 1 General
4 2 Standard llorizontal ‘;mqmlc Covfﬁrmnt
43 Modification Factors Tor Stapdard llorizontal Seisiic Cnefﬁcu-lll
Chapter 5 Check of Bearing, Capacity of Heinlorced Concrele Piers for
Lateral Foree )
) | General
5 2 Chack of Safety
3 Horzontal Seismie Coeflicient Tor Check of Bearing Capacity
of Reinforced Concrete Piers for Lateral Foree
531 Equivalent MHorizontal Seismi¢  Coefficient

) :
1 i, 4
3 1

Check of

for



Bearing Capacity of Retnforeed Conerete Piers for Lateral Foree
532 Horizontal  Sciamie  Coefficient  for  Check  of  Bearing
Capacity of Reinforced Concrete Iirra for Lateral Foree
54 Bearwog Copreity of Hewnforeed Coneeete Prers Tor Lateral Foree
S0 Beavwgr Capacity  of  Reinforced  Conerete  Piers  [or
[ateral Foree, Allowasble Ductility Factor, and Feuivalent
Matnral Period
542 Bearing Capacity, Yielding Force, Ultimate Displacement
and Yieldrng Disptacement
540 Bearipg Capacity of Remnloreed Concrete Piers for Shear
Chapter 6 Dvaamic Hesponse Analysis
6 1 Ceneral
62 Dyvoamie Respoanse Analysis Method and Analytical Models
62 1 Method of Dynamic Response Analysis
622 Analytical Models .
63 Ipat Ground Motions {or Dynamie Response Analysis
6131 "Areeieration Response Spectra for Modal Response Speetral
Analysis
6.3 2 Ancelerations Tor Time History Analysis
6 Check of Seismic Safety
Chapter 7 Structural Details in Seismic Design
71 General
T2 Device for Preventing Falling qff of Superstructure fromSubst ruetires
721 General
722 Deviees Toy Preventing Falling off of Superstructure
723 Distance betwern Edge of Crest of Substructure amld Edge of Deck
T2 1 Devices tor Fall of Deck
73 Design Petails Tor Seismie Dosign at Rearing Supports
Chapter 8 Deviees Tor Reducing Lateral Force

(Appending
I UHeferences on Liguefaction
it Examples of Classiflication of Ground Condition
M References on Design Ground Motion
i Example of Computation of Natural Period and Inertia Force
v Reference on Bearing Capacity of Reinforced Conerete Piers for
Lateral Foree
M Practices of Design Details for Seismic Nesipm

11 SEISMIC n}-‘Slt',f*i PIILOSOPITY OF 1HGHWAY BRIDGES

Frg 1.3 shaws the Tlow of seianic design of highway bridges  Basic coneepts
for seismic design are ns .

a} Seiamic design shall be made Lo provide highway bridges with sufficient
stabili ty against earthguake disturbance, using the seismic design method
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specified in the "Part ¥ Seismic Design™ of the "Desipn Specifications of Highway
Bridges™. Stiuctural characteristics, tapogeaphical, geological and soil
conditions at the site, past experience ol sejsmic damage and importance of
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the hridge have to be taken into account in setsmic design Highway bridges
shall. not suffer st ructural tumage to ave ' gusp sion of tralfic aganst small
to maderate earthquakes which have a high possibility of orcuring at the site,
and gha!l be llr‘sig'lll'd nat to cause (‘:ll.‘l.\‘lrnphir‘ damape soch as Talling ofl of
superstructure from the subutructure even fur |:|rg!' 0:|rl|1r|u:|k<‘< such s the
Kanto Earthquake in 1921

b) Design shall he made based on the allowahle stress design method The loud
comhination for geismic dexign is of the principal load ('} + seismic effcets
(EQ) The principal toad (P) includes dead weight (D, prestressing force (I'S),
elfects of creep (CRY, effects of shrinkage (SH), earth pressure (F),
hydropressure (HP) and uplift foree (). The seismic efiects include inertia
force, increase of earth pressure during carthquakes and liydeodynamic
pressure  Effects of wnstability of subsoils such as fatture of weak cohostve
goils and liquelaction of saturated sandy soils has to be considered in scismie
draign. Allowable gtress can be increased 50 T for load conbrnation of P v EQ

¢} Lateral force ghall be computed by the static Iateral force method, 1 which
the Tateral force is determined by multiplying the weight W of the structure
with the lateral force coeflicient k lateral foree in vertical direction may he
generally neglected in design calculation except for design at bearing
supports, where the vertical force coeflicient of 01 is constdereil.

d) Seigmic lateral lorce shall be nppnml to structures, seils amd water ahove
the ‘ground surface assumed in sersmic desipgn®  Sersmic lateral (oree for
structural members. soils and water below the ground surface assumed in gersmic
design shall be considered as rern The ground surlace assumed in seismic
drsign 15 taken at the upper level of stable sotls, and 1s generally assomed as
the base of fooling for pile foundations ®hen the surface soils are vulnerable
to liquelaction or unstability of weak eohesive soils, the ground surface
assumed in seismic design has to be assumed below such unstable goils

e} Lateral force corflicient ky shall be determined in acccedance with repion,

ground condition, importance and natural perind The lateral Foree coelficient
kn shall not be less than 0.1,

N A Check of the bearing capacity is recommended for reinfloteed concrete pinrs
to avoiding brittle fulure. Check of bearing capacity of teinforced comerete
piers shall be made based on the dateral Toice cocllicrent k.. wiieh iy

exclusively specitred in the spacifieations for tlos purpose

g) Dynamic response analysis is recommendrd for new by s of by idpes sunl hoss
which have complex structural response characteristies

h) devices for preventing the superstructure from falling must be instal bed
1 5 SEISMIC LATERAL. FORCE FOR STATIC LATERAL, FORCE METYHION

1 51 Seiemic Lateral Force Coefficient
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Fig. 1-4 Seclsalc Zoning Map and Modification Cocfficlent cz
’ Table 1-4 Ground Conditfon Factor ca

Ground Group 1 1] m
c, o8 10 1.2
Table £-5 Tmportance Factor c,

Group <, Defimiion

Bridges on espressway (limited access highways),

fa  class 1o genenal  nauonal road and  principal prefectural
10ad  Imporant brufges on general  prefecrural
' road and municipal  icad.

Ind class 0 Other than the above

Table 1-6 Structursl Response Faclor or

titnund = Grnap Stucmrtl  Resporse  Coelficient <
—

G . Teot 215TS 1) 1l «T

o & = 26977210} ¢, =« 125 | e 11ITP
oo I T <02 0287513| 13t s
roup €« YISTPZION[ ¢, F 125 e = LAITV '
e Teod lowgrsas| tse<rt

LLs i r
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In the static lateral force mothod (seismic coefficient method), the degign
seismic lateral foree cocllicient sghall be determined hy Fq (1-1}, bt no less

than 1) 1

kh:C¢‘Cr|'C|"‘r‘khn (1-1})
where

kn : destgn seismie lateral force coellicient,

ko : standard design seirmic lateral force cocfhicient ( N2y,

¢, :modihication Mactor for zone (refer to Fig 1 4),

ro - modification factor Tor ground condition (refar ta Table |-4),

ey : modilication factor for importance (refer to Table 1.5), and
modification factor for structural response (refler to Table 1.6}
For computing inertia force nassocinted with weight of sols and
dynamec earth pressure, e; shall he 1.0

Cr

Eq (1-1 was determined basad on the statistieal annlyses of 391 components
of strong motion records obtained on ground rurface in doapan [1-9) . Effects
of compasition of twa hatizontal components were studied. It should be noted in
Eq (1-1) that althongh k. was derived from the acceleration response spectra,
considerable modifications were tncorporated into k. based on the past
experience of seismic damage and hridge response characteristics. Special
attention was paid to determine  the sdlamie fateral force Jevel at the natural
period over 1 second

Fig. 1-5 rhows the seismic lateral force coefficient k,, assuming ¢, = ¢; =
10

Vs GC = LASTIFF}
/—GC = 2 IMEMuMY |
- GC = 3 I50F ()

LATERAL FORCE COEFFICIENT

o 1 7 3 4 3
PERIDD tSECSH

Fig 15 Scimnic Lateral Force Confficient k., for Static Lateral Force Method
(ce=ec =10

1 52 Classilication of Ground Camndition
Ground conditions are clagsified into three groups according to Table 1-7,
in which characteristic value Tq shall be evaluated as

. 4h
Tc.-): V

-

(1-2)

P
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Table 1-7 Classification of Ground Conditlon

DEFINITION [ APPADXIMATE ESTIMATION

e e g e  m—————— e

GROUND CONTITION

GROUP Ty < D2 SEC J FERTIALY OR OLOER
GADUP I 072 =1y 06 SEC ALLUVIUM AND QILUVIRM
GROUP 1 0Es Ty SOFT ALLUVIUM
where
Ta : characteristic value (gec) .

I, : thickness of i-th suhsoil layer (m)
Vai : shear wave velocity of i-th sublayer (m/sec)
i : sublayer's number counted from ground surface
1.5.3 Earth Pressure During Earthquakes
Earth pressure during earthquakea, which shall he applied to structures
below the ground surface, is specified hased on the Mononobe-Okahe lormulae

as a distributed load as

() Active earth pressure

Peazr-xKoa-2¢ v/ Kuiatq - Kaa

- $-0,-8
Kee =i eln()ohb‘ stn(dta-64) | (-3
o0s 6 »- 008 B-ms(&oa.*sn)[l',Jms(me.‘s.)m(a_a)
(2) Passive earth pressure
Por=r v Kust2c+/ K:P'q.'xlr
on'(d-8,-8) - . (1-1

Kee - -
) gt B _[sin(é-5.sintéra-a8, |'
wsfa-ns* @ -ons{ @ 0.-8.)[! '\f——ﬂﬁ(ﬂ-an*ﬁ)m(mi

If ¢va-0o< 0, ginlé+a-06)shall be zero
whire
Pea and Prp: oactive and passive earth pressure al depth x (m) Trom the
ground surlace (t{/m?}
Kea and Kgp: coellicient of active and passive earth pressure
»: unit weight of soils (tf/m™)
L. cohesion of soils (tf/m?)

q": surcharge on the ground surface (tf/m?)
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g8 angle between the back wall and vertical! plane

§- angle ol @ whtion between the hack wall and back soils
0o= tant k.,

kn geismic lateral force coelficient

L5 4 Hydrodynamic Pressure
(1) Hydrodynamic pressure on walls
llydeodynamic pressure I (L) acting on one gide of a wall-type structures

and the height h, {m} of the pressure P from the bottom of the water shall be
determined from

b= 1% knwobh? (1-5)

hg-05h ’ {(1.6)

where, k, = Iateral force coefficient, w, = unit weight of water (t[/m™), h =
depth of water (m) and b = width of wall {m).

(2) Hydrodynamic pressure on columna

Hyderodynamic pressure P (tD actingr on eolumn type steuctures surrounded

by water and the height h, (m) of the pressure | . om the hottom of the water
shall be determined as

% ko wohoh —2 (1. '%i.“’ —lb| 5 2.0

P - _3 kowoAoh E (0.7 - “1%1.’ 20« ;% S40 (17
% ko woAd b f% 40 < -!l_JI-

he = 05h (1.8)

where, k., = lateral force coeflicient, wy = unit weight of water (tf/m™), h
depth of water (m), a = depth of column (m), b = width of cotumn (m) and A,
sectional area of column (m?)

1 6 TREATMENT OF VERY LOOSF. CONESIVE SOILS AND LIQUEFACTION
1.6.1 Sandy Soil Layers Vulnerable to Liquelaction
mn Sand_'( Soil Layers to be Checked for Liquefaction

Saturated alluvial sandy layers which have the water table within 10 m from
the ground surface and have Deo-values on the grain size accumulation curve

e
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Saturated alluvial sandy layers which liave the water table within 10 m from
the ground rurface and have Dyg-values on Lhe prain size accumulation curve
hetween 002 and 20, mn are vulnerable to liquefaction up to & depth of 20 m
below the ground surface, and liquelaction potential of these layers shall he
estimated according to item (2).

(2) Estimation of Liquefaction

For those soil layers which are judged to be vulnerable to liquefaction,
liquefaction potential shall be checked based on the liquelaction resistance
factor F. deflined as

Fo=R/L (1-9

where
F. - lignefaction resistance factor
R . resistance of soil elements against dynamic load defined as
R=R, +R, + R,

R, = 0.0882

- N——
oy .7
0.19 (0 02 mm 5 Dag £0.05 mm)
R, = { 0.225l.0g10(0.35/Dse) (0.05 mn<Dyn g 06 mm)
-0.05 (06 llm(l),052.0 mm)

R =[ o0 (0% SFcs40T)

? 0.004Fc-0.16 A% <Fc 5100

N : N-value of standard penetration test

Dso : averaged grain size on grain size aceumulation curve

Fe @ fine sand (grain size less than 74 um) content
L - dynamic load induced in soil elements dering an earthquake defined

as

L=r.,-|-( 2 *

o v
ra= 10.0.015¢
x : depth Trom the ground surlace (m)
ka : seismic coeflicient for evaluating liquelaction, and shall be
determined as
k.= cz-cg-cr-kao
€z, Co nnd ¢ 1 modification factors for zone, ground condition, and
importance (refer to Fig 1.4, Table 1-4 and Table 1.5)
kao : standard design horizontal seismic coelficient for check of
liquefaction (=015 - -~
a ' total overburden presaure (thgl/em?), and

vvr [yl vz Cx -hon £10
ay elfective overbarden pressure (kpf/em?), and
av' = Iyohos wop Ox - b /10

Soil layers having liqualaction resistance factors, Fo, smaller than 1.0
shall be judged to liquely during earthquakes, and treatment of these soils
shall be made in accordance with 1 6 3.
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1 6.2 Yery Soflt Cohesive Sotls and Silty Soils

Cohesive soil layers and silty soil layers which are within 3 meters of  the
ground surfare, and have a  compression strength estrmated by unconflined
compression tests or freld tests, Tess than 0 2 kgl/em?, shall be delined as very
soft soils in seismic design. Treatment of these sovls i seiamic desigm shall bo
made in accordance with 16 3

I 6.3 Soils Whose Soil Constants are Reduced in Se1smic Design

(1} For those soil layers which were judged to Liquefy in the above estimation
and which are within 20 m from the ground surlace. the spring stiffness and
other soil constants shall he cither neglected or reduced in seismic design as
shown tn Fig 1.6, hy multiplying the origenal spring stiffness nnd other sail
constants by the reduction factor De which is determined in nccordance with
Fy-value and tabulated 11 Table 1 9

= SUPERSTRUC TURE

—

INERTIA
FORCE

VERY LOOSE SAND

FL<06 -
LOOSE SAND 1 0 DclR)
Q6 < Fy<t0 =4+ 1.0l F()
STIFF GRAVEL -+~ ) L. A=
FL>i0 :..-'_'_ B E o Lte : . -ﬁ;l kg

Fig 1-6 Trecatment of Soll tayers Vulnersble to Liquefaction

Table 1-9 Decreasing Rate Ds of Soll Constants Depending on F,. ¥alue

DEPTH FRAOM
[ FoumLUE GROUND SURFACE b
Dm E R le | 0
fL-<D5 i
I[]m 1 f-?ﬂrn ! 111
Om=x=10m 113
DE<F S08 | —— —vr oo e
10m < 1 & 20m 122
ﬂm sts 0m i
00<hE10 fm— g —— - — .
Iom 3 1 = 20m I
S A ) A — |
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N

(2 Spring stiffuess and other soil constants shall be zero for those soil
layers which were defined ns “very soft cohesive soils”,

(3 For those soil layers whose spring stiflness and other soil constants are
assumed 7ero in seimmic design, the "pround surface assumed in seirmic design”
ghall be assumed to he at the bottom of these tayers, It should be noted that
because the inertia force is to be applied to the structures, soils and water
above the ground surface assumed in seismic design, larger lateral forces in
addition to the zero stilfness of soil spring and other soil constants have to
be considered when the ground surface assumed in eriemic design is taken
|ower.

(4} The surcharge effeet of the weight of soil layers where soil springs and
other so0il constants are assumed to he either reduced or zero must be
considered on the lower soil layers.

1.7 EVALUATION OF INERTIA FORCE

Inertia forces in the atatic lateral force method shall be applied to
bridges in two ways depending on the srismic design etructural unit. The
seismic design structural unit shall be selected in accordance with Table 1-8.

Natural period and the inertia (orce shall be deterwined from:

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

Natural period and inertia farce shall be determined from

Fai = kiR,
(1-10)
T=201.35"
(1-11)
where

Fai :inertia force associated with-dead weight of superstructure for
doﬂlgn of i-th substructure -

kn:  seismic coeffigient considered for i-th structural segment

R, : reaction force developed at i-th substructure due to dead weight
of the part of superstructure supported by the i-th
substructure

T natural period, in seeond, of the seianie dmugn structural unmt

lateral displarement, 1o metee, of the substructure subjected to a

fateral force equivalent to 80 % of the dead weight of a

substructure above the ground surface nssumed in seiemic design

and the dead waight of a part of the syperatructure supported

by the substructure.

=gl

Because soil-atructure interaction is important (or evaluating the seismic
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lateral foree, it is generally idealized by a set of soil aprings. The stiffnesses
e [ of soil springs are dietermined based on k-values, which represents the spring
z &5 B ; stiffness per unit area, as follow
- = < § H - g
: e iz 1
= ;—:. —;: k =30 £ (1-12
; TE: 32 Fo = 2(1% v5)Gn (-1
} ] '? : i € E : = Y 2
SR i G = —%— Ve (1-14)
fiz7: i e
- — .- . -t _ 08 x Vao Ve < 300 m/sec
qr =g | i Ve = { Ve Vo 2300 m/mec (1-15)
_:/; 7 - ' ; 'I where
: M I : 4 . : ! k - gtiffness of roil spring per unit area (kgl/em®)
s - ' ! ===, ! G, and Eo : shear modulus and elastic modulus of soils depending
é H I, é 3 :fr:G \ ! ! R on ahear etrain induced during earthquakes
53 ¢ : ! . .- ' ; ' ; v o: poisson’s ratio
- g | e ¢ F“-‘-( t ' K ! ' V, : shear wave velocity assumed in seigmic design (m/sec)
G : l:s ! o P u 0 ! N H ' V.o : shear wave velocity measured at the site (m/sec)
2 P - bis NE= g t : .
o lf sJ' . I; : : ’ | ) :! (D)Seismic design structural unit congisting of several substructures and the
g <! ' ’ ' part of superstructure supported vertically by the substructures.
; . ' . ,
g ! . L 1. | _
o ! [ | ) I L,{-‘f-_q 1 _-_q_‘___ o [ Inertin force shall be evaluated in accordance with Fig. 1-7. i.e,
~ AP ' T e T T e iYidealize the bridge by a linear elastic frame model. Soil-structure
g —_ —. ; s e interaction effects are idealized by the same way with (1).
v e ii)apply a lateral force equivalent with the dead weight of superstructure and
[ ; subst ructures above the ground surlface assumed in seismic degign, and computle
3 ar Mr R : N, the natural period as
Jio =] ! ) |
. 1185 ! '
w 1 1N it G ! : T=201 v (1-16)
- ! A ¥ > ! 1
1 . i ~ | 1
=2 ! A ; t { w{s)u(s)?ds T
- 1 . . ] PR Wha Lottt .
2|z wt == i l § = T wrulads a-1m
R I(] - ! i
¥ H 1 mo ) ! where
= I ' 4 . . . . .
2 ! | (| TS 1 , w(s) : dead_weight of the seismic design structural unit {soperstructure
' Y 'f==(] ' ) and substructure above the ground surface assumed in seismic
: ' = o degign) at point *8” (t[/m)
| | T u(s) - lateral displacement developed in the seirmic design structural
) | R L _ unit at point "s” (m) when subjected Lo wa) in the direction con
) ——-\I: e vy | i ey ridered in design.
I T T s L N tiiddetermine the reisic conffrciont ko depending on the natural period T.
- iv)compute inertia force as
£ 2
azx L]
7 i 2k Fa=knxF (1-18)
L 3 L
- -
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where
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~

: shear force (tD or banding moment (tfm) due to inertia force

srizmic coelficient

force developed in the seismic desipn slroctural ot when suh

jfw-lr-(l to a Iateral force equivalent to the dead weight of the &
eismic desiginstructural nntt above the ground surface assumed in
seirmic design (L7 tfm)

ufs)
ufs) '

a} Design in Transserse Thyection

* Force developed when subjected to lateral force equivalent with dead

b) Design In Longitudinal Direction

Nead weight of super and sub structure at point 3 ({f'm)
Displagement at poatn s developed when subjerted to lateral force
equivalent with dead weight of superstructure and substructure above
ground surface assutned in sesmic design

weight of superstructure and substructure above ground surface
assumed in sesmic design (if or f m)

il

5a Jwistu(s)ds
Justufshds

.

T=-201v8

]

Seistnic Coefficient © k,

—

fnertia Force Fu=k,x F

_

Fig. 1-T Calculation of Inertia Force
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For substructures supporting girder bridges, the shear force developed at
the center of gravity of the superstructure shall be regarded as the lateral
force for seismic design of substructures lHowever, when the inertia force
computed by Fq (1-18) is smaller than the inertia force computed by Fgq.(1-10),
the tatter shall be adopted for design This needs some explanation. The inertia
[orce compuled hy Eq.(1-18) is approximalely proportional to the stiffness of
each substrocture. This implies that the majority of the inertin force tends to
pe carried by the substructures with higher stiffness. Depending on the
stiffness distribution of substructures, the inertia force carried by piers with
lower stiffness takes even negative values. llowever, if failure of the
gtructure, such as at a hearing support, occurs, the contribution of load
carried by each substructure will be changed (rom the distribution computed by
Eq (1-18), Based on such considerations, a lower limit for the inertin force
evaluated by Eq.{1-18) is included

For substructures which support the superstructure with movable bearings,
friction force developed by relative movement between the superstructure and
gubstructure is applied in longitudinal direction in stead of inertia force. The
friction force is determined by multiplying the coefficient of Friction with the
dead weight at the bearing supports. The coeflicient of friction depends on
the type of bearing supports, and the value of 0.05 ~ 0.15 is generally
adopted. ‘

1.8 CHECK OF REARING CAPACITY OF REINFORCED CONCRETE PIFRS FOR LATERAL
FORCE

1 8.1 Judgement of Bearing Capacity of Reinforced Concrete Piers for Lateral
Force

To prevent reinforced concrete piers from failing in & brittle manner, it is
recommended that the bearing capacity of the reinforced conce te picra be
checked in accordance with the [low-chart presented in Fig. 1-8.

Bearing capacily of reinforred concrete piers for lateral force shall he
checked using

Po > kW (1-19)
where .
P. - bearing eapacity of the reinlorced conerete piers for lateral
force(il) .
kuo : oquivatent  horizontal seismic corflicient for check of bearing
caparity of the reinforeed coneicte piers for fateral boad

® o oeguvalent dend  weight (LD, and shall be determined as

=W, +coW, (120

05 P,sP.

cp ~ . )
1o PP : (1-21)
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R.: dead weight of a part o .
concmtcﬁpiﬂm “r:‘ [ superstructure sopported by the coinforeed 1.8 2 Equivalent Secismie Lateral Force Coefficient for Check of Bearing
lw'l. gcm! weight of the reinforeed concrote piers (LD Capacity of Reinforced Concrete Prers for Lateral Force
' hearing eapacity of reinfarced - .
P'. bearing caparity of F““lfnrf:-d ::""f:::: l?”‘rﬁ 'fﬂr MMexural Dailare (U0 Equivalent seismic lateral force confficient for check of bearing capacity
ers Forshear faiture (1) of remnforced conerete prers for lateral foree shall be determined according to
. the equal energy assumption as
Kno -
= e L = - 1-
kn- 72“ . (1-22)
T I\H.m.,[’ kno = €z €t Cr-knao & 03 {1.23)
Iy (Tuat
- where
P N kn. : equivalent seismic lateral loree coelficient for check of bearing
I i i . - .
her Rompored T T T . eapacity of reinforced concrete piers for lateral force
!;n kno : seismic lateral force coefficient for check of hearing capacity of
P — reinforced concrete piers for lateral {orce
l r. 1'..':.:“:;:“.:':.'..’.'n_‘_,l."::"f:.',,:.,':',.' i altowable ductility factor
Povleemews, ¢z : modification factor for zone (refer to Fig. 1-4)
l ¢, : modification factor for importance (refer to Table 1-5)
T “*——--*—_—l " ¢n : modification factor for structural response (refer to Table 1-10
—_— _ Knoo slandard seismic lateral foree coefficient for check of bearing capn-
l Vet Sl s S l city of reinforced concrete piers for Iateral force
roag .5
5 AT
R h Yy .
:-T-T:-T:Tu.'-?:::::... flewm _"-'_:j'/"‘* . Table 1-10 Slruc'llml Response Factor ca
bo=rperiae bl e e —_ £. -
fo oot ot et P ettty e Ground  Group Suwcwral Response  Coefficient ¢,
] {-1m poop t - T ” < T
A ik © Al e [ 1 Growp | w $ = n
Frone Al el s by imup ¢, = 07 c, = 08767,
— b ETEELH Futar !
IIT::::.::‘"I-HM W N . “h”"l*:‘w wel T, <0 018 §T,,516 16 < T,
f-17 *Ceafunont fur - n
i, - __“‘ . : [""”"I" ": {;'l I (h:hl:r..l. ..: {\,‘gm Group It g = 151 Tlll; 207 Cy ™ 083 “a ! I6Tn
vrts s at B gl R o _
—— L. K T, <029 [09ST,$20| 20<T,
I | o Group W | e w207 | e = 10 o = 191"
————— e e The standard scismic lateral force coefficient knoo was determined based on
- the statistieal analysis of 391 compousents of strong motion records [(1-9) to
N represent a realistic gronad motion developed during significant earthquakes
RN - T e e with magnitude ag Lairge as 8 Similar modilication to the geismic lateral focee
(o) canlficient k,, piven by Fq (1-1) was incorporated in determining the design
force level over | secoml 1t should be noted that the natural period where the
Fig 1-8 Cheek o . . . coeflicient ki oa nlr'c.rc:asns with tnereasing r|.‘?t|1r.‘l| period 19 assumed larger
[ Fore  Bearing Capacity of Reinforeed Concrete er For Latera! than that for the seismic lateral [orce coefficient k,, given hy Eq (1-1) due to
¢ congiderations for long period ground motions (1-12] .
r
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Fig 1-9 shows the seismic tateral force coellicient kyo for the cheeck of
bearing capacity of reinforced concrete piers for Lateeal force when ¢, = ¢, =
n

GCelOSTHFI
GC o+ 2 (MEDIUN Y
6C + 3 150F T2

a5

LATERAL FORCE COEFFICIENT

oob .. ]
o} | ? 1 L] 5
PERIGD ISFCS!T

Fig 1-9 Seimmic lateral Foree Coeflficient k., for Check of Bearing Capacity
of Reinforced Concrete Prers for Lateral Force (C, =, = 10)

1 83 Bearing Capacity of Reinforerd Conerete Piera [or lLateral Force and
Allowable Ductility Factor

Bearing capacity of reinforced concrete piers for lateral Torre P, and the

alfawable ductility factor . shall be determined based on the fmilere mode as -
N

(IFlexural failure

P, -P
P,=pP, + k__,T,!_ﬁ (1.2
=1+ Su-8v o,
u = o i, (1.25)
where
Py, &, : bearing capacity (tD and ultimate displacement (m) for fTexural
failure
P,. 8, : yielding force (tD) and yielding displacement (m} for Flesural
failure

o . gafety factor { = 15)

In seismic design, Pu, Py, 8. and §, are computed lor earh reinforced
concrete pier assuming the stress vs strain relation presented (i Fig 1-10
The “yield” and “ultimate” is defined as the deformation of pier whan the strain
of main reinforcement vields at the hattom and when the strain of conerete at
the extreme compression [ther reaches 0 O35, respectively.

It was conflirmed (rom the comparison with the dynamic loading tests of
mode] specimens that the ultimate displacement &, approximately corresponds
to the point on hysteresis loops where rupture of main reinforcements was
initiated to be developed at the bottom. The seismit salety factor o of 1 5 was
* determined so that the nllowable ductility factor given hy Eq(1-25) .
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corrasponds to the point on hysleresis loops whore decrease of the load wan
initiated due to Talling-off of cover concrete [1-14,1-15] .

a
0had = - - e ——r —
(e 08
' 4. =085,
parabolic cugve
208w v i 2 En) -
T dwd omol,
002 0003
167 «,,
&l concrate b) relnforcemant

sck 1 Standard deslgn strength of concrets
Yiald strength of relnforcement

1
+c 1 Strass ol concrete
¢& o Sttes: of reinforcement
«¢ 1 Stratnh of concrate
ve ) Strsin of relnforceaont
Es 1 Coetflclant of wlastic acdulus

Fig. 1-10 Stress va. Strain Relation of Reinforcement and Concrete Assumed to
Compute & ,, 8 ,, P, and P, of Reinforced Concrete Piers

This may lead to a conservative estimation associated closely wilh Lhe
loading procedure adopted for the model tests. Although various loading
procedures are proposed [1-19~1-24], the number of alternative loading
cycle per each loading step (loading displacement) in the displacement
controlled loading tests, as shown in Photo 1-8, was assumed am 10 in the
Public Works Research Institute. Rupture of main reinforcement depends on the
mumber of loading cycles, and it was Found from the shaking table test, as
shown in Photo 1.9, that the failure at a specific ductility Faclur developed
during the earthquake excitation teats is much mmaller than that developed
during the leading test under displacement control with loading eyele of 10 (
1151 . It was however pointed out that piers subjected to larger ground
acceleration tend to cause larger residunl deformation. Such effects may be
significant for those piers which are subjected Lo eccentrie bending moment due
to dead weight of the muperstructure. Although such residual deformation of
reinforced concrete piers subjected to significant earthquake ground motions
is still heing studied, it scems important to keep encugh salety in determining
the altowable ductility factor.

{2D)Shnar failure

=P, (1-20
u = l '|27)
whnre

I'. - bearing capacity (t0} Tor shear (atture, and sghall be deterimned as
H

P, = 5§, +8, r25
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S. = « Mt -2 1.9 DYNAMIC RFESTONSE ANALYSIS

5. = Meoad (-3 : . \ .

= i 15a For bridges with complicated dynamic response and for new types of
Ber bridges, dynamic response analysis is recomnended to check seismie safety of
wiere

the design made by means of the static lateeal force method

S shear Toree supported by conrrete (U

S, shear doree supported by tie remnforcement {(£0)
t o0 averaged shear stress ol conecrete (UHm )

A. - sectional area of tie reinforeement (m”)

aa, Yielsstress of e retaloreement (6F/m?y

a anterval ol te renforeement (m)

d  efiective width of pier (h

In principle, dynamic response analysis shall be made by means of modal
rerponse spectenl annlysis with use of an analytical model which simulates
dynamic characterintica of the bridge. Acceleration response spectrum for the
modal response spectrum analysis shall be determined as

S=czc,-ep5-8y . (1.3
where
5 : response spectrum for modal response spectrum analysis (gal(=em/sec?))
cz . modificalion factor Tor zone (refer to Fig. 1-4)
e: : modification factor for importance (refer Lo Table 1-5)
eo: modification factor for damping, and shall be determined based on model
damping ratio h, as

1.
co® R T 05 (-3

So: standard response spectrum for modal response analysis method (gal)
(refer to Table 1-11)

Table 1-11 Standard Response Spectral Value S for Modal Dynaale Response

Analysls
Ground Condition Sy (el
T, <0l DIST, S0 1T,
Growp | S, = 43TM 2160 5, = 20 S, = 20T
T <02 025T, 51) 1< T,
Group 1t S, = 4T 2 2 5, = 250 §, = 325,
T coM OMST 513 15<T,
Group 1l ' .
5, = 40T 2 240 L 5, = 30 5, = 45T,

Fig 1-11 ghows the design response spectra assuming ¢y = ¢, = 10 and ¢, =
10(h, =5% Fig. 1.12 showa the modification factor Cn

When a time history analysis is required, strong motion records which have
the similar characteristics wilh § hy Eq (L 31) shall bhe wsed with the
consideration on site condition and structural response of the bridge. Three

. ground acceleration records, as shown in Fig 1-13, which were modified in
Photo 19 F:h:ll(flll Tahle Tests of lfr‘lnl‘nrl ed ‘f:n:u r: :rol :: r Supporting Teo frequency domain so that their responre characteristica match with S, in
Span Slaply Supported Glrders { Weight = 40 L) ' Eq.(1-31) are provided in the Specificatinns.
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2 1. Tatal Bridge System and Connections
21.1 Sertsmie (‘.:lp:lt‘ii) of tatal hridge steueture

(1) Seremic damages to bridige stouetare

In order to examine sevanie eapacity of @ system, it 15 necessary to eonsider
a bridge as o tatal structwral system composed of superstrueture, ground and
gubstructure. Although deformation or displacement due to a large earthruake
js inevitable to a certan extent, it is essentinl to matntain the bridge
function.

Past seismic experiences indicate that loss of the basic bridge function
generally resulted from:

I Falling down of girders

2) Movemont of footings eaused by [ow of soft ground and slope

3 Horizontal movement of abutments

As mentioned in Section 1. a large carthquake may cause ground failure.
Erpecially when ground layer near ground surlace collapses, it would damage
foundations located in the layer, and finally lead to the damage of the whole
bridge struclures.

There is a prominent correlation hetween hridge damages by earthqunkes
and ground conditions where the damage has developed in Jongitudinal
direction, espreially when the bridge spans over valleys, or ia built on soflt
ground near embankments  Damaged to the substructures were sometimes cauaed
by falling of girders. :

Photo 2-1 Earthguake Bamige 1o a Bridpe over a Balley
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Photo 22 Falling off of Girders due to 1718 Fuksi Farthqoake

Photo 2.2 ghows the damage ta Nakazuno Bridge due to Fukni Farthquake in
1918 Inadequate strength of foundation and connection between footings and
piers are eonsidered man reason of Airch destreuctive damage Seismie design at
those days was inadequate )

In Nugata Farthgwike in [958 alitments and piee foundations of Yachiyo
Bridge were displaced toward the river center cansed hy goil movoement due to
liquefaction As shown in Fig 2 1 the paer P2 closer to the left bank roncilined
On pier P4, the girders were pushed by the displaced piers , stip) ing beyond
the notmal Hmits of the movahle support, thereby pushing the adju: ent girder.
As a result, edge of the pier close to the NHiv~d cupport sheared off and the
girders were about to fall as chown in Fig 2.2

UL R I R ]
Sl comporite girder
—_— .
~I% !
L] Il -
eyl — — i e — 1 Sinano rlver
H v wnl " =3
ST e el -
| ;\-. T
Y . . PN

=

1 sottal -

et 4

mvatile hearlng
+ B

L
L]
¢ .
L
)

left btant tinht bant

Fig. 2-1 Damage to P, and P'; of Yachiyo Bridge

Fig 2.2 Damage to ', of Yachiyo Rridg
due to 1964 Nitgata Farthquake Nligatn Eant

due to 1964 Nligata Earthquek
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) fcracks of ground Lot
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- aftrar earthquake

Fig. 2.3 Damage of Pier due ta Liqur—efaclion of Sandy Soil Layer
due to 1964 Niigata Farthqguake

Fig 2-3 shows the most severe damage to caisson foundation in Japan, which )
was pushed toward the river center due to effect of failure of river banks. ’

Settlement of foundalion i3 one of typical damages to [oundation,
constructed on saft cohesive soils duc Lo an earthquake. Many damages have |
been experienced in the past earthquakes. A survey was made for selected
railway hridge pier foundations which experienced the Great Kanto Earthquake.,
in 1923, and the correlation between the gettlement and the safety factors for
their normal dead load wasg studied. The servey revenled that those bridge pier {
foundations with safety factor ranging from 1.6 to 2.4 settled several ten of ;
centimeters, whereas those foundations with salety lactor larger than 3 did not :
make appreciable settlements.

i
a0
'

>

—w0t— dhsplacement at top of pier ;
m t
mJ ——— displacement at water level displacement
e © relatjve ;
L} - .
o l to pier No.7
] — ]
.
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o - ,_n ar l" _,/___ ; .
- Ll Trropgry
Lett g Reghr dika
"2 Iver bid -
_a g
L]

Fig 2-1 Residaal Maplacements of Piers of Sinano-gawa Bridge
due to 1964 Niigata Earthquake
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(2) Seismic eounlermeasures of total bridge system

ft is not easy to destgn Tootings, Tocated 1n layers vulnerahie to collapge
and lateral movement, so as not to develop lateral displacement It 5
appropriate to adopt lenger spans instead of constructing footings on thosa
layers  Rewnforcement or improvement of the soil layers valaerable to Yateraf
mavement are to he considered as alternate  Arch hridges are stronger for the
soil movement due to diquefaction or instalility of very weak cohesive goil,
For example, Bandai Bridge, which consists of 6 span continuous rigid arches
with caisson foundations and s located at ¥Xwm down stream from Yachiyo
Bridge, sullered only slight damage during the Nigata Farthquake in 1964
Although some settlements of the foundation occurred, no remarkable lateral
movementl of the hridge was developed

When there is embuanlment between adjoining piers, it may he effective Lo
tie the two foundations together to prevent autward displacement

Embankment on roft soil depasit tends to cause failure during a dest ructive
earthquake In the case of a flyover on solt soil depogit, it 18 recomnended to
keep the length of the smbankment as sghort as possible

Photo 2.3 ghows the damnge to an abutment caused by ailure of embankment
conatructed on very roft cohesive simts with N value of 210 5 Brcause seismic
design was not made at thoere days, anly wooden piles were used to support the
abutment

For those lLridges with short to medium span length constructed in an
embankment of soft ground, a hox Hvpe feamea aridge is preferable rom Lhe
view point of seismic design

Phota 2.3 Farthquake Damege to Abutment on Soft Ground due to
the Great Kanto Earthquake 1n 1921
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9192 Deviers For preventing superstenctures from falling, and bearings

(1) Devices for Preventing Superstructure from Falling

Since connections betwenn superstructure and substruclure or between two
adjacent superstructures are quite susceptible to earthquake damage, special
structural considerhtions are required to prevent the superstructure from
falling-off due to damage of those sections. For such a purpose, the following
measures are adopted as shown in Fig 2.5

STOPPER AT MOVABLE

1
“_ SEAT LEWGTH / "
“BEARINGS."

’

Fig. 2.5 Devices for Preventing Superstructure from Falling

i} At movable bearings, devicen to prevent dislodgement of upper-bearinga from
the lower-bearings (atopper) are provided

ii) At both ends of the superstructure, either of the following measures are
uged Lo prevent the superatructure from dislodging from the support of the

subatructures:
a) The diatance from the edge of superstructure to the edge of aubstructure

{Seat Length)  should be longer than the value as

M+05«| for 1 £ 100m
Se =

80+ 04q4x | for | > 100m

tn which S, and | represent the seat leapgth in em and the gpan length in m,
regpectively .
k) tastailation of.devices Tor preventing the superstructure from falling of

substructures

The design horizontal seiamic roefficient for the devices gshould be equal to
more than double the value specified in Section 1 5
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(2) Bearings
Bearings shatl b designed to erupport lateral inertial force of the

superstructure  Nesign of supports shonld consider, tn addition to laleral
forces, uphift force eqoivalent to vertical reaction Toree due to dead o
multiplied by the desipgn verticnl seismire coefliciant of 01, However, lateegl
mertial foree and wplift force need not be applied simuitancousty  The uplift
required  for  preventing separation of superstructures from

bltuatnous flller

force is
substructitres

-

[ S

tranivergatl PC-cabila ~ J
ni

al prejection @ front of end diaphragm

_———— T m—

sesel har
. Nut
PE-bag / Shear plate

Tubbetr plate < djapheaqe

- __(»_\l' N—— -

pler
B T
L1}

b} connection of adjacent end diaphragm
with ateet bar or stecl wire

¢) connection ol girder
with substructure

i

Fig 2-6 Yarious Types ol Devices for Prevenling Supestructure from Falling
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9 1.3 Measures {or veducing concantration of longitudinal lateral force

Various devices have been developed in Japan since the 1960°'s to reduce
concentration of Jongitudinal [ateral  force acting at piers with fixed
supports. Most of them are to distribute longitudinal force to other piers and
pave functioned successfully during strong earthquakes.

M  Movable

F  Fixed
‘ Visrous Danper Stopper ~}-  Viscous damper stopper
Wt~ Spring

P

Flexible Suppart

PP

Fig 2-7 Measures to Destribute Lateral Force

Such devices can be categorized into viscous damper stopper and the
flexible support as shown in Fig 2-7.
Viscous damper stopper 18 to hehave as a fixed support during an
earthquake, while it altlows lateral displacement without restriction for
movement with low velocity, such as those caused by temperature change.
Various types of viscous damper stoppers have heen developed as shown in

Figs.2-8 and 2-9,

\ fF.
RELLGWS _PISTON ROD
BeARIn CTLINDER
fIsicH

1 100

Fig. 2-8 Cylinder Type Viscous Damper Stopper
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Various attempta have also heen made Tor the flexible supports, Mot

common way is to support deck by rubler bearings. One of the intereating
devices is the SU Damper, ahieh consiats of movahle bearing and prestroesged

atrand as ghown 1n 2 10 By elongation of natural perodl of the deck ng wall ag

energy dissipation at the movable hearmg, structire response ol the brrdpe g
Fig 2-11 shows an example of bridge where S Daunpe e

expected ta be reduced
was installed
STELt PRISMATIC AR

a o — b/ —
i % M os
' (./:“ . ““g\ /-b Sl PTG ER Y TURE
l ri r{"“ =~ frien
g | :
.;\!f‘, T o [-‘[-; %Tl':cous MATERIAL

L L _am STFEL A0Y

TR

FIXED SUrienmi MOYANILE SUFPORT

Fig 2-%a) Rod Type Dampar Stopper

Fig 2.%b) Plate Type Dam. r Stopper
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22 DPiers At bridgs seats, regardless of shear stress at the seat reinforcement shall
pe arranged according to Fqs. (2-2) and (2-1),
221 Bridge seal 7
To protect hrodge seats from damape by seianie lateral forees. it ig Ao, = g 2-2)
recquired to take the distanes from hearing edpge to the pdpe of subst recture T 4
more Lhan the followrng values where
Aa, : amount of reinforcement (cm™) for lateral force
S=20+05x ] I s 100m o «a: allowable tensile stress (kgl/em?)
S=M+04x1 ! > 100m H. : lateral force (kgD
where
5 - distance from hearing edpe to the edge of rubstructurce{em) i,
. * Apz 5 —~ 2.3
refer to Fig 2.5 - o
I bridge span tm) where

Aez : amount of reinfarcement (cm?) at front of bearing ribs
For amportant brudges loeated 1 soils of Group H(Soft soil aite}, S should t aa: Allowable shear stress (kgl/em?)
be more than ¥em

The railroad bridge eode makes it a principle that this portion must he
reinforced with steel hars, and indicates the following details’

The shearing stress at the hrodge geat shal' be derived from Bq (2-1) and
shall not exceed Tkpfliem?

It should be noted that the allowable shear stress specified in the
Standard 18 1150kgf/cm?, )

2.2.2 Column member (pier)
I,

v = ; 2.1 (1) Bending moment )

A ' In design of single column type piers, it is generally assumed that the
| Ar =/2x02¢ v 20 1y » bending moments caused by an earthquake varies linearly in accordance with
wiiere

height (refer to Fig. 2-13).
' shear stress thel/em?)

v 2 area cut of[ by shear caused by horizontal force (em?)
i, . lateral force at bearing (kgh

top of pier
a  ddepth of stopper heneath bearingtem
b width of bearing in transverse direction (em) )
v L distanes From center of hearing to edpe of pier ere-* (em) iati
(L assumed variation
£
v a Y . .
5% . dynamic response analysis
3
e D5
HS e —t [ 15 e
R et I 5o
\,_ ’ o 3 M Bending moment at
N :-‘;— intermediate  section of per
. a i
arfane or BN t ;g Y seismie M, Hending moment at
N I i
shear [atare ° colficient mathod N wttom of pier
| \
, bottom of puer . — . n‘,_. - | M/ Ma
.

Fig 212 Reinforcement at Bridge Seat Fig 2-13 Vari:lti;:m of Bending Moment Assumed in Seismic Design
’ for Single Column Piers
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The allowable riress of slructural memhera for geismic derign by means of
seianic coelhicient methul 98 derived maltiplying o .o and o on shown in Talla

2.0by 15
Table 2.1 Allowable Stresses Tor Conerete and Reinforecemont

1) Mtawable sitesses of concrere (kgl/cu?)

Specafied Strengrh LAY 110 ! 1o 0 100 1
Ailowable compressivr streyy ? .. ] 10 40 og
tar i b 19 i1 1.8

Allawable shrar seretn e - e e e B
. it 1 18 19

b) Allawable sttesses of rrinforcenent (hglf/cul}

SR SD10A.SPI0R 5035

Athoesble tentile sterss 0 aa 1100 1900 000

n
(2) Shear
In the seismic corflicient method, «, shall be ealeulated ag
S
L T i (2-4)
where
b : width of the cross section (cm)
d - elfective depth af the cross section (cm)

In the case when shear furce is to be resisted by only concrete

Tm S T au

On the other hand. where shear Taree is resisted by conerete and stirrups

Tm € 1 a2

When 10 > ey, diagonal reinforcements shall be provided as

-
A = _,,l.._l',f__(s _‘S’!_"l_ t2 0
rl..,'d
S.=—rhd (2-6)
where '

A. - area of diagonal reinforcement (cm?)
o waallowable shear stress of rejnforcement
(1.5 times o ., spefcified in Table 2-1 (b))
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S

Further, « .y can be increased by o times according to Fqs.(2-7),(2-8) and (2-9

17 & va (2-7
- Mu . .
o =1+ oM 520 {(2-8)
NI
M, = ATy {(2-9)
where

M,N : bending moment (kgf- em) and axizl compressive force (kgf)
I : moment of inertia(cm*}

A: : mectional area(em?®)
y : distance between center of gection to the tenzile edge(cem)

(3) Hoop
llcops shall have a diameter equal to or more than 13mm, and their apacing

gha!l be lers than 1/2 of the shorter side of the cross section of the member
and less than the 12 times of the diameter of longitudinal reinforcement and

less than 30 cm
At the- jointe of column and footing, or where an amount of longitudinat

reinforcement changes remarkably, hoops indicated in Table 2-2 shall be
arranged within the ranges of short side of column length or diameter.

Tahle 2-2 Hoops Required at Joints

s | t<rsos | oos<r s ﬁ 1.0 < e
Pe (X! 0.15 0. 10 0.1s
Av
P = 1 1od ‘ -
b a

Po t Llesgivadinal reinforcesrot ratis

P. may he considered as 1/2 of longitudinal reinforcement ratio at column
base. - :

() Intermediate Anchoring
ln the Miyagi-ken-oki Earthquake in 1778 and the Urakawa-oki Earthquake in

1982, damage was developed at the intermediate anchorage of the main
reinforcements of the bridgn piers :
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Fig 2 11 Seismic Damage of Natori Bridge due to inadequate Anrchoring Length of
Main Reinfurcement at Mid hight(1978 Miyagi-ken-oki Earthquake)

Fig.2-14 shows an example of the damage developed at reinforced concrete
piers with terminatron of muna remforeement ot mid-height By comparing “Type
a” and “Type ¢ dumage. it s apparent that the damage was significant where Lhe
mun peinforcement was teminated at mid height  Anchoring length speeified
in the speciflications was imulenquate at those days. It is alsg interesling to
compare “Type b™ and "Type ¢ damage Redundancy of bending moment M relative
to the yaeld beadig moment My, i e My/M, was smaller an the Type o7 This
developed more considerable damage 10 Tape ¢ than “Type b7,

Based on these experiences the stipufations Tor the anchoring length was
revised in 1990  WRhen it is inevitable to anchor the main reinforcement i the
tensile zone, the foltowing mensure must be taken )

The reinforcement to be anchored shall be extended from the section where
the reinforcement is ealeulated to be not nacessary by a length equal to the
elfective depth, plus a length of not less than 20 times the diameter of
reinforcement and be stopped  llowever, in this case, the shear stress between
the height where main reinforcement is caleulated to be not necessary and the
height of the stop shall be 2/3 or less of the value 4 ..,
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223 Rigid-Frame

() Members of Rigid Frame

In the vicintty of the upper anl lower ends of the rigid frame columns and
hoth ends of beams at the junction with the columns, hoops and sLirrups shall
be provided at shorter spacings than in the intermediate sections of columns
{Fig 2-15) to prevent brittle failure as

I mection more than 0 002b a and more than 12 times reinforcement
required for lateral Torce
[l section. more than 0 0025h a
H! section: more than 0 002b a
I¥ section: more than 0 0015h-a
in which b and a represent beam width (em) and rtirrup or tie spacing (cm),

@ @
I section [ section

Feesri] |

sy

\ EIE
— =T
— 1=
= PG
=l ®=Ee¢l~
\L’)\ e | LS
N
=1 -z
— >
= -
= 2 E)
[== "v_ﬂ):§ -

Fig 2-15 Reinforcement Arvangement at Intermediate Joint
of Rigid Frame and Brodpe e
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(21 JJoints of Rigid Frame .

A haunch shall be in principls provided at the joint of a rigid Frame.
feinforcement shall be arranged along the haunch as illustrated in Fig 2-17.
the radius of curveture, r. of external reinforcement shall be more than 10
umes of the diameter of reinforcement,

At end joints, it is advisable to place outside at least one hall of the
amount. of the mun reinforcement for the members connecting with the joints as
ghown tn Fig 2-17.

When a bending moment acts on the end joint as shown in Fig 2-17(b), tensile
gtress develops in the dingonal cross section [T this tensile stress exceeds a
certain values, adilitional reinforcement shall be placed as shown in Fig.2-17.

On the other hand, in case of Fig 2-17(b), tensile atress will act diagonally
at the joint. Where the bending moment is significant, it is preferable to place
additional reinforcement dingonally as shown in Fig 2-17.

M
As/? or more tensile  stress |
Hooks — As T )
~ Hoops
Photo 28 Farcthogonake Damege 1o the Column of Rayiw i Flesated Readge .{:’ <. ,’ﬂ e T\—ﬂ.hh
by 1ES Mivagn ken ok Earthguake “1 L
N b N\ >1
Phota 21 <lun example of  wnogre doe 8 i { . r 3 a\l K‘\ ™ < o S - v
' rm a 2 hi s ..m‘ anl| 1 - g e o nudegquoate amoent o t!r- L\L;)\i LL‘/—_ M /
reinfarcement  Spocml attention was not pacd for the wpor binee of the tie 7] M :)/ Additional reinforcements for the (b}
reinflorcemeat v thoe b Thes damagee was ecansed Iy thee 175 Mivagi ken-oks { - "~ bending moment shown in Fig b
earthquake ar cotwens ot o ogad Trame radway vt 10 shaold be poted Ti‘ 1N \
here thal the dFunge tends o be deselopd at the wtee peae the stream f -
crossing e baidpe A though ot was assamed o desipn thin the fanmiation was AN
rigidly  soppartald by subsorls whieh consast ol g | Lisers, {lexibility o1l Additional reinforcements  for the
associaled with Toose prave! Lavers resalted n Larper Boialongs moment at the _lL bending moment shown in Fig a
upper partion ol the Frue Thie G eomselered g rut ol oaeason of the J_L 1 11
destroctne damge as shown in photo 200 Fio YO58 alao <l the sinel:
damage of codums die to tnadegieate tie veinfor e onent |

Fig. 2-17 Arrangement of Reinforcements at End Joint of Rigid Frame Memhers

224 Footing

Footings shafl have cnough thicKnesa so that it cnn behave ag 8 rigid body.
Thickness shall be computed by

Fig. 2 168 Damage to Yokoy ama Railway 41 it P




170 _International }';io_r_kj@lﬂ[ﬁe:@rfai_cl)rsign and Retrofitting of R C Dridges

gL 510 210
Ik
- 4 a4 -
f = b tm™")
whrre
h - average tluckness of fnotingtm)

E. : elastic modulus of concrete(t f/m?)
1 : equivaleat projecting length of footingtm)
k. : coelfflicient of subsoil reaction(tf/m)

Main reinforcement at the lower end of the column shall he extended into
the Tooting over the anchorage length heyond one half of the height of the
effective height of the footing or the column, whichever is less

The amount of reinforcement to be placed on the topside of the foating
shatl e more than one third of the amount of the reinforcement placed on the
downsidn

IT tensile force is generated nt the piles, main reinforcement shall be
arranged at the upside of the footing. In this case, the column width . ehall
in principle be laken as the effective width, but under unaveidable
circumslances, lthe effcctive wrlth may he increased to the sum of the enlumn
width t. and the effective footing height & The effective width to be used in
atress caleulations for main reinforcements at the dawnside of footing shall be
te + 2. The entire [ooting width shall be taken as the effective width in
reelntion to shear force 3

2 3 Foundations
2 3.1 Foundations

(1) General

Foundations shatl be designed using static lateral force method {snismic
coefficient method) to meet the following requirements.

1) Foundations shall he safe against bearing capacity of soils, overturning and
sliding.

2} Displacement of foundations shall not exceed allowable displacemant.
Tahle 2-3 indicates basic criteria lor salety.

For elastie foundations with 81 > L, the allownble horizontal displacement
is such so that the horizontal displdcement shall not exceed the elastic limit
of soils The hmit values are assomed as 19 of Toundation width, hat for
Moandations whose wrdth eveced Sm the allowable displacement ts himited (o Sem
For pile foundations, aveiding harmful residual displacement, the muimum
allowable displacement shall be 1 5em. For rigid foundations with g1« 1. ao
allowable displacement limit is prescribed because the horizontal stability 1s
checked against the passive earth pressure
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Table 2.3 Check Items for Stability of Fonndation

Check iten Bearing capacity Horiropual
Over- | $1id- Jdisplace-
Fasndatice Yerui- Hert1zoe- [ vernm ing aral

type \-—\_‘_:ﬁ ral _ '_ll___ ]

Direct fowpdation O [ Q O -
Caisson g Rs) 8] 0 - O -
foendation a0t 8] 0 - o] O

Short pile 1< 8 ¢ 72 O - - - 8]
Pile -
Long pile g Rl O - - - (@]
| I—
{ ) weass that the f1ew mutt be checked whea the penettated part

partly ‘bears 1he foad

@ : Effective peoetration depth of lowsdation (cmw)
B : Charscverisjtic value of foundation (ce 1}

For those foundations with D./8 < 1/2 they should he considered as direct
foundations and for those with U,/B > 1/2 they should be considered as caisson
foondations, in which D is the effective embeddment depth and B is the shorter
side width of the footing. But if the passive earth pressure can not be
expected, the foundation shall be assumed as a direct foundation even if D./B >
1/2. '

(2) Coefficient of Subgrade Reaction :

A subgrade reactionas vs displacement curve is nonlinear. For design
purposes, however, a certain coelflicient of subgrade reaction is used on the
agsumption that displacement within the limits of the allowable displacement. in
linear as

3 .
B. b
k., =k.o (‘3—0) (2-11
kvo = aFp /730 (2-12)
B, = /A
where

k. : coeflicient of vertical subgrade reaction (kgl/fem")

k., standard coefficient of vertieal subgrade reaction (kgf/em®
A, loading area 1o vertical divection fem™)

F., 2 equivalent binialized elastic medulos of soils (kglffem?)
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For obtaining F, from N-values ja standard penetration tests, assumptinns
shall be made that F,, = 28N and that the value of o is | for nt:ntlir .!‘nmliqnd‘z
for acismic lond )

The coefficient af hortzontal subprade reaction, ke, shall be determiped in
the same way as for k. The equivalent loading width B, of a rigid  foundatro
ghall be taken as/A, (Ay is the area of sides of fowndation) and this \I."ll'ulj
shall be [D7 8 in the case of elastic foundations, is which b represents dll'l.nl:"t("'
of pile.  Where an elastic foundation is used, a subgrade .'qu:nci'llf‘;l v;ril_ll:
horizontal resistance ia assumed to be developed within the depth of I.l H. helow
the derign ground level )

2.32 Direct Foundation

() Allowable Vertical Rearing Capacily
Thellflltmnte hearing capacity ean be computed taking nceount of the
eccentricity ol battom reartion and the gradient of the reaction .
The.allc)wnhle bearing capacity of the ground shall be derived by dividin
the uttimate bearing capacity by the eafety factor of 2 ¢
The eccentricity of the resultant load on the dir )
T res : ect Toundation should b
;vll}[;m 173 of the bhottom width [rom the center of foundation ngainst m‘i(%mi:
oad. o

(2) Shear Force
The ellownble subgrade shear reshstance shall be derived dividing the shear
resistance Hlu by the safety factor of 1 2. I, shall be evaluated a3 -

He =CaA" s Viané .
Where

Cu : adhesion between foundation hottom and ground(kgl/em®)
45 : angle of friction between loundation bollom and groundtderpren)
A* :elfective loading area(rm?) o
V. : effective vertical load acting on foundation bottomikgh

(2.1

_Generally. it is nssumed thal toné 4 = 0.6 or ¢ 4= 4
resistance of ground), whichever is smaller, and (=0

llorizontal loads nre in principl ) i

. siple assumed to be resisted only hy th

suhgrn_de shear reaction ol the bottom. However, il g stable bearing qytr-n{um iz
{ound |r’1“tte hemlblr-rll;ner[llt, the latter may be allowed Lo carry horizontal hearing
orce which sha e derived by dividing the passive eart l y
oree whirh | P arth pressure by a safety

(angle of shear

233 Cntrson loundation

(1} Calculation of ground reactlion
As D./B increasen, most ol [ateral lorce tends
. to be suported not :
hasement hut at l!le side wall of caisson foundation. To deri\l()e ap,,or':);nnﬂmtt?:
of m.bedded po!-tlcn and lh.e_base of the caisson . the enlculation is made
assuming the cairson as a rigid body, and using the vertical ground r(!'l(‘til)‘r‘l
coefllicient k. at the base of the caisson. horizontal shear reaction cr)e"il:;lenl

—_
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at the boase and the horizontal ground reaction coefficient ki at the lront of
footing  Considering the effect of the shear ground reaction at the embedded
portion. ke is multiplied by 1 2.

k, values for shallow pertion are decided, considering that the ground
reaction can not be more than the passive earth pressure, as shown in Fig.2-18.

| S —
J1 [ el I &
e ]
e i’f_!lqn"qlo:ni furlace
| [ b
-1 )
* C!;E I‘

1Y |

vertical ground teactlon 1__
R
hot tzontal hocitontsl  cosfflclents of

geound dlsplacemant horlzontal
reaction qround rasctlon

Fig 2-18 Distribution of Ground Reaction and Disptacement

(2) Base of caisson
Because the lateral force and the overturning moment developed at the hase

is smatl, the ultimate bearing capacity is computed assuming that the elfect of
the inclination and eccentricity of the reaction force be disregarded.
Allowable hearing capacity for seismic force is derived by dividing the value
of ultimate bearing capacity hy safety factor 2

Allowable shear resistance of ground under the footing is derived following

the same procedure of 2 3.2.

(3) Side of caisson

The allowable horizontal bearing capacily of the side of caieson is obtaiped
by dividing the strength of passive earth pressure developed at the ground at
the side of the foundation by a safety factor 12 In order to derive passive .
earth pressure during an earthquake, friction angle between caisson side and
ground shall be - 4 /6 (- /3 for static load), in which 4 ia shear resistant
angle of the ground

In thie ense, the ground reaction force Tor the caisgon side 8 assumed to

be derived by maltiplying the ground reaction force by 0 8.
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—

{4} Caisson

The hending moment along the axig of the caisson due to earthquake force
shall be computed hy the groum! reaction force in Figure 2 18, then required
mmonn! of reinforeement ghall he decided,

Stresses in the perpondicutar direction of the caisson avas shall be
caleulated assuming the cmisson as a mgid bady supported by a side wall or
partition (at outer edge for cireular cross section) receiving ground reaction
force from one direction. i this caleulation, static enrth pressure and watep
pressure have to be consideced (refer to Fig.2-19 b)

The support for the top slab shall be examined apainat uplift, bearing and

shiding. The reinforcement ratio required o resist the uptift shall be more -

than 0.24, and bar with a diameter longer thnn G must be used. [T necessary,
shear keys shall be provided against sliding (refer to Fig.2-19 2}

- Lo
e ‘
by

CONNACE 1 with
Franfarrement

. WA
|

dlrectlon

of satthguate

7 e

fecesn of top slab -}-LJ-._::‘I trdite ointorcemen """ Ilﬂlmlmmﬂ’m
f i \) addielonal retnforceaent LT E

marimum ground reaction
- ‘ Static facth presvaure
P * wrtatic hydraulic pressure

!

Fig 2.19 Reinforcement of Caisson Foundation and Deaign Earthquake Loadings

234 Pile Foundatian
(1) Pile Reaction and Displacement

Calculations of the pile reaction and the displacement are made by the
elastic analysis method assuming a rigid footing and displacementa {vertical,
horizontal and rotational) of footing.
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Refer to 2 3.1 for the method of determining the Foefﬁcient ol" horizontal
subgrade reaction of piles. FEffect of group ;')ilea 1s important issue lo be
considered in design  However, taking .lnlo c:mﬁu]r:rnh({n l:he complexity of the
actual grownd conditions and insnlficient test data, it in general ly ‘asaumed
that il the center-to-center spacing is ahout 2.5 timea diameter of pile, the
value of ky Tor single piles can he used

The coelficient of pile head reaction in the vertical direction k. {(vertical
gpring constant of a pile) is defined based on numerous loading tests as

Ee

kv = a-A-i (2-14)
Rhere

a : coeflicients depending on type of pite {(Table 2-4)

A, : sectiona! area of a pile (em®)

E, : Yang's modulus of a pile (kgf/cm?)

1 - pile length (cm)

Tahle 2-4 Coafficient "a” in Eq.(2-14)

coefflclest “a”
0.0IL {(2/D) 018
0,010 (2.7D) « 08|

Conttraction merhods

Steel plpe pile

Prestressed Concrete pile
Presiressed Bight streagth File

Cast-ia-place Coacrete pile 0.031 (¢.7D) - 0I5
0,003 (/D) + 0,239
0.0 (2./D) » 03¢

0.008 {2./D) + 0.0

Ewbedded Steel pipe pile

Enbedded prestressed Concrete pile

Pre-boring pile

(2} Allowahle bearing capacity of piles
Allowable bearing capacity of pile shall be given as

f. - _;"_ R, -WI+ R/, - W (2-15)
where I

R. : nllowahle bearing capacity in axinl direction at the pile head(kgf)
n - safety lactor {reler to Table 2.5}

v - modification coefficient for aafely factor according to method
ndopted for estimating ultimate bearing eapacity (refer to Table
2.6)

R, wultimate bearing capacity of piletkpl)
W, : offective weight of earth to be replaced by the piletkgD
® - elfective weight of pile and earth in piletkgh
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Tahle 2-5 Safety Factor

~ Pile type
\‘-‘__‘ Braring pile Friction pife
Leadyog tppe ™

=

—— T —— —_— .
Static Lead ] i
Seiswic laad H ]

Table 2.6 Modificatien CoelTicient o According to Method
Adopted for Fatimating Ultimate Bearing Capacity

Estinatian method for
tleimnte bearing capaciny odification cofficient
Beariag capaclty ferusty 1. 00
Fertical loading tegy 1,10

The allowahle pull out capacity . , of a pile at the top of pier is given by
N
—
P, = n Pus® (2-16)

in which P. represents ultimate pull out eapacity
(1) Stresa of the pile

An exnmple for computing strese of pilen i presented in Section 33,
Fig 2-20 shows two examples of the connection of pile with footing

reinforcements inatalled

top ot f_o_otlnq In the plle sectlon -

additlonal —-I__—

cast in place conceats - '!lnforee-ﬂ -
telhforcement o¢ foating PC-cabla

fedli]]
|

relntorcemsent of footlng boltom of footing

tle bar
D1) sm B 140 &

I L&D ar
L&i0 e

bottom of [uvating ! . Qpes

‘ D '

a) HMethod A b} Method B

Fig. 2-20 Connection with Footing and Pile
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CIMENTACIONES CIRCULARES

TIPO DE MOVIMIENTO : K
TRASLACION VERTICAL 4GR/(1\.f v)
TRASLACION HORIZONTAL 8GR/(2 - v)
GIRO DE TORSION 16GR?/ 3
GIRO DE FLEXION 8GR*/ 3(1-v)

G = mddulo de rigidez al corte dei semi-espacio

v = moédulo de Poisson del semi-espacio

R = radio de !a zapata




CIMENTACIONES RECTANGULARES

Kg = GBK
donde :

a = factor de forma

B = factor de desplante

K = coeficiente de rigidez para una cimentacion
circular
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RADIOS EQUIVALENTES

\

‘TRASLACION : Rp= 4BL/n

1
i
5 |
EROTAczON | "
(FLEXION ALREDEDOR DE X) Ry =[4BL a1
: | |
‘ROTACION e
(FLEXION ALREDEDOR DE Y) R, { sl
TORSION |
i
I

28) 23]
R, z{( ) )]

3 .
i = -
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DISENO ESTRUCTURAL

Determinacion de secciones de elementos y sus uniones
. para que la resistencia de la estructura sea mayor
que el efecto de las cargas = margen de seguridad.

Ademas, las estructuras bien disefiadas deben:

e ser seguras para sus ocupantes (sensacion de robustez ° fraglhdad de tranquilidad o de
intranquilidad

¢ soponar las cargas de disefio sin sobre esforzar algunos de sus componentes

e evitar deformaciones excesivas :

e ser “economicas’ de construir y de operar durame su vida util

PRINCIPIOS DEL DISENO ESTRUCTURAL DE PUENTES

» necesidad de un puente:salvar un obstaculo (atravezar un rio, cruzar una carretera, etc.) = *

e evaluacion economica; la via impone sus condiciones (ancho, alturas, peraltes, trazo en
planta, etc.)

e propuestas inictales; tomar en cuenta las condiciones funcionales:

¢ impuestas por el movil que utilizaran el puente (peatones, autos y camiones,
trenes etc.)

» ngidez (control de vibraciones)

e materializacion del puente (piedra, madera, acero, concreto reforzado, etc.),
(vigas, arcos, armaduras, atirantado, colgante, cimentacion, probiemas de
socavacion, etc.) -

» disefio:planos detallados y especificacionss para construccion

En resumen:

SEGURIDAD. FUNCIONALIDAD Y ECONOMIA
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TIPOS DE PUENTES DE ACERO

PUENTES CORTOS

inicialmente menos de 30 m de longitud y formados por vigas con seccion I :
actualmente llegan a ser hasta de 100 m de largo y estan hechos a base de trabes
armadas. Lo antenor se debe a:
i) mejores aceros de construccion (con esfuerzos de fluencia hasta 3 veces
superiores a los de los primeros aceros estructurales).
i soldaura (taller o campo)
i) - pernos de alta resistencia (taller o campo) conexiones resistentes a cargas
ciclicas
v) disefio compuesto (losa de concreto—vigas de acero)

. '-,-..'\':j,-' 4’

-‘MMMEV mevmm

Componentes.’
* vigas armadas o roladas
* vigas en cajon



PUENTES PARA CLAROS MEDIANOS

"« dehasta 50 mde longitud y formados por secciones I armadas, secciones en cajon,
armaduras, arcos y atirantados '
estructuras con relativo peso propio bajo
las vigas armadas pueden construirse para verse atractivas

» el transporte de vigas armadas de mas de 35 m de longitud puede ]legar a representar un
probiema

» también se fabrican de vigas en cajon para resistir la torsion, en este caso se usan para
claros de hasta 150 m :

* pueden representar problemas debido a defectos de soldadura y en consecuencia falias
por fatiga
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Componentes.
vigas armadas, vigas en cajon, elenentos a tension, elementos a compresion



PUENTES LARGOS

e para claros de 50 2.150 m
pueden ser de vigas armadas, vigas en ¢ajon, arcos, armaduras (evitan el problema de

flexion en los elementos estructurales), atirantados y sus combinaciones
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PUENTES PARA GRANDES CLAROS

para lengitudes superieres a 150 m

puentes atirantades o ealgantes (baje peso prople)
principal elemento de transmision de las cargas a las torres de soporte es el cable
flexible trabajando a tension '

Puentes atirantados

(=)

w firantes ex aban;co

(v)

Firantes en awpa

7Lfran7lef en :>me-a1:anic.o

Aigunas caracteristicas.

cables rectos
tocos 1.5 cables son mas conos que la iongitud toral uei puente

no se ha observado probiemas aerodinamicos en estas estructuras
economniicos en claros de 100 ¢ 350 m



=/

Puentes colgantes

Algunas caracteristicas: -
e cables curvos y rectos

¢ los anclajes de Jos cables pueden ser costosos si la capacidad de carga del suelo para la
cimentacion no es buena

e se requieren armaduras o vigas para dar rigidez vertical al soporte de cargas

e serequieren armaduras o vigas para dar nigidez lateral a la estructura y evitar problemas
dinamicos : . '

e para ciaros superiores a 600 m son la unica alternativa, sin embargo se han construido
para puentes peatonales

cimieme m:"
slevacidn
— cable
pancipai
e
e el Pt
(vertical)
navartams ——
(lateral)

THCCHON Trire v Fa
P ket e sl

Componentes:
cables flexibles, torres (concreto)
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RESUMEN

J

TABLE 23 Span Lengths for Various Types of Superstructure

Range of Maximum Span
Siructural Spuns n Service
Type Matenal (m) (m}
Siab Concrelz O-12
Grrder Concrete 12-250 240, liamana-Ko Lane
Sieeld A0-260 261, Sava l
Cabie-stayed girde: Concrets =250 235, Maracaibo
Sicel 90830 - 36, Normandy
Truss Sieel 9-550 550, Queocc (rail)
473, Greater New Orleans,
i o 1 and 2 (road)
rch Conzretz 94300 305, Giadeswilie
Stecl truss 240-500 510, New River Gorge’
Stec! nip 120~-360 365, ot Mann
Suspension Steel 00-1400 1410. Humber




FILOSOFIAS DE DISENO DE ESTRUCTURAS DE ACERO

Cargas y resistenciasinciertas =  reglamentos de disefio
= evitar la falla estructural

CONSIDERACIONES GENERALES DEL DISENO ESTRUCTURAL

Condicion fundamental:

resistencia 2 efecto de las cargas

Si la desigualdad anterior no se cumple = falla (estado limite)

Estado limite:  condicion mas alla de la cual la estrucfura o sus componentes dejan de
funcionar adecuadamente para lo que fueron disenados

Estados limite:
agrietamientos
deflexiones
fatiga
hundimientos
pandeo
elc.

Objetivo importante del disefio estructural” prevenir ja formacion de un estado limite

Antieconomico disefiar un puente para que ninguno de sus elementos estructurales falle
pero.

¢ Cual es el riesgo aceptabie ?

¢ Como establecerio ?

¢ Es suficiente la expertencia individual v colectiva ?
U

procedimientos de disefio

.o



N 1

DISENO POR ESFUERZOS PERMISIBLES
e primeros procedimientos de disefio aplicados a estructuras de acero

R (resistencia)

factor de segunidad =
C (efecto de cargas)

En los primeros puentes de armaduras . S

1

efecto de carga axial
area necesaria 2

esfuerzo permisible

Factor de seguridad = f (longitud del elemento, carga, comportamiento, etc.)

e suposiciones iniciales:
s o existen esfuerzos antes de aplicar las cargas
¢ no existen esfuerzos residuales

* ios conceptos de resistencia estan basados en el componiamiento elastico no en
fa resistencia de los materiales

¢ no existe variabilidad en las cargas ni en las resistencias

Observacion

Las armaduras son estructuras estaticamente determinadas.

En sus elementos estructurales no aparecen elementos mecanicos combinados
(lexion = conante, fienion biaxial + carua axial, etc.)

DISENO PLASTICO

Condicion limite = carga que ocasiona el colapso de ia estructura

. Carga de coiapso plastico = carga de servicio x factor de carga
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DISENO POR FACTORES DE CARGA Y RESISTENCIA (LRFD)

En este caso:
resistencia (R ) z efecto delas cérgas (C)
se transforma en: |
ORn=z efectoXy; C
donde &, vy, son los factores de resistencia y de é'c‘lrga respectivamente

estadisticamente @< 1.0
y > 1.0

El factor & toma en cuenta las incertidumbres en.

¢ propiedades de los materiales

e ecuaciones para calcular la resistencia
e calidad de la mano de obra

¢ control de calidad de la obra

¢ consecuencias de la faila

El factor v toma en cuenta las incertidumbres en:

* magnitud de las cargas
¢ variabilidad espacial de las cargas
s posibles combinaciones

FACTOR DE SEGURIDAD
Para una estructura segura se requiere que

C<R

$1 C =R = se alcanza un estado limite, en este caso
F=R/C=10
suponiendo ahora una sobre carga AC, y una disminucion de la resistencia AR se tendra:

C+AC =R-AR



o también:

C(1+AC/C) = R (I;ARfR)

\_—Y——-' W__—‘
Y %)
vC s R

el factor de carga requerido sera:

R/C = (1+AC/ICY(1-ARR) = FSR  (foctor dle Segurided requerido)

Ejemplo:

Sea una resistencia con una deficiencia del 15% (AR/R = 0.15), y una sobrecarga del 40%
en el sistema estructural (AC/C = 0.4). Ambos estadisticamente independientes con una
probabiiidad de ocurrencia de 1/1000.

La probabiiidad de que ocurran simultaneamente es:
(1/1000) (1/1000) = 1x10%
el factor de seguridad requerido es:
FSR = (1+04)/(i-0.15) =140/0.85=1.65 = R/C

Sea ahora AR/R =025 | ocurrencia de 1/10600
AC/IC =040

se tiene. _
FSR =(1-04)/(1-025) = 14/075=187

Al no considerar las variaciones AR v AC, el factor de seguridad calcuiado por esfuerzos
permisibles tendra el mismo valor en ambos casos

Asi las variaciones en la resistencia estan dadas por.

R=0CRn



donde: -
R = resistencia factorizada
@ = factor de resistencia (toma en cuenta variaciones aleatonias)
Rn = reistencia nominal (resistencia calculada utilizando valores conservadores de
las propiedades de los materiales, dimensiones de la seccion, etc.)

p. €. la resistencia nominal de una viga compacta es:

Rn=Mp=ZFy- . '

\

donde Mp es el mto. plastico; Z es el modulo de seccion plastico (dependiendo de las ‘
dimensiones que el fabricante dice que tiene la seccion y Fy esfzo. de fluencia y maximo

Los valores en las cargas estan dadas por:

t1 >

Y C.

Carga de disefio = C = f (CM, CV, sismo, etc.) N
. ] . - - .

i

entonces.

M o

TiC| = @Rn

Ly
—

INDICE DE CONFIABILIDAD
Si C2zR = falia
ahora

F=R-C = fallasiF<0

considerando Ry C pormalmente distribuidas

-
-

F=R-C ; (. =g +c®
entonces la probabiiidad de falia es =
[e]
Pf=Pr[F=0O)] =fp(f}df
! e

cero



sustituyendo:

F=F-Bor=0 porlotanto B= F/or = indice de confiabilidad

B =R -Cy(or +or)



Actvalmendte se cousicem que ‘
7/&/& por resstencia - P = /0-*; /A =33
A/A Per Serv/c’o P/ = /0-2,' % =zo0

'Qasf'delf'.udo ahm gve Eq C sou /05%1)144‘—: :

B bB-hi e (BFE)
Y L
o douda : |
e (B/E) - B Jrat+0.7
'féw eef&u&uab(ea . |

RIE= exp (B VigTre? )
B = Cep (pIRTT)
oe bude :

Fo< R .
pamf . 2
O= exp (A VR IY ) = exp (a (b (0 +02))
Ooude :

& = 74:.4:4.:-;. % ac/usJZC
£arPUs Ve (>0
B= ¢ =4

7< - - ahllp abC;
co =-c (¢ g = f
— a0 ~ _axpC
ce 4 5 STk
v b5 carpas o servicn -
Chiecr(’ﬂ;‘; e, g (U
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FACIDEES DE CARSA
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- cargas

Eemplo : pare -
/Emp Fcr:o,ss
= 3.0

(o = 0.05
c = 0.04 )ehtos estrdisheos

-
0% = 0.2
Ozy = 0.3

Se sbbens :

UZ'M = /093
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Resistance Factors for the Strenyth Limit Stater

Descnption of Mode

Ficzure

Shear

Axial compression, steel only

Axial compreaann, Companite

Tension, {raciure 19 ne| section

Tension, yielding in grass section )

Bearing on pins, in reamed, drilied or bolted holes and
milled surfaces

Bolts beanng oo material

- Shear conmecions

AJ25M and A490MN bolis in tension
A307 bolis In tension
AJZSM and A490M bolts in shear
Block shew
Weld mewal 1o compiete penetration welds:
+ Shear on effecusve area
+ Tension or compreasion pormal to eflecuve xrea
* Tension or compression parailel 1o axi3 of the weld
Weld mewa] 1n parual penetrauon welds'
"« Shear paraliel to anis of weld
+ Tenxion or compresuon paraliel to sxin of weld
» Tension compression normal 10 the effectve arca
+ Tension normai to the effeciive area
Weld meral in fillet welds:
« Tenuon or compreasion parsikel 1o sam of the weld
+ Shear 1n throat of weld metal

& = U.80
&, =085
&, = 0380
¢, = 0.67
&, ~ 0.80
¢, = 030

$,, = 0.85
& = base metal &
¢ = base menl ¢

¢, = 080
¢ = base metal &
¢ = base melal ¢
¢, = O.RD

& = bazz metal &
$,, =080

“In [A4$.4.2] [From AASHTD LRED Brdpe Dengn Specificanons, Copynghi © 1994 by the
Amencan Auncisn of Swie Highwey sad Trnyperunon Official;, Washungioe. DC. Used by

prermstion |



PILAS DE ACERO
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DISENO DE ELEMENTOS A TENSION

Sea un elemento de acero:

- area bruta = b‘
b d - -area newa= (b-d)t
. areca efectiva '

Ejemplo:
Deternunar el drea neta efectiva y la resisiencia a tension factorizada del angulo mos:rado
en la figura. Usar acero estruciural M270 grado 250 con IFu = 400 MPa (4078 kg . em’)

Fy=250 MPa (2550 kg/cm) (Pa = newton /mm’ = (Kg/cm *)/9.807)

;— Gusaa!

Rlmmcnt

| 200m : -usz 102.12.7

L

Resitencia a la tension esta definida por la menor de:

e resistencia a fluencia de la seccion ransversal bruta.
e resisicucia a ruptura de la seccron iransversal reducida

De acucrdo con AASHTO LRDF Bridge Design Specifications, 1994
Resistencu a ia_ﬂuenc:a_fac:or::ada

G Py = G P Ag
dondc =
& =095
= esfro. de fluencia (A fPa)
Pny = resistencia nominai a la finencia en la seccion bruta
Ag = arca ransversal bruta { mm

Resistencra a la ruptura:

i Pon = 2 Fu Ae



donde:
2 = 0.80
Prnu = resistencia nominal a la ruptura de la seccion neta
Fu = esfuerzo a la tension (MFa) .
Ae = area de la seccion transversal neta (mmz,)

Toma en cuenta la falla por factura fragil.

Para conexiones soldadas
Ae = UAg
donde:
U= 105iL>2W
U=087si IL.5SW <=L <2W
U=075s5i W=<[L < 15W

L = long. de la soldadura
W = separacion de la soldadura

eneste caso L=200mm; W=152 mm, é:rlonces.’
LW =200/152 ~L=13W= U=0.75
Entonces, con Ag = 3060 mn’
Ac = UAg = 0.75(3060) = 2295 mni’
La resistencia de fluencia es:
2y Py = Vv Iy Ag = 0.95(250)3060 = 727x10" N HRL(EE

la resistencia a la ruptura es:

2 P = 2 Fu Ae = 0.8(400)2295 = 743x10° N

(1 Newton= 1Kg /9 807)



Ejemplo
* Determinar el drea neta y la resistencia a tension del angulo conectado con pernos

mostrado en la figura. Los agujeros son de 22 mm de diametro. Usar acero grado A250

40mm TG .70 .70 40mm

T

‘ . = .

rRom=ETE
o e—,—wMT '

[ !o , T

/l/ ,m|m—:5’| LtS2r102x12.7

mm o mm mm

22mm=Bols x

el ancho total de la seccion es:
wy=152~ 102-12.7=241.3 mm

el diamciro cj"cct:vo de los agujeros es:
d=¢~3.2=22+32=252 mm

peralic neto para una linea de falla

w,=w-Sd- 55 /4g

!
4—9_ J—
TR, %—.-
-—_e_-
|

|_,_|d_

W= . 3-2(25.2)+ 35 /(4)(60)=196.0 mm  RIGE

finu de falla a-b-c-d:

linea dv falia a-b-c.
W,=2413-J(25.2)=216.10 mm
entonces

A=tw, =12.7(196)=2489 mns’



Debido a que sélo un lado del angulo esta conectado, el drea neta se debe reducir por el
. factor U. Para elio se usa la siguiente ecuacion:

U=1-(x/L)
Six=252mm; L=3x70=210 mm, entonces
Ae=U A,=0.88(2489)=2910 mm’

la resistencia factorizada a la fluencia es:

b Py=0,F, Ag=0.95(250)(3060)=725x10° KN

la resistencia factorizada a la ruptura es:

By Pu=@. I Ac=0.80(400)(2190)=701x10° KN RIGE



CONSIDERACIONES PARA EL DISENO DE CABLES

dead loads
il {11

TizRjcosecd, IR ‘ -
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bending moment

degd loggds . degg Iloads
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Tobla 1.7 Propiuisdes metinicss de jon torens pare pusnies recubicries de
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§/8 21.8 HA w07 1.51 1.22
11716 163 255 249 183 147
374 WA 299 293 218 176
1316 36.3 352 345 155 1.07
k71 417 4105 9.6 196 140
15416 50.0 475 46.5 340 173
1 553 537 3.3 3.87 .13
y 1716 626 60.7 594 437 3.33
1 1s8 708 0637 67.2 490 196
At 780 752 M. 5.46 4.40
R YL 87.1 B5.4 816 &6.0§ 4383
1 Ss0 %462 943 915 6.65 5.59
1 38 1052 101.4 100.7 7.29 5.91
[ 1143 116 105.5 800 646
[N 125.2 1213 1i9.8 8N 7 D4
1 9/16 1360 1314 1306 9.48 T1.63
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t 11716 1597 1560 15313 1103 890
| 34 1706 18669 1631 1187 987
p 136 1833 179.6 176.0 1271 10.27
1 M 1960 1923 187 8 1161 11.00
1 18/16 208.7 2050 200.5 14.52 11.74
: 2123 2186 2159 15.45 12.50
MR At 1358 AR 2293 It 45 1330
/8 2513 2477 1440 17 48 14 52
1 Wk 1858 2622 FERN 1852 1495
N L] 2812 2367 I 1961 15 83
LRI 3121 i P 3030 21 81 17 61
A [ 97 2511 187.6 0.7 1673
i1 HFLY 221 LIE Y] 2103 18 §7
b P L] 3357 15t 14.20 19.54
2 6416 155 6 1502 3447 2341 20.53
NERTA] 781 172 366.4 26 63 11 %83
IRV 9o 163 6 3800 1704 2.56
[ 4101 4017 197 % 2920 1363
T 448 4404 4345 1200 25 R}
3 4558 1 4hl) b 4713 14 B4 25.12
/8 5298 3216 5114 37 81 30.52



DISENO DE ELEMENTOS A COMPRESION
!P
prriviiiting

Ip

Carga critica; Pcr=n 2EI/L?. Esfuerzo critico: c Per/A =
donde L / r = refacion de esbeltez.

Esfuerzo de pandeo:

Ou - n’E
(KL/r1)"

pandeo inelastico (columnas cortas)

P E/(KL/ 1)

or. = Er
(KL/r)°
@‘pﬂ
oxP/a P
- X
1°n0‘":::rf:r Flastc,
0

P
or bmmememmee - ; tneigsiic J \
am% ------- ! -+ Local

4 —\ .

8/L,

' ot "b H Bu:ilmg



Resistencia a la compresion. Carga de fluencia Py
Py=AsFy

As = area total
Fy = esfuerzo de fluencia

Para columnas largas:

‘Per - ©2EAS - Ox As

(KL/r)?
Per .1+ donde A . (KL) | /Fy
Py 22 ? nr E
XLy Fy .
=( xr) E '

» = coeficiente o factor de esbeltez

Resistencia nominal a la compresién

Columnas largas L =225
Pn=088 Fy As/A

el factor 0.88 toma en cuenta la cufvatura inicial de la columna

Columnas intermedias  # <2.25 _
Pn=066" Fy As

Resistencia a la compresion

Y v t T T
° o '8 X . re 11

inlgrmadrote Lang

Lolumng Coiumng



Limiting Width-Thickoes: Ratios
Plaies Supported Along One Edge k b
Fianges and projecting begs of plates 0.56  + Hall-Bange width of |-sections
* Full-fange width of channcis
« Disance berween free edge and
firt Line of bolts or welds in
piates
+ Full-width of an outstanding leg
for pmirs of angics 1N conunuous

contact
Siems of mlled tees 0.5 = Full-depth of tee
Ouher projecung elements 045 + Full-width of outstanding leg for

singie angie ttrul or double an-
§ic strut wath separator |
+ Full projecung width lor Others

Plates Supponed Along Two Edges % b

Box flanges and cover plutcs | 1.40 » Clcur divtance berween webs
munus inside comer radius on
cach sude {or box flanges

* Dustance berween hines of welds
i or bolts for lange cover plaies

Webs and other piate elementy 1.49 * Clear distance herween flanges
runus fillel radu for woibs of
rolied beams

+ Clear distance between cdge
supporus for all othen

Perforsual cover plates 1.86 = Clesr disuance berween cdge
suppors

*AASHTO Tabie 6 94.2.1 [From AASHTO LRFD Brage Denn Specipcanons, Copynght €
1994 by the Amencan Asociavon of Sute Highway and Transonuton (fFcuts, Waghingion,
DC Used by pertmusainn )



. Relacién ancho-espesor maxima para la seccion transversal:

Relacion de esbeltez maxima:
elementos principales KL /r < 120
elementos de contraventeo KL /r < 140

i

Ejemplo: .

Calcular la resistencia a compresion & Pn de una columna con longitud de 610 mm y
extremos articulados y las siguiemes caracteristicas: As=14100 mm*; d=360 mm, nv=11.4
mm; bf = 256 mm; if = 19.9mm; he /tw = 25.3; rx = [53 mm; ry = 62.9 mm (seccigw I)

(KL) 2106100} 97< 120
r /max 62.9

ancho  _bf . 256 _64< k /L 056 /200000 _ 158
espesor 2 2(19.9) Fy 250

he  2.53 < k JE_ _149 /200000 2.1
w Fy 250

Jactor de esbeltez:

. Aa/gf__-‘& =/97-‘ 250 119 <22
| o] L ﬁ 200000

columna mermedia.

Prn=0.66"FyAs =(066""° (250) (14100} = 2.15 x10° KN

<

resistencia a compresion:

S Pc=0902.15x10°) 10 = 1935 KN
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FLEXO-COMPRESION

Ecuaciones de interaccion

P . Mx , My = 10
Pn Mnx Mny

Para Pu/@Pn= 02

Pu + 8Mu  _1.0
ZPn  9bNm




Para Pu/@Pn <0.2
Pu, My .10 (4)

OPn  ObNm
€z.(a)
. «l

Ejemplo-
Disefiar la columna de la figura. Usar una seccion W8x24 con las siguientes propicdades
geométricas: A = 7.08 im; rxry=2.12; rx=3.42 0y Ix=82.8in"; KLx = KLy = § pies

sy
l FYRCS b o
-—-— ) pr— = My )7 T
J Brwce ¥
: | 4 SR
11 I : . M=igl
| K
I S -
!
Lost agp e
sagmm

Para esia seccion @Pn = 180 Kips > 29.1 Kips
My = 61.0 Kips=pr . pe.a lb = 8 pics

Pe . 2 El _z (29000)(828) _ 257) Kips
KL~ [8(12)) '

Cm =06-04(0;)=06-0+(-05) =08

3

By Cm__>10
1-Pu/Pe



By o 08  _08/<.l0
1-(29.1/2571)

se requiere B; = 1.0, entonces:

M, =B;Mx=1x377=377

Pu/@Pn= 29.]1/180= 0.J6<0.2

eNionces,

LPu + Mi_ . 0.5¢0.16) +37.7 =0.7<1.0
P, EbMn &/.0



DISENO DE SECCIONES I EN FLEXION

»
)

1 f

| (o)
L |
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MaPy
(v}
Sirain Siraws Cros s-cncn
-tk I
G.. =&, t,=sF,

Y{S %‘_I
S -

€,>>¢, L

Para una seccion sometida a flexion

f .My

=

I

f = esfuerzo a flexion

M = momento flexionante

I = momento de inercia

y = distancia del eje neutro al punto de interés

fo

.M
S
fb = esfuerzo en la fibra extrema =

Al aumentar la carga:
Mn=Mp=ZFy

Z = modulo plastico de la seccion
Fy = esfuerzo de fluencia

Segun LRFD, el momento resistente es’



@Mn = 0.9 Mn

Pandeo local

Momaent (M)

Compaet

Noncompait

Slenoer

.

Curvoturs (v}



Ejemplo:
Determinar la capacidad a ﬁe.r:on y cortante de una viga Je seccion I. Suponer acero A36,

longitud de 120 pies, longitd sin ariiostrar 20 pies, Cb = 1.0y suponer un espesor de 3/8
iny Y en el alma y las siguientes propiedades geoméiricas:

a)tw=0375in - b mw=025 iu )
A=635in" A=575i"
Ix=17039in’ Ir = 15887 in’
Ly = 2563 in’ Ly =2563in"
Sx = 685 in” Sx = 639 in”
Zx = 1328’ re= 74’
ry=2~0635m ry=46235in

Fara ia seccion a)

Alma:  he = 48 =128 > 640

= 106.7
mwo 0.375 V36
& 970 = 161.7
413

por lo tanto la seccion del alma es no compacia

Pandeo local de los patines:

bf = _26 = 1486 > 65 = 10.8
24 2(0.785) /3

<_ 106 = 240

Yozl

La seccion de los patines es 1o compacia, entonces:

Mp = Zx Iy = [328x 36 = 3984 kip-pic
12 z

4 -

Mr=(Fy-165)S8= (3616568512 = [13kip~pic




M,

......._..__},__,--.._..__

F
4

Y /]
M= (F- 1635
l,lﬁihrf'_,
A = 106/VF =165

Para los patines: ‘
A= b ip=65; ir=106

21f VFy /Fy

para el aima:
2g= 640 /VFy : ar= 970/ YTy

)D
entonces:
Mn=3984—-(3984-1/3) I486-10.8 = 310/ kip-pre
24.0 - 10.8
Pandeo focal del aima
M,aF,I .
yd Hym b, — (M- M) ==

—
* —N A'

M, ;
i h‘,

Not appl iaile
—Compact : —Noncompect I Slender plae I‘N_Cr
=~ Akt A
M.xF,S,
i, = G10/VF,

Aoz ITNVE,



Mr = 36x 685 = 2055 kip-pie

12
Mn = 3984 - (3984 - 2055 ) 128 106.7 = 3237 kip-pie
. 161.7-106.7
Pandeo lateral por torsion:
Lb/ry=20x]2 = 37.8< 300 =350
6.35 y36

La viga esta arriostrada adecuadamente. Entonces:
Mn = Mp = 3984 kip-pic
El menor valor Mn rige, en este caso

Mn = 3101 kip-pie

Cortanie:
Sih/tw s 187 vVk/Fv = &Vn=2006Fy Aw
Sih/tw > 187vVk/ by = OVn=06FyAw 187 ¥k ' Fy

h /7w
Sth/mw > 234 ¥k /Fy = Ovn=CAw 26400k
th /“v):

he = 128 > 234/k = 8§7.2
I Fy

=18 [ 206400 (5)] = /43 kip
128°

Para la scccion b}

Ihow = 48,023 =190 970 = 1617
V30

emonces ¢l alma es compacia -
Pandco laicral por 1orsion

Lh/rt=20x2 = 355 < 300 =50
7.2 V30

. entonces:

Fer =Ty =36 Ks:



Rpg = 1-0.0005 ar ( hc - 970) 1.0

w Fer

Rpc = factor de reduccion por pandeo del aima
ar = relacion del area del alma y el drea a compresion del patin
Fer = esfuerzo de pandeo critico:

SiA=<ip=Fcr =Fy ‘
Sii< A sAr=For =CbFy[1- A=dp]<Fy
T 20ar-ap)

siA> ir = Fer=(pg
A-
Para.el estado limite de pandeo lateral-torsional.

i=Lb :ip=300/Fy : ir=756/Fy :Cpc=286,000Cp
{ .

-~

Fara el pandeo local de los patines:

A=bf/2f; ip=65NTy ; ir=1504Fy ;Cpo-11200 ; Cb=1.0

M- Shu Fy feol e S F,

- . .
Bye Stu Gyt i1 - f 2t JJsuK,r, e n,-n.gc.r,[l ;[i'_%]fssnw.r,

M, = She, (1120012}

Kd

~ » ,-'.u._ {_.[mmnl

Ay mabvF, l,c-l-oums-,l[" -nul“c
Leiwor, oAt ! '
B - e P 0n Apn WY,
A’,—TYJ"T.
Asi: !
Rpe. = 1-0.0005 [ 48(0.25)](192-161.7) = 0.992
26 (0.875)



Mn = SxRpg Fy = 639(0992)(36) = 1902 kip-pie
12

Pandeo de los patines

bf/ 2= 14.86 > 65_= 10.8
36

< 150 =25
V36
enNonNces.
Fer = (1) (36) [ 1- 14.86- ]0.8 ] = 30.85
2(25-10.8)

Rpg = 1-0.0005 [ 48 (0.25) ] (192- 970 = 0.995
26 (0.875) ¥30.85

Mn = 639(0.995:(36) = 1907 kip-pie
{2

enionces:
Mn = 1902 kip-pic

Cortanic:
he/tw = 192 > 234 Vh/iy =87

I =48 (0.25) [ 26400 (5)] = 43 kips
192




CONEXIONES

Ejemplo . : ) .
Determinar el tamaiio y numero de remaches y pernos requeridos en la siguiente conexion.

Usar remaches A502 grado 2 y pernos A490 de alta resistencia y acero A36.

Permos A400 /
po tatiin P o w8 higw
il =
—_ -
= T Aexdn
' . ._!._w’..1 Pamadhes AS02 pracs 2,
o A r oo de 78 In
e JlT .
i R ~ Mbrouta WTIS x 58 (£.= 0,563 ()

Cantro de gravedad
Onl QrUDo OF PTG

\< Cohrnna W
Lemaches oo /8 iu 0 diamebo : _
nom. C{C remwhes = PU = 143 = 48 TS5 rErna:})es
265 An  2(075)(33)(0.601)

Besistencia af afaésﬁmifm‘b '
¢ =0,75; d=7/8m ; f: 0.565 tw (CSﬁgDr MP;"SU/:‘L )

=58 ks } bu=24dt £, = 68.8 Kips
bv _z272¢5 v

P En

Gmem‘af.« Cou pernros ménsué-wﬁznna..

Suponieude que i coma a fensice, pasa por e/ centho ol gmuedad’ & los pernos, /s

Compon én s de 7an 5i09 Sou !
Fensiou 7= Pros 30° = 10 £ 0.866= 953 fips

corfante "= Pseu 30" = 0Kk 0.5 =55 kips
rCmaches con d= 7/8 :'HJ’ 41, = 0,600 {u? ; Fo= 2 K:J'J' $=/0 ; 7; = 79 /‘ifps (’pr(-fmsb;)

nom. oe remaoches -

fora § PErNGs en corfaute .

Bn=BFFR Ay (1 - -
b(’ 87 )

= 76.4‘ /‘il;ﬂs

BBy = 764 Kips > 55 kips I



CONEXIONES

Ejemplo
Diseflar la conexion usando soldadura de filete de 7/16 in y electrodos E70.Resistencia de
disenio de la soldadura qa=9.73 kips/in

N
.
|

5m
.

Longidud ok /i soldadura
{= P/gs = 143/2/9.73 = 7.35 /i
, |
A

C, £/e =133x735/4=244iu = 2.5 in

¢ 0/c =267x735/42 49 5.0



CONEXIONES

Ejemplo
Calcular el numero y tamariio de pernos A325 de la mensuia de la figura
i_ 1780 n J' 200 kipe
'l\'. 10N ;-
e i A 155, -9} |
g S,
= {TTTT
o f :‘ ca | |
" I |= IF 2 piaces
' I l
’ l .r ’ —-—— W4 x 19]
! ,{‘ , , .
In En 3N :

vaomeu.d: 7/0€rnas espacados a a:cﬁ 3 pdéacﬁ! eu ade liuea veAad
-0 P, =200/2 =100 Kips
= y = f4 e
M = /OOX' /7.83 = /783 ﬁ:p.s-m} Headap/tz&\
= 7x4 < 28 pernos

E/ perno A es e mas es;%rzado /ar Psfar{ca /as CDm;onPans So.éré e/)perno Sou .
/2( = /0.56 /%1,05 //oprno
Ey = /0.05 f‘-h,os /perno

fA: V B+ P,.l - /4.5¢ fgr}os//aerno

or pernos ot 3/%

ﬁ;{rdb = 0.7‘5(48)(0,4-ij = /59 ﬁi/Js//aPrna >:£A /
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Sirength Limit Stale—N pendie /-Sections in Pusitive and Negsilve Flexure X, = 1.4
Cormnpact Nancomgast Shender
Nominal Sexuryl reusance M, - M, F, = RF, F.x RF,
D, I3 Withoul kopswhoal sfienens U L > L
Web shenderness —= 516 ;-
~ Vi 2 3 20 E
= == L
ST o MVE
With loagitudinal stifiesers (SF Eq 8.8 fox A
\
B e fE \
I Vi,
v— b,
Compresian Range s 0382 5 Ly E b [
~ ¥Fe . % toan 2 R,
- VLT VAT
! - Y ¥
(See [AG 105 611
Comprcason fange M ’, f? vl i f
- Sy es - 1780 I - s
e )
L<bL=t,
Use Eq 8103
L.
Use By R1ID

Nominal Shear Resistance of SUlTened Webs

Compact MNoncompact
Nomuna! If M, = 0 Sa,M, Iff. = 0.75%¢,F,
shear
reaislunce
|t —
v, -V, [c LORR_C)
Vi o+ (d,fD)’
It M_ > 0.5¢,M, Iy > 0754,F,
08I - O)
V, =RV, |0+ mm=——=— | 2 CV
) [ Vi wm’} *
Reducuun (M, — M) (F, = 1)
Rw 4 rm—r—rat—— g |0 R =06 + 0d ——t—ri
facior B O T UTseMy o O T oTse 1O
©  Katio of Shear Uuckling Stress to Shear Yield Streagth
No Bucking Inejasiic Luckhng Elasue Bucking
Web Sicnucrncss D 1Ez D | FL 0 Ek
— 5 1.I0 j— - = |. F— - |, _
P \,uf_“ o 1.3k Vo 1.38 \/’-
1] 110 JF 1.5 Li
= C=10 = T
1, Dii_ ¥ F Dir_P F_




Nominal Shear Resistapee of UnstilTened Webs

N¢ Bucikling inclasuc Buckling Elasic Buckling
Web slendemets D 5 46 f—E- Desm L 2w |E
[ - F I, F;- I, F
Nonnal sheas v, =¥, V, = 1482 VEF,. LY
fesistance X -

i1

\

1
A
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MODULO III. DISENO SISMICO DE PUENTES

TEMA :

DISENO SISMICO DE PUENTES
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SEPTIEMBRE 1999
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ArALists EL4STIco

— la solvcrsin safisface b condbiivin o epulibrio
~ Se basa en (a riyder de Jos Glementes estrvciurmles

~ Como sslvciom Se obhene :

ishibveey o Aems y obs ,oél 22MienTos
MJnfﬁ,J ole #grz.: V4 c[zspéhmf'cm‘os

/‘:l—/&JJA’J‘ oé Error
~ eshmaciom oe lo. magnitud o las Hgoece s
= suposicion  de rly/thas cons/anfes

Observacicly: los resvitades oel andlesis elashco deben Ser SHloados
COHU c:wa/aaﬂo

<

AKALISIS po CIERC
Déyeiivo %m damentsl : Hacer une mgar modelacivi del onjparkimients

esﬁaa‘um/ para aﬁfe»er Uho IPsves A ma.’s
Yealisia



NECES(AMOS Ec ANALISIS WD LINEAL ?
~Cou audlisis elasfieo —ym okmaucs ok resistencia —w disein
— Cou analsy no lineal- ——pr obmandk de 0(";4"”146('074 —p fEVISI‘Oa_
olal djsenv
De gran vibdad /aa}i:
- /buesﬁyaafo:r
- Evalvauou oe eshructvras a/e:,oaeE _ a/e granols 8ismos
- reviswy ok esfrocturas de gran fmpaﬁfznaé Crevisiou oe/ driserv)
- disenv estructural obwde [os ho Lnealdades estc biea de%m'dns
(estroctoras coa aﬁb,paa/&ms de enermia, aiskdores sismicos,efc).’
- calh vez mas oblzado pam & analsi g evalaud oo estroctvias
convencionales.
— predicadc, ob Gapp estrockirms
(oca!
9lo bl

METRDLOS D& ALALISIs ANO LINEAL
- £5/A%co o cuassestiAoo Cncrementz! af co@o:ﬂ)

. ; , . <,
pt’rm;/t“ Conocor 4 capaoaic o domaunin o2 o/(-",%fmac;-ofq pdz%ﬁ&

~ Dinamice ’.//.).Qja aﬁaio)
permite deferminar b Pusioria oo b respucsi Sismica de lo

, t
z‘_’sfcf‘ad'a'm (dv?.s/aéz:m/c’mfﬂ_g a’?,érmna‘am--, NI, qcc/ﬂma‘ones,efcj

aute reqistros slmicas ecpec feos



ANALISIS FASO A PASO

Solvciols o (4 ecvacon de eerrZIér/b Bu analeses dynamico
mx +cxk+ bx=f ' 0]
Coudk :
me b sou fas makices oo masas amnrﬁgwm:eu.v‘o g r/J/o/eccs

£e as /A foerea extorna (geeformasn de/ svelo)
X o, X des/oéam/eur‘o veloc/ Oad & acelemeeden

Merdbs oe m)@ymaou direchn —y busan resolver om prbbma & valpres
iniciales disaetn eu el Bempo

Oéserma 514

T ;45»:: de yabres iniciuks Swria dp valows u (a Bouve
. ¢ coudicionds e los externos el
ratervalo dy cnleks o (ntegmerbn
/a 59&/«0.; 605@.61’4 /A %:/zoz;x:
X(t)
par Fodo 74'007,0@ % gue sahs 747a h e g las condlcores iniea s
x() =d
x(0) =
oude Moo veckres o 4 sou datos.

E/cl’m/_ﬂ&) :
Srshem (ﬁ, O/OS ‘70.// QCOFZaC{O

£ P e S [ B4
esarrollaude :

m”{_’_-{. le)(:,'{“ C{z)‘(z‘f'éu){f'f‘éfz,x—’-:.p }
Moz Xy t Cq X, + sz";’z'f R 2 Xt éi«"‘w"( l(?_

pe———



S/57ema ok é:- o/ césqcop/aaé
m g i [z o) e ezl (f)

Oéﬁarra//amda
m, X, + Cu X-! ‘f‘néu XI = 7€

MZzXZ Tt Cu.Xz. 1t é?ZXz = /’L
los wet obs mﬁymaocq o/recﬁ\ Se A:rsaa e las /oé’as Srq upfes

@Se cncveuba b solveioe eu cada /(:/Prm[o do yéem/o At;é‘f-’a‘ﬂd’-ﬁ'c
el ey lbro pam Los ponos discrefos eu ef vé‘en?po o

]
ﬂ @xe/acion % re.:puesfﬂ.
: i ; ) t ! ] |
R - ) N A - n
z, 1—2"'th 1 _ £, 1z Cn
+— —+—t
Lt At

@) Lo variautm de [os o/es,aéaqm:‘em‘m, velocidades 4 acelesmciones se
calele. pors cads intervalo dp hempo At , por lo gre oo fendil una

Sokabe , esh. g5 - 14t

X=0, 8¢, 24%,. J S

B la vanaais, oo i a(é’/é’maoyr eu cada intovaly do ﬁem,az: e sxpone Abed

X)), -
e — e — = o

\,L-H /‘

I

X; ““"/::-;/ l A= 4 (X 4 %is,)
!
I i
‘f:‘ ti_-#-l =



/4 acg[,om we/mriwaéa ‘f(_ a ch..” SE 7éma womv e/,o;omeafa a{e éJS
Valores iniciates 4 ,!naé's est e -
Xtt) = 4 (x; + Xisy)

infepando b ec. auterior:

Niv = Mo r (BB (Fir X)) .
Xit) = K 4 x; 8¢ + [Ath_) O + "“:'cﬂ)

hacieudd
Xy = XL+ dK| .
Xitr = XL+AKL+1 @

Xi4r = "L +Ax,;+,

508?( eL &S ecs. auteriores ¢ Conbinandolas se obbene :

(A )(AK‘ -A‘];A“L‘.)- Z:-EL . @
,axiz(dt)ax-u @

En cade ipshute de hempo T, ¢ Lii se oo e complir el equlfmo, estoes:
mAx, 4 Cax; + bAx; = pf

sust y aanfando e ek ec. se obhene : | |
g s = 2 p* @
ude :
£ -

F’\
I!

b+ (7
[4



Focedimiento
~ obfener 4x; de /o ec.@
- obfmer 4K de 4 e.(C)
- Obfener 2% do lnec(®)

Hetods dg Mewmark

(/jn‘/aymcjo&. aou!oﬁvn‘e )

~actalizer X x & K ew la ec. @
DerErMIACION DEC TAMALID DEC P4so DE /NTEGRACON At
Fet)
)
I
[
[
L -z
+ +
4t

Se reaom-/.léuaé usar e/ menor valor q(e/ .fhfefl?czéo oé a@[ﬂ?‘c@-&q qé/ ftay/'Sif—o

sismico (0.01070.023) 0 una /mca:g,’,, okl periodo /anoézmma/ et vibracots
Le.  T/i0.

Observaceoe, o yerdad®ro wmaximo
¢ .. .
) por vha 75}9&0:4 qpéox i maldany

} | .ﬁna;&/ N

N t

/ ! = Tt )

' — > & Err_ - = I-ms—-——)m

) Tiey \ max ( T

+ J+ +

Dt = T/H0o — Zucs = 49 %

At = T/20 —» Cucd = 1.2° %

4
doemas :

T/80 —® Cuar = 0.3 %

eshbilided —» pPropagacol, ok errmres NUMericos

convergencsa ~® la sofuciois Iinealszad bende ala solvedo Ver e 0oia,



&n andlisis no lineel adomas
E(x(t))
Modelos /)/37‘eré/9605

resarfe jnelashio 6

o Mo
4;% vesork inelssfeo O
* L be —"L—‘L— n #n/IQMMﬁ‘ peguehe
g +
elerto. e/asfico ) '
rfe roflional / o, rigide
_.d- .:, L '{' .
@l 4 ﬂB L

Zova rl’g,'nh
oua @ a%‘cu&ab;

elomo. edasiyee

2ona dp avhclatos
" Boua h':-,,h(& :
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+'2 Degrading Bilinear Model

Yielding stifiness-
RuleZ Ky =P Ky Rule 3 Ky =0X,
Where. B.0 ° arc the stffness factor afier yiclding.

Unloading stitiness:
v

. \
g, T d, Y\
Rule 4. K, =K0 }—- . Rule 5. K5=Ko ‘—!“— \

m m

Hysteresis parameter 1: v, from C to 0.4.
Hysieresis parameter 2: dummy.

F
f)- - ‘;3
1/.
] 1
5 K
o,
dim dy dy
1, - [
o/
i
M )
M’ P !

Fig.B-2 Degrading Bilinear Model

-



B.6 Takeda-Rule Bilinear Mode/!
Rule 23 Yieiding pamary curve .

K~=B Ky Ki=BKg. B. B stiffness factor afizr yielding
Rule 4.5 Unloadinp¢ -

a,\ da, Y
Unloading of outside Joop: Ky = Ky = . Kg=Kgl— 1| .

m

Ununading of niernal loop: K g =&- Ky, K‘;:E’-Kj_

Hysteresis parawneter 1y, from 0 to 0.4
Hysieresis parameter 2° &, from 0.8 10 1.0.

Fig.B-6 Takeda-Rule Bilinear Model



B.7 Takeda-Rule Trilinear Mode!

Ruie 2.3: After crackung. Ky =o' -Kg. Ky = a-Kp. a.a crackung stiffness factor

Rule 6.7. Yiclding. K¢ =B -Kp. K7 =0-Kg. B. B yielding suifness factor. S e

Rule §.9.12.13. Unloading curve.
Unloading from pnmary curve before yielding:

Ks |fpl<|fp| Ky pr5<|pr
Ky={f ~f : : Kg=3fo=r )
ClF Il e Wl

Unloading from primary cunc after yiclding:

wffd N\ Y- a,\’
KS-K12={'V f:(___v_J; J,&,9'}(13=f fc(__v-)_
7, -4\ 2 m d,-¢ \dp

c
Unloading of interior loop: K'g=3"-Kg: Kog=5-Kg.

Hystzresis parameter 1: vy, from 0 to 0.4.
Hysteresis parameter 2; £, from 0.8 to 1.0

LA~

Fig.B-7 Takeda-Rule Trilinear Model



BK,
. First Spring

- v

. BK,
S
Y ‘ dy2 D

£, =ttty BRaldyzdy)
Ka=j;,1fdy1, Kp=f2/dy2

(b)

Fig. B-13 Doubie Degrading Bilinear Mode)



B.13 Axial Stiffness Model 1

Rule 1: Cumpression elastic stage. )
Rule 2: Tension cracking, Ky - a-K (a: about 0.5).
Rule 3- Tension yiclding, Ky Ko (B: about 0.001).

< m

Rule 4.9: Tension unloading. Ky =§L:-£l, K¢ = K,.
where, f,.dp: ensile peak point, f.,d.: onented-point C for clasnc

toading under compression displacement, f, = '}"Ify’. d. = f/Kop-

| Kz fd",' S]dyl
Ruic 5: Loading towards compression. Ks = Ue = fmNde = dy) ld I Id l
' g m > Yy

2 - [y de—dm)

Rule 6: Elastc compression. L.oadjng pass through point C.
Rule 7: Loading towards tension. K = K.

Rule 8: Tension reloading towards peak point (f,,.d,,).

Hysteresis parameter 1: yabout 2.0, to define point C.
Hysterzsis parameter 2: dummy.

F .
4\,';
/
!
i
5 1
d, 7V R b
1 / -
st 7 ¢
/
2
_ 17,

Fig. B-16 Axial StifTness Model 1



Top MS elemen:

Shear spring

y

7777

(a} Analysis Model

Steel : Oy, =350Mpa, Concrete : Op=150Mpa.

= 2PU - AR -

F —] l:..‘. e -
600 05.0 ® 0

Pl_l N . e ®ler

., O o ~ -0
si1706 i 75

600mm

] .
Top: 12-D35 © S-shell concrete spning
Base: 12.D38

(b} Column Section

300cm

v

* o @
. 1. '
. ._
& 8.

® 8-core concreie spring  ® S-steel spring

{c) Multi-Spring Element

Fip. F-1 Example 1: Analysis Model of One-Column



y
5 —— . A .
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