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INTRODUCCION.,

La zplicacidén dd presfuerzo en estructuras de concreto -
he tenido un incremente importante en los uUl%imos aficos, debi-
do a las ventajes aue vresenta sobre el concreto reforzndo -

F) . *
princinalmente en lo referente a egcuadrias, a un mejor con -
trol de las deformaciones y el agrietamientoe en el ectado 1{-

T . -
mite de servicio, bajo el efecio de cargas gravitucionalen.

Sin embarge, la utilizaeidn del eoncr&ﬁolprguforzadu pa-
ra resiatir efectos sismicos Qs Eencu aceptad;. equ se debe-
orincipalmente 2 que se tiene poca infor%acidn gl recpectio ¥y
e que comparativamente, con estructuras de canereto reforgsdo
ge obsgerva cierto temor debide ; gue el primeroc tiahe menor -
capacidad parn disipar enerpfa y por irataree de un m=teripl-
menoa dictil que el concreto reforzado. En las pr;sentas netas
se comentan algunos detalles del comnortamientoe de ziembros -
presforzedos bajo cargas monecténicas y dindmicea, asi como el

detalle de conexionss v alpunes linemrientos de repglamentos -

de construccidn rererentes 2l concreto presforzsdo.,
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" COMPORTAMIENTO DE THABET ©DE CONCRETO TFRESFORZANO

EN ~ FLUXION .

a

. 1,—- Introduccidn

En los ensayer de flexiédn de trobes prenforzedse, rce hen
hecho numercsogs estudios con diferentes tijyos.de cargas, accip
nese, para copnocer el comportamiento de las miemncg,, rerouestas,

Ta cerscterietica cceldn — reepuerta en trabes presforze-
dar s£e prerenta, como en 1&= mayor parte de low enmoyor en {lew-
xién, medirnte la grdfica carga - deflexidn, de tru?ea libre-
mente apoyadas con dorn errperc concentradas ipuales ¥y colocadas
rimétricaments, ecto dltimocon objeto de cue en la zonk contral

rep nula la fuerza cortente (fig. 1),

o LT

|

-
Ny—
=
F—-




" ."En lak precentes notas te ectudiard la gréfice tipice car
Fe-deflexidn pare trrber presforpedas ¥ porteriormente la in-

fluencia de ciertas vuriablep en el comportamiento de lac mie-

mag,

B oma
- a4

‘. 1.2.- Diagrama cargu-deflexidn
- » Una trabe prerforzada con presfuerso excéntrico ¥ con un

* porcentaje .de acero de .presfuerro usual en la préctics, tlere

I . sung curvs cargn deflexidn como lo muestra ian {fig. 2
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Al empezar & carger 1a plers, cu comnortamienilo es bidcicemente
lineal, habiendo vrovorcionalided entre carpoe y deflexiones,
Ie gréfica indies un valor negative parn las flechas debicdo o
nue bajo el efecto del precsfuerzo, el nrero prorio no es sufi-
ciente pure contrarestar el volor de le flechs de presfuerro,
resultando una contraflecha en ia miema,

£l puuto A de la gréafieca reprerents 21 punto-de deflexidn
nula, rue indice une distribucidn uniforme de ecfuirzer en 1z
ceccién. ' "

Al reguirinerenrentande’ e eorgn, se Ylegn a8l punlo B, ove
significa el punto de tenrién nula en 1z parte ‘inferior,

El punte €, represents la apsricidn cde le primers griets,

lo cusl]l indieca rnue' el conereio aleoned =2 yolor de oy regiss
L : bt =

tencia sl aprictomiento. - o

Cuando emplezen 0 oparecer 1ars frietns, lare deflerionec
nunentardn mas repidanenie cue oniles del. ngricismiento y nor
conrifuiente y# no hrbrd uns wrororcionslidnd entre corgrs y
deformacionen, nl regulir sunentandeo 1r errgr mer 5114 deld puﬁ;
to C, ' . .

El puntic D, represents el yalor de 1o curgw rue [rovocs
Io fluencia del scere de precfuersze, )

Fipalmente, ¢l punto E, reprerente 12 carge de runturs
oue nrovoca la fells la trobe 2l sleanror tu reristencls,

Conoclendo 1o curve cprgs=deflexidn, re nurde dincnrionnr
une trebe de econcreto nrecforzoade.

Eg immnortante refinlar c¢ue 1A onlicneidn ce cargns en tre-
be's de concrato presforszado re hrce peneralments en doe o trep

rtapre de coarpga. Pars unn eztructura colndc in ritu hehré 1m

ar
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v primera.etapa ol aplicarse el presfuerzo interviniendo tam~
bién la cargas permanente y una sepgunda etapa con lgs cargas
de servicioe, En el casoc de elementes prefabricades, habrd -
una etapa adicional, anterior a las dos mencionadas oue =se-

- T8 solamente pu pEsonropiS-y €l presfuerzo, durante el =
tranaporie.

, En general, la etapa critica de carga en elementos preg
fa?zados e la que ocurre al tensar, va gue se tiene el va-
lor de la fuerza méxima deé presfuerzo por un lado y el con-

« Creto es relativamentie joven,-.la cual sipnifica un-"test" -
pera el elementoc en cuestidn,

. . . - i

1.3. Reglamentacidn

. +Los nuevos replamenios europeos pura estructiurss de —-—
concrete presforzado tienen un enfooue probabilistico esarplean
de la noelidn de "estados limites", cue permiten definir con
un alto porcentaje-de probabilidad, el punte gue corresnonde—

rfa en la grdfice carga-deflexidn. P

% . i



Sy,

y en la ductilidad de la nisma

fioft
l.4.=- Variables que interviensn en el comportamiento de trabes
oresforzadas. : ' I. s
a) S5i se incrementa el acero de nresfuerzo en una trabe,
aumentard también el valor del momento resistente, per& se per

derd ductilidad, .

b) Las trabes con presfuerzoc adheride, caso del pretensa

do y tambi&n del postansado cuandoc se inyectan les cables, . de

"acuerdo con los eﬁsayﬂs del laboratoric vy la experiencia en la

préctica, son mas dfictiles que sus equivalentes rio adheridas.

c} El refuerzo no presforzado en‘;ensiﬁn incrementa la
capacidéd rés;steﬁte de momentd, perc la trabe se hace menos
dfictil., La presencia de dicho refuerzo la hace mas estable en
la ruptura. *

d) El refuerzo no presforzado en compresifn no incremen
ta la capacidad de momento de una seccidn sub;efcrzadalpero la
trabe se hace mas dfictil.

€) El comportamientoc de una trabe depende de los diacra
mas esfuerzos-deformacién de los materiales. !

La idealizacifn del djagrama ESfuerzﬂ—defcrm;ciﬁn del con
cretoc en cnﬁpresiﬁn, tiene poca influencia en el comportamiento

de la trabe; en cambic el diagrama t-€ para el acerc de pres-

fuerzo Influye en el valor. del momento resistente de la trabe

- - -

En las piginas. B8 a. 1n, s& muestran la grifica accidn -reg
puesta de una ensaye tipico por flexiéfin de una trabe postensada

y otra reforzada, asI come suB agrietamientos.
| "I 1 - ri" ‘ ] F) .*

En las p!qinas il a 14 se presentan las caructerinticaﬂ
!

’_'P

de elementos presfarzadcs en la falla, incluyendo el cago de

columnas. -
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PUCTILLDAD DE MIENBROS DE CONCRETO PRESFCRZADD.

- - - . .
- L34 . i ! . L 1

" Resuren histérico de ertudios remlizsdos, Es conocido JUs~—

un sndlisis dindmico de la respuesta eldstion de egtructuras u—
pando aceleraciones sismicas, ponen de manifiesto que una estTuc—
tura puede esiar rujeta A cargas mayorep gque lap especificadas —
por reglamentos, lo cual implica que una estructura debe per ca~
paz de draarrql}qz1gran@a§,dequqgciongg ﬂﬂtﬁﬁ.dﬁ {}%qan %Lla -
fulla en casc de sismoe severoe, Por tanfﬂ, es importante cone -

cer lg ductilidad gque puede obtenerse en miembros de concrete -

presforhudo.

La relacidn momento-curveiura para concrete prestorzado ba-
jo ¢mrrgae moncténicas y ciclicas, permite compréndar la ductili-

dad y le energia de dislipacidn.

f,1. Lin {l) presents algunca aspectos imoortantes pare el
dieefic pismico de estructurss preafurzadﬁs, relerenies a los fag-
tores de carge y ecfuerzos permisibles as{ como algunps_unaay?n-
ﬂstugiandn la capacidad de abgorber energia, concluyendeo Lin en-
su articulec en que los diagramas MQﬁenta-Uurvatura‘eu vigas de -

concreto precforzedo en flexidén c=e presentaban dress importantes



que mostraben alts capacided para absorber energia,

Rosenblueth {(2) comeniando el artfculo de Lin, enfatizaba
¢] inconveniente de eptablecer conclugiones basadzs en la cur-
va de primera carga, indiconde la importoncia de lsa curvas i-
denlizadas carga-deformucién en la descarga Pig.l, pare miem-
bros de concreto presaforzado y miembros de concereto reforzado
preaentqban que peEra mugasgs y rigideces comparzbles una estruc-
ture de concreto presforzedo tendria probablemente mayores de-
formaciocnes debido a gu baja cépacidad de amnrtiguamianta que
una d; concreto reforzedo v aue api mismﬁ éeriq_més flexible la

+

‘primera, lo cual contrﬁrreatatiarenﬁparte el efecto de su bajs

capacidad para abscrper energia.

-

Despeyroux {31} coneluye cue las dreas bajo el diagrama Mo-
mento=-Curvatura en concrete presforzado y refarzﬁda 800 CompR-
rables ¥y no necesgriamente menores lasde concretc presforzado, .

* ™ ' - . U ' L I i ] __,;It

vero que un factor importante gue afectz la respueste sismies
. - LT * . ., - -
» -

de estructﬁra ;n gu capacidad para dieipar enefgia, En-éu erti-
culeo, de aguerdo con la Fip.2? concluye gque 1z energia abseorbida
¢n efectivamentes comparable en miembros de concreto rresforzado
¥ reforzado pero que la enargia dicipadan -es basinnte menor en
los mlembros de concreto presforzzdo, lo cual representard que

la respussta en estos dltives bejo el mismo serd mayor.
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Un estudio reciente realizado por Blakeley {4) msobre la res-
ruesta dindmica no lineal de gistemam de concreto presforzade -
concluy$d que sl desplazamiento mdximo obtenidec ea del orden de -
40% mayor que el de un sistema de cencreto reforzado con miama -

repistencia, rigidez inicial y misme parcentaje de amortiguamisn-

-
-

to ?iscoan.

Thompaon (%) hizo un estudic comparande las respueatas de —
siembros presforzados, parcialmente presforzados y refarzedas- -
bajo diveraos movimientons sismicos{ idealizando ios diagraﬁaa -
Momento-Curvature comoe 1o indica la ¥Fig. 3 y tomando loa.regia—'

tros del siemo de E1 Centro 1940, R-3,

El factor de ductilidad se define como la relzacidn que exip-

te entre ol degplazamiento en la falla y el desplazamiento corres_

+ 1

. . .
-pondiente a la primera fluencia, Thompson encontrd que para pe-—

quefiop periddoe ¢l factor de ductilidad ern mayor y nue la ten =
dencia & dieminuir el desplazamiento se debla a un incremento en

el acero de presfuer:zo,.

Anflieig de miembros preaforzados en flexidn. 1Lce estudios
realizades por Blakeley {4) para determinar las relaciones Momen—

to=sCurvatura baje carga monotdnica, demostraron que la& curva ob -
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ienids pars eete tipo de carga es colineal.con la ¢urva envolven-

‘
Lo ]

te de cargus ciclicas en miembros de concrete presforzado y que-

por 1o tanto este andlisis puede®fec tuarse para ¢l estudio de la

-

- . R L oy

ductilidad bajo cargas siemicas. » o

Se reslizaron ensayes para obterer diagramas Nomento-Curva-
tura en trabes haciendo veriar el vclor de lz fuerza de presfuer-
zo, las posiciones del migmo en la seceién’y le cantidad-de re--

fuerzo transversal.

Aaf nismo, Thompson (5) renlizdé ensayes en uniones presfor--
zpdas viga-columna, reforzando el nﬁcleu de acuerdﬁ con las es—
pecificaciones de cortante del ECI 318-71, las ecolumnas se dige=
faron de tel forma que tuvierén-unﬂ nayor rééistencia que lap vi-

gue ¥y los ensayes ge hicleran con cargu ciclica estdtica simul-n-

L]

de ls carga s{emica.

Leos resultsdos obtenidos por los estuiios mencionados (4) 7

. LN

{5) se resumen a continuacién:

a) Porcentaje del ﬂcera‘dc precfuerzo.n ., .
LI e T T L T hL el

e A L o .
El efecto de 1a relacién entrs el drea de. acero de presfuerze y la de

concreto, P = As/bh, se mucstra en la Fig..d. La fafma de.-

las durvaa indican e¢l-remente gue & un incrementeo ﬁ; capacidad -

de momento corresponde una disminucidén de ductilidad. El ==
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ACI %35-71, especificn nue la mixima cantided de acerc de Pre g
s o qath 9

fﬁgrzn que -debe tener una trabe para prevenir una falls frdgil-

+

eal "

 Am -
5P = 0.3 {1)
pdf’ Bl ’ B

Fste limite corrédsponde a p = 00,0069, E1 estudio.de luisg -

-
+

curvasg de la Fig. 4 indica oue para asegurar una ductili?ad e -
zonable en dieefic sismico, Blakeley y Thompson recomlendan djs-
hinﬁif:}ﬂ expffsidn anterior 8.0.2, lércual c?nducif{a a ---;--—
p = 0.,0043, La ecuscidn (1)} signifien gque la mixime fuerza de -~

tenslﬁn en O, Ef; od, lo cual 1mﬂ11ca que en el bloque 1 esfuerj

I I [ L R L o FE CATR N A * »
ZOS BN uns sacclén ractangular ae tendré:
L TR 2 LELE A x fﬂq_“ "1, Fogd HIIE 1}'“ " i
0,2f'c bd
& m w————— = {J,235d
L
0.85f cb
v si ' d = 0.85n, la cendicién queda como:

< 0.20n



b) Distribucién del acerc de presfuerzo,

4

ﬁn;unn seccidén transversal de una trabe es hizo veriar -
al mimero y la posicidén en los ¢ables de presfuerzo, psrmane-

ciendo constante la fuerza total de presfuerzo, p = ¢.0069 -

As{ .mismo, ee¢ observd que si =me aumentn el acero de =

-

yreafuerzo en 1? zona de compresidén, le curvatura ne disminu-
- - LR ] . . e -

1

ye, debido a que el czble de presfuerzo actda como acerc de -

+

compresidn en curvaturas grandee. Cuando el accro de presfuer—
' . ' * ! -

zo se concentra en un solo cable centradc hay'una_pérdida con-

¥ *

siderable de capacidad de momento para graﬁdea curvaturas. En

cambic solo existe ur® pegueria diferencia entire dos o mds ca- .
. - . n r ML)

©les: Por tanto, se recomienda que el acerc de presfuerzo se
e ate Y L - v o - . o - )
distribuya en dos o m&s posiciones por efecto de ductilidad,

. E P =

A ¢

¢) Efecto del refuerzo transversal,
N ) :

En los ensayes realizados, la cantidad de refuerzo trans-

F] L]

F} - . - . . ! 1
versal tuvo poco efecto en la duectilidad de trabes, ¥z gque tri-

rlicande el nimero de estribos normalmente especificode se lo-
. N ¢ r -

gré un incremento relaztivamente pequedo en la ¢epacidad de mo=-

4

4

mento.
- o, I

d)} Ductilided en columnes de concreto presfoerzado.

En los ensayes de columnas baje cargas c¢iclicas, les cur-

[ 4
L - - L

vag experimentales se truzaron para una erticulacidén plistica

- Y " rl
- a I ' I . .



L T —

- A T .- .
) . . _
dlrectamenta snbra la trabe provocdndose ael el '‘mecanismo en

-
.
' ’ * R

- Tan " Ty

un msreo de un nival. El diagrama Hamantu-Curvatura en la co-

- T - T '

lumna de cnncretn presfnrzadn se reduce con un nivel de cazrga

- "~ ' ;oo -y i s

nxinl y ae requiere un refuarza tranaversal Fapeclal cuando -

o - L -t Tk

la carga alcanza valoreﬂ da G.1 Po, s1edo Po la resietencia de

—it: ) J LY - VL T .
1& columna ¢on carga nxial concéntrica ﬁnicamente, Havy noco =

- . . +

- - e oo l1| . " 3 T ,
conccimiento del compnrtamientn de mAcero pr@qfor?ado de miemn-

-4 T 3 . i . - e o, . 4 » -

broe a campreaiﬁn, sin embargo de los estudios realizeudos se
LU LU T :
pudo concluir qua en las curvas de Humuntn—ﬂurvaturaa, 1la co=-

. LA S -

rrasﬁondieuﬁa g pff'cbd'= .12, - . ,'corrtapondé a la méa-

[ 13

- Y . T LA [N S i " -

xima curvltura obtenida an los ansayua.

o o : ALEL I 4 1 - 1. Yo

ﬁmurtlguamlentc ne mirabrog de concreta nreaforzedo. En
* - . . w [} im 4 ey . T e

la referencia {2}, me menciona la relativemente baja capacidad

n 3 . -

. . - [ T, . . - [
de amortiguamiento en estructuras presforzadns.
M ' ' : O T -

Depeyrnux {3) hace notar que el amortiguamiento del con-

2 - - .
IR . . e L. L R . .

creto pres forz¢do es camparahle al & lzs estructuras metdli -
' . h ¥ . L& L t. ]

¢cag, es decir del orden del [ 3% del critlcu. Fn cembic en con-

oot r I # L P -

+ wa

T | GO0

L T 7 i I

crétn reforzédu es 1 orden 10% del criticu. Makane (&) encon—

N L")

tré valeores mayoreﬂ.il 7% dal critico para estructuras presfor-

+- N - . i -, . ‘_"_ . .

. zedas. . -
. , R | - , - ; c— o
_ Eato - ﬂignificaria qLe daber&n tomarse coeficientes pis -
LG B LY R I P e PR Lo . Y _—— .

micos mayoree. para-eptructuras de cuncrttoeprenfarzado, pox’ -



¢ Jamplo del orden de 20% mayores sue los aplicados al concre-

to refaorzado.

‘Una invespjgagidn rgpifnta de Pgnziﬂnti?-}-auhre o]l amor-
tiguamiento en trabes de concreto preaforzado, mostraren gue

¢l presfuerzo y la'resistencie del concreto tienen efecte so=-
bre él ﬁmbrtiguamiénfhlsnlu cuandé ae aproximaba al momentc =

- ke

del colapso.

1. Sin embargulél efecto desfavorsble del concreto presfor-
zado referente a’su baja capacidad deé amortiguamiento que se-
tradhcé enldea?luzéqieﬁtaa mayoreg, e contrar;eatra eﬁ'narte
per el hecho de qﬁe 1as estructures de cpneorets presforzedo de-
.bido & sus menores eacuadr{aﬂ que en el c¢oncreto referzado, -

‘requieren una reduccidén en la demanda de ductilidad {8 ).



(23

- REFERENCIAS,

1. Lin, 7.Y. "Daeing of Prestressed Concrete Buildings for -
. Earthqunka'Rnsisinnbe", Journal of the PCI, Vel. 9, No.§&,
Dic. 1954‘.. pp! 15-31. . ' N a

2. Rossnblueth, E. Dimcueidén del srticulo de T.Y. Lin "Desingm

of Pregiressed Concrte Building for Earthqueke Resistence»,
Journal of the Structural'niviufon. American Society of -

Civil Engineers, Vol, 92 Peb. 1966. .

3. Despeyroux, J. "L’utilization du béton précontraint daus -

la construction parasiumiqpe "Iravaux", No. 375, 19366,

4. Blakeley, R.W.G. "Ductllity of Prestressed Concrets Fra -
mes Under Seismicﬁ nad1ng ’ ﬁnlvarslty de Ganterhuw?, Nue-
* va Zelandia, 1978,

'S, Thompeon, K. J. "Ductility of Precstré¢ssed Concrete Framep

}Under Seismic Loading". Ph., D. Thesis Iniversity of Canter-
bury, Nueva Zelsndia, 1971.

6,- Nakane "Experiment on behavior under lateral force of prec-
tresaed concrete frames". Reporte del Ingtituto de la Cons-
truceidn, Tokyo, julie 1967.

T. Penzien, J. "Damping Characterimtcs of Prestreseed Concre-

te®, ACI Journal, Vol. 61, No. 9,

8, Camba, J. "Edificioe altoe prefabricadoe parelalmente pres—
forzadoa", Conferencia Regional de Edificios Altos, ¥éxice,
p.¥F., aoril 1973.

'S, DowricH, D.J. "Esrthquake reaktant 3eai&§T John Wiley and

Sons, New York, 1977.



- oo ..
i
o .- . - 1.'
3-1.- Bgtructuraciones vretensadas.
- ] - . ¢
)
'1

3.2 Estrucfuracinnea-pnstensadss.

-
¢

wd
* -
1
"
¥
]
1
]
1
- - L]
. —
- 1 - -
- ]
- -
- -
.l
- i o . -
[
’
. [ VP
: -
' | L
- " .
- -
[ "1"‘&.4
a - . - . -
ey -t 2 ¥ o FE il S
.
L i
hq‘i”'

-
1



B _'.r: .
- 3‘& [ -

11

1l

1.
5

I
!

3
|

iy

SIS NSNS

I\flsna
Prefabricadas

-_N...
ELEVACION

ESTRUCTURAGCION PRETENSADA



£

SR BEp e sLne _'J.—J:
.GA/ .14—‘-// Amfa.kw-eh

?fl‘."i LDET Tt

/\ ST
1 COLUMNA

A:.zr'n aJt_
i d—l_ : _ reafverve
f 'f{ 7[ /’ _.{I i 1//.7 ral / / .

e

P . f
L. L et * o d g i
oo

ELEVAQQC)N

Yg ARt L

h.\’-l—
—g

)
x\lﬂ’

s rgr Asp / < = ol

X Ay E. ' o :
SEC<ior | ’1 "f—.
TRANSVERSAL . ousf ~ j:;?

CORTE | -1



. . "
.. b e el 3 -
v - - “ . . -l.
' ) - I

LR R Acrode

1 ' wYimvidadd

VIG S
TRE FART\WC ADA

I S N
e s .

, AR A

o

-

PREFABRICADA

-t
|
ELEWVACION

. . . - S e e, — - .
- Ny, i_ —— . LS
'. \ lesa calucln:.‘ i
T ;“':qf/.?/_. P ;‘-_“ Ll'# v 'i.i‘ 1 i
N S R IV S
ST SRR S
CORTE - p o e



.;.i_ Viga

b m— - — ?rg_-Pqulﬂﬂalﬁ\

\" CQ{UM“E ?l‘l'rﬂ l:rlcac-

m Cﬂ'\nciu ¥ 51'\‘\..!
| .

CONE XION TPREFARRICADA

FOUERA DEL NUDO

. L TS



u

DIAFRAGHMAS SoBTE

ELEMENTOS ,\"PE"ETE.HS-A'DOE

by
- —
Looa - e 1 . om
+ -
P - A el ——
-

UNION’ DE DIAFRAGHA? = ~

CaN MOUROGS DE CoRTANTE

L -

b

o4

™
-
e

-
I

-

")



L

n

i
i |
1]

. ﬂ-'lu—n-_

Lo S T ) -

ELEVACiow

ESTRUCTURACIOMN POAMTENSA DA



In

W VIGA
. Asy rf'/
L L |

i ;ASQ_

‘ ( . l
- J" i C.nkl L= cit_

/ Y 'Pre.s-?um.an

,FGL(.!FE_I-»JA o - C - - '

t

ELEVACSION

“



L"W & == =wrory

[ 1

\‘ |
NS

— T

a ) K
o S N \‘,13“

aQ
__+T1

EEN Pt

= c

_.&’.,V C"‘IUNH“
¢’ s An;lq‘jti At Trﬂ.l‘punttu
N

COLUMMNA EXTERIOR

s\

N
' As
T ' bg b a4 -
Te e P i 1 % 1--'_"1.-
Ta ) ; -
._.,__,lf,‘_‘v
3

CALOMNA INTERICOW

Iy

SR P




4 .- REGLANENTOS,

4.1 Reglamento: del Distrito Federal.
4.2 Reglamento ACI 318-77,

4.3 Recomendaciocnes C,F.B,- FIP.



T — by —p—
L ! L
Fa

(i} Mqrto‘laﬂJL#n a fu‘_f'l.q. PR -y

Mo, )
e 1 |
a - - & - -
. ! M?:

=

-

*

(l’) MEEEU\\EHK‘I é.n_ cﬁ\urm'nﬂ_.f

o
| M ) (C ) Mecawmisms @ v kfnl'otl 0w
' L 1 cll'hr"l.ﬂ'hﬂ'*\"“ ©

M‘!f' |

I
]
1Y S oy -

(J ) Rtllnctl;:\ M"‘p/



-— e .
'
- L - i - —
. N e
:“' -— i _—
- T - -
W?mm o .

b
"

(a) <)

Mecawibw 9
Mﬂrc.n . Mt‘:n Wil Jq_

"R\'gmdns. colummat de trabes

- -

MECANISMAS DE <o LAPID BATD
.. FUERZAS SIIMICAS

-



| , e .,.-.-:,'

« — e
\h E.‘_-A‘r:
AE? - 1 .
A Tr’Alr'F‘[f
2 —
Y L .T;'AI?T
;;:&‘u.- R !4‘-‘;;-r“qm~l.ﬂnl.x
r
F -
P _
" Rl'Fut.\r'\.n:\ \H\‘;I'Hlvl-ﬂ [ XN thvanl &
'Flll'ﬂln{-\:

'_ *
-] ]
£

Gré:lnn $-€ du! acers
de ?ru-rutr:..n

¥

Tm-l = Al‘rt +Atr‘ri? ‘5’0-?5 -T-hll-

cu%l,‘

< L 'ln

’ . . -L .
At! are-9a .,41. oCET D, ufd.-.u-«.inn “ v b1t w

A'Lr'- " L n

-P‘: 'S‘F\J!.fl-‘ - - ‘.'l. o cury o ,
'l'tntmf-- u'l qh.qn':.nr ]m rt.hi'l-t.nmn_

'F; 'ul.-Fun.rlu -:v. 'l-l acara do tr_ll'ru!Tth
Cvawdo 3w ﬂlcﬁﬁtﬁ ln rn:ltl-tnﬁtn..-

VR rﬂl'xul.fl-'a
ré;v\ur;n olq_

Fc:“n L:Ddlﬂh tl.uqlq & LIS :-t.t:t:'.ﬁ:x Prt!;nfﬁt’idn

*

REGLAMENTO

ﬁjﬂ



’Rt:unt f B~ ) \::r;:-rgrxnalu \J‘;ﬂlhﬂmtnl‘l. .

) Aty
() ﬁ't??“ﬁ" £ 0.3 Tt el

Relfoerrs ?Fz.s-rnfznéﬁ ¥ ufr\u“w

g:+rq— g =03 N

A) 1 g
Porcow a._Jt_!. Ve, 3%, | e T3 A =’|q_. rt-{-\utrth

 qera-9
Z ax '2-‘3_([ r o.30

-+

bs
-~

-B) RQ&.\S'\'T'.] L\JC‘D“ AL YL Oy v tﬂ-‘-cﬁﬁ “Q_Sn#hv &5

REGLAMENTO ACI 318-T4



]

RECORENDACICHES DE LA FIF PAHA EL DIFHNO SISKICO DE FSTRUC-
' st 1

TURAS. (LOWDKES 1978},
Se presentan a continuecién un resumen de las principales

recomendacicnes,

1} Se considerardn des estudos limite de sismo: modersdo y-
severc. En sismos reveros la estiructure no dete faller, debiendo
formarse un ndmero significativo de articulaciones plédsticas ca=-

paces de disipar energia,

2) Son vAlidos los dnalisis estdtico o dindmico para deter—
einur lag fuerzas sigmicas y las estructurse debersn analizarae—

en dos direcciones prineipales, . -3
) i

3} La ductilided por flexién debe msepurmrree mediante la -
poeicidén de articuleciones plésticaslbaju sismos severcs. Fn e-
B8 articulacionee el eje neutro debe estsr a 0.25h en puntos -
donde ocurran inverpidén de momentos y al xomento dliimo dererd -

ser como minimo 1.3 81 momento de ruptursa,

4) En les articulaciones pldsticas, tode el cortante deterd

ser tomeds con astrinos. f

5) De preferencis los csblesp deberédn lechadeerse,

-—
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H-h...:-‘g:-‘
~l

f v i v .

6) Los enclajes de presfuerzo deberin colocarse en zonas -

] . -4
alejades & las de méximos esfuerzos,como 1o son las erticulacio-

nes pldsticas.

" 7) Las uniones trabé-columna deberdn discflarse‘en tal forma

que ‘aseguren que la-falla por cortante no oturre en el nicleo de

- - AT . -

la unidn., -

++! 'Une coneiderecidn imporihnte-én lae Recoxendaciones de Nue—

L

va 7elandia para estructuras presforzadas en zonas sianicas es -
la de tomer un coeficiente de 20%-mayor qué“las'de concreto re -

forzade, Como un intente que permita jmecrementar la respuestz en

estructurus presforzadas (5}, - N - -



<

5 [ Bl EJEHPIJ‘D'S [

5.1.—~ Trebe postensada,

5.2 Trabe pretens:da,
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FIEMPLD {1 - VNarificar si Ja seccion Propue:s?‘,d

an concrato ;)ras?érzao’a r:um/z}/z /05 Fchw:’:f')Lﬂ.S

del mj/amgﬁfg del D F  los elemantos mecan:i-
cO5 500 Jos dz servicio.

Hw =574 em?
p _

5.5 ton fm T V= , {,_{_’f
. 5% =L i — :I- . Al
_.4'.__'.':1_-“@',F.'l'__"___'l N L:",-' 7
} . Y cables ~~ ! TN Fle'al
[2E 75135 B2
A L. st o] |
.-Ié ” . S52¢CTigw
p— 1 Aoy
F [, . '
Camr:f{rzr'fﬁ;jffa:: a!f Ma‘}traa ll‘...ﬁ'
M v = =75 Ftm fes300 A’_{pf a2
M sismp = —50 Im )(5};: VERG Xﬁ/iﬁ.‘:
fy= 9,000 Kg[em?
SOLUCION —
a) Vers ficacien de Limitacion de acaro -
= 0.0058 ) ;
5‘5};_* o0,
N 1 90 X 0.003 — - -
= = 33,7 Ccn
C bof 0008
- jﬂ.ﬂﬂ?ﬁ 10
Chal . S dbelz D8 £337=27¢cm
" m +4
E:':D‘ani‘.
b~

Calevlo oz rasistancins radvcidas
Y. = 0.8 300 = 240 Kg/c:mz
{'c= 0.8 f% =192 Kg/cm?
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t./ﬂ //U'Er?d aa&  com fﬁfﬁf;ﬂ;? V::?/G/f'd/:
P
il

Coal = 45 5 27 5192 + 10 » 4000

-

=233 280 # 40000 = 273 280 Kg
e T el = ??3.3 /o;;'

]

Da acu;z rdlo con -‘rz/ ragfdmzn bo dol D F

Twmoe. =075 Thal ="0:75¢2713.3= 204 4on

En /n seccion /Z)!ﬁ}l')éﬁd’fﬁ}ﬂj 5@50!?&2!?0’0 o Huéncia
del/ acero de prczﬁfﬁzrz*a. |

. -

' :/45/3 7(9/97‘/45 7[5

/3.5 X /3000 + 5,74 x 4 000

It

175 500 +22 960 = /98.4 ton

ST = T max. 6.k,
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L')) Ga/cu/o o/cz/ momwh resistente

fp::»mma’o /a //ycmcra dzl acero az
prestuerzo | L

- -k
DPnr gfwf;ﬁna de ] /ﬂ'd!' Zas .
: . _- . ) LI -J ! - -

C=45 x/92 x a + /0 x 4000

'\-r' -

7= 1755 4+ 229 = 198.4

_ a= 168,499 _ 8.3 cm
1. ut - N 1 N 8@4& . 5.
T A £=~—L&'—tj—:"23.:!??
T | 0.8 ~
Variticande el itr.;oo de JIa//ﬁ )
L E5p 'Z - ) a
. {.EP,. G, IO 003 0008?
'\T__ -7 )
\ &7 fPfaraf' 5‘005 ?“ D 008? 00137
. \\ - .
i‘ﬂﬂ >,
- ;_.*:.36?23; . fsp e {5 B
0.003

. E_f acaro c/cz prczj/ua:rza f/uycz

Y /a _-sufoas;r:fan 2s correcia,
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- 4 -
E/ momenfo resistente valdra';

-

o229

78 s }MB,A £=/00 -~ 8,3)-49.42= 827 cm

!
4

L 1584

' M resisf, = Oa =
r.fs_ —i 40 }“?5*4 {25’. i 77z

Mru.{sﬁ =Q.9 x/98 .4 {G,S? a

= /46.4 fm

- S ol &

Mac?‘}jam‘a = /?5 ?‘50) /= /37 £m

M resist > Mac fuante

o la seccion Y armado /D’“ﬂ/DUaﬁ?‘és s/ cpmp/zzu{/ﬂ:-s ‘
!’Q?U!ﬁsf}’a& da/ !‘dyfdmzﬂfa de/ D FE ew ;f?‘.h-‘bﬁ;

tF



EJEMPLO -2 - Cal.§u loor ¢l 2reo Jm:'hcard‘ ag refuer-

zo en la vigo. sreTensaca de la

-
"
i

to neqativo debido a carga viva 4 sismo.
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LT h
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SOLUCION

i) Cd| culo dal area wcaro POra Momaeh TO

mga'\‘fvo.

-

Mo =0 +16) 112286 4 m

A S _"‘"-M U":—1'-'—'_ = —
O.9X082a %ty CAXNOES K L8x 4068

Sa  pondraw

- . *

60 P

Cawen TRAR] 9=

debida al Pfucuu L3

Cu

2f8 146 —=As 15 Tem,

Estableciendo el a.ﬂu:'lfbricr an rz.‘ﬂpc}(jﬂﬁ

Tu |
('?.'E‘l ":*:E.;:;) 35 o,

1 I

LN

Tu s 187 %4000

Tur ¢2,800 Kg.

Supoﬂmndq uha compresion dabldo
-al pru.Fu-Lr'z.O- da 100 Kg)cm’l.
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SO0
Q. “‘b — < 4.5 em
124 K 325 |
- 4.5 SR
R G 0.8 - 18. 0 em ;'*J#LPIF lcando lo

falla se ’&anfrma;-la' Huu.ric:.“.:él' clEi] acaro As

k-l

P wlr L ’ a ¢
St o Naritficamos  ahoro 1@ comprgsion
. ) - 4 ot

SVpU asta- ‘en r:L| concretod ;

Uk -" ¢

) dtagmma de deformociones obranido®

L]

- A

Esp = 0.G602 ,

=, | .
: - la. daformacion d=laczro
a00t I~ al fensarse se scpouse de
| ff - ina.l 0.005
oofs .

ooes |

. €s5pT0.005~0C027% 0.CCx

. ,;‘EP: Espr e T0.002X 2 % )06

= 6,000 Kg/ 'cm?
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La /ﬂzzrza ol pfzﬁfaerz'a voldra -
F= 60005093 «6 = 33480 kg

Y fa} comprasion an @ conereto debida af presioereo
sara |

23 430

25 x /4.7

Fep= =67 Kg[fem®

67 F /00 zﬁ’g/:mz 5u{pue57[ﬂ5

Haciends uvn segundo fanteo con e/ promadio de
de /os_dos ¢ 8¢ 8g/em? g refof'/fiswa/a e/ preceso
anterior, se tendra :

L7 B0O
=5 ———— = /7,
j44 x 35 = (LD em

C= 15,6 om
Esp= 0,00/8

. 55/3 zfmm’ = 0,005 - 0.00/8 =D,00372
al Tawgar

Esp = 0.0032 X 2 x/0° = ¢ 400 Ky fcm®
F= 6400 x 0,93 x p = 35 747 Kg

= 35 7/2 _ m2
’(“F 35 A 125 81 k-?/:

80 = 8/ Kg/em® o. k.
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. /
E! momento rzsrs:‘azw{z valodra -

Mresisf= & Tv Z

- 12,5
= 09 X 62 800 (60 T)

= 30,4 tm > 28.6 *m

zVoz‘a ~ la condicion dz T < T bai se cam/o/z con arﬂp/fb
marqgen, ga guve e valor de 7 bal es de
Jj08.86 Pton. "
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SEISMIC RESISTANT DESION OF CYLINDRICAL LIQUID STORACE TANKS

Dby Vitelme Victerio Bertero®

ABSTRACT r

This i3 a paper that summarizes the state of the practice and state
of the art in the predictian of selsmic behavior of eylindrical liguid
storage teanks. It can be divided inte flve parts. 1In the firat part the
geisaic performance of these types of tanka during recent earthguakes is
briefly reviewed. From this review It becomes evident that & large per-
centage of these tanks have failed or suffered severe demages. The dif-
ferent types of fallure are clessified into several categoriea. The
second part of the paper discusses the design of some of the tanks that
suffered damages and the state of the practice is summarized by reviswing
present selsmic code deslign provisions. ‘Thirdly, the scundness of these
code provieions 1s mnelyzed in view of the state of the art in the pre-
dicticn of the seismic behavior of this type of tank., HResults obtalned
in recent theoretical and experinmental investigations of such behavior
are summarized and lmplicaticns regarding needed inprovement in seismie
design are mgsessed. Results from analysea of an existing tank using
4l fferent methods are presented and compared. An {mproved procedure for
the practical selsmic resistant design of these tanks I{s outlimed in the
fourth part of the paper. A series of practical design rules which pro--
vide extra margzins of safety are offered and the extra cost required ls
-discuszed. Finwelly, recommendations for future research to improve the”
desizn and gonstruction of this type of liquid storage tanks are formu-
ated. . . )

. . -__, . ) . " 1
INTRODUCTIO!
ENERAL REMARKS '

Surveys of the seilsmic performence of industrial facilities during
the past two decades show that many are potential hazards when subjected
to the effects of moderate or severs earthquake ground shakinpgs. Analyses
of the performance of liquid storage tenke show that this type of facil-
ity is very vulnernble to such effects. A large percentage of these
tanks suffered serlous damage during recent #arthguakes, For example,
during the 196k Alaskan Earthquake in Anchorage, of a total of 21 tonks
only L suffered no damages, giving & datage ratio of nearly BO percent.

In the 1964 Kigetm Earthquake, failure of tanks led to fire in three of
the four yards of oll storage tanks and some of these, yards burned for
peveratl days.

The observed selsmic performance of this type of Industrisl facility

. demands that core attention be zivesn to 1te design when logated in selis=mic
preas. Tenk builders, owmers, and reguletory agencles have recognized the
reed to improve the seiemic design, and researchers, particularly in the
U.5. and Japen, have been devoting considerable research efforts to

¥Professor of Civil Engineering, University of California, Barkeley, Ca.
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investigating the theoretical aspects of the prcblems that have arisen .
vith the observed performance. > Sigaificant analytical and experimental
investigations have already been conducted and results published. There-
fore 1t has been condidered desirable to summarize in one paper the
present state of the practice and stete of the art in the deslgn of cyl-
indrical liquid storage tanks with the following main objectives.

L
) "1

OBJECTIVES

Taia paper hasz’ the falluwing main object1VEs

(1} To summarize cbserved performance of eylindr {cal liquid stora; e
tanks during recent moderste and severe sarthquake ground motions, paiat-
ing out the problema that have arisen from such performance.

(2) To present the state of knowledge regarding the dynamic beha::cr
of #such types of structures.

- (3) To analyze the reascna for the cbserved perfarnance in' reference

to the state of knowledge. '

{4) To asaess the Implications of the observed perfordance and of
the atate of knoviedge reaardlng the practical seismic resistant design
of such tanka. ° .,

(5} To suggest 2ome guidelines to improve Present’ seismic resistent
design practice ana to formulate. recammendatiqps for needed research.

-'f' - -

SCOPE « : v .
. .

To achieve the above nbjectives the paper is divided inte five main
parts, . First, the performance of such:types of industrial facillities,
particularly Eylindrical steel tanks, during recent moderate and severe
earthquake ground motions is reviewed and illustrated and the different
types of fallurea and/or demages observed are classified into several
categories.

The second part dlscusses the dESlgn of ex15tin5 steel tanks and
sumarizes the present state of the practice by reviewing preaent seismic
code specifications and the latest proposed seismic design provisions.

The stete of knowledge’ regarding the dynamic obehavior of such tanks
is reviewed in the third portion of the paper by sumnnrizxng recent anae
lytical and experimental investigations on this sublect.’ Io light of
this knovledge, the reagons for the observed perforrance are sought.

The féurth part of the'paper discusses the need for improving prec-
tical seispic resistant design methods for such an industrial facility.
This {5 donhe by reviewving all the different aspects that should be con-
sidered 'in such a design. After pointing out the uncertainties involved
in these different aspects, a comprehensive design procedure is ocutlined
and a series of guidelines and practical rules are suggested to provide
greater margine of safety without greatly increasing costs.

Finally, recommendations for research needed to,improve the present
state of the practlice in seismic reeistant design and construction of
l1iquid aturage tanks are farmulated

- . - . - -
. . .
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SEISMIC PERFORMANCE OF CYLINDRICAL LIQUID STORAGE TANKS

STATIMENT OF PRODLEM

The type of tank considered in this paper has a flat bhottom with
either an open top or roofl) a cylindrical shell of total height H_, is
filled with liquid to some arbitrary depth, H, as shown in Fig. lfa]

When the tank built on the ground is sublected to earthquake ground
motions, its 1iquid content will be excited into s sloshing motlon and
the ezplitude of this motlon will deapend on the intaraction batween the'
dynanic characteristics. of the ground motlon and those of the tank and
the liquid. In a very simplistic way, fluid pressures originated by the
horizontal acceleration of the ground can be conveniently divided into
those associated with the lnertia of the liquid accelerating with the
ground [impulsive pressures Fig. 1{b)] and those associated with the
liguid sccelerating with the sloshing motion {convective pressures
Fig. 1(e)]. These dynamic pressures act both on the wall and the bottom

‘of the tank. In addition to ceusing forces and moments on the ghell
wall of the tank if the tank is unanchored, the wall preasure combines
with the bottom preasures to cause & net cverturning mnment en the tank
a5 & vhole. .

9 T

- PERFORMARCE OF TANR3 DURING RECENT EARTHRUAKES

There are many recorded failures of eylindrical tanks during earth-
quakes. During the 1933 Long Beach earthgquake a vater tank collapsed
and this aroused Interest In studyving the dynamic behavier of tanks.
Congiderable damage to liquld storage tanks cccured during tht fbllcvinn
recent earthguakes,

March 27, 1964 Alaska Earthquake. Hanson {1] has detailed the per-
Tormenee of liguid storage tanks during this earthquake. In the communiiy
of Whittier {Alaska) the release of combustible liguids started a fire
which burned for three days. In Ancharage, of 21 tanks, conly 4 suffered
no dazage. Seven tanks containing combustible fluids ¢pllapsed, releasing
their contents; three tanks released 750,000 gal of aviation fuel; for-
tunately thege did not cause a fire. Although much of the widespread
damage to storage tanks was caused by tsunamis, eartd gettlement and
liquefaction of the subsoil resulting from the earthquake, a significant
portion of the observed damage resulted from direct. strugturel sction of
the tank and its content. An important conclusion dravn by Hanson {s that
vhile those ¢ylindrical, flat-bottomed tenks that were nearly full sustain-
ed severe demage, similar tanks that were partly fllled vere not damaged.
There were many types of damege: 1} totel collapse —- the roof of one
tank was propelled T5 yards {n the direction of the collapse; 2) roof
buckling or roof collapse, due to failure ¢f the interior column sup-
porting the roof; 3} failure of the roof-to-shell connection, or 4) rail-
ure precipitated by shell buckling occuring around the bottom.

Analysis econdueted by Hanson fndicated that the tanks were dasigned *
vithout sceounting for the actusl forces genersted by earthquake ground

-

o
-
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ghaking., An assumed ground motlon that has 20 percent g maximm acceler-
aticon and lightly damped spectral velocity S, = 2.0 fps was found to be
sufficiently intense to cauase a typical tank to uplift, accounting for
‘the observed damage. Therefore it was recommended that these tanks be
designed and constructed to resist realistic earthquake forces without
significant uplift or that provislons be made to contain the content:of
the tank after i{ts ‘tollapse. -

1964 NMignta, Japan Earthgueke. Several tanks wvere demaged during
this earthquake and thelr fallure released combustible materials that
caused extensive uncontrolled fires, {llustrated In Fig. 2{a). This
fire caused considerable damage to tanks particularly inducing buckling,
Fig. 2(b). Medium or small-scale tenks which 'were directly set on sandy
50il were mainly inclined because of the drop in the bearing capacity of
the s50f). There was some dazage due to buckling of the shell becmpuse of
vibration. There were alssc a fev tanks which were damaged at the welded
Joint of the shell wall and rnor some of these failurez are iljustrated
in Ref. 2. . : . -

Pebruary 9, 1971 San Fernando Zarthauzke. HNotable structural failures
oceurred to liquid storage facilities during this earthquake [3]. 4
steel welded tank of 92 ft in dlemeter, L2 ft high with & capacity of 2
million gal, which contained approximately 1.9 million gal the morning of
the earthguake, suffered significant damage. The tenk was constructed
on & f£111 which-varies froz 40 to 53 ft deep under the tank. It was
degligned in accordance with Los Angeles Bullding Code using a 20 percent g
borizontal earthgquake lomding. Construction was finished in 1965,

Just prier to the February 9, 1571 earthqumke, total setilement
since 1965 varled from 3-1/2 to 4-1/2 Iin. After the earthquake, a settle-
ment ¢heck indicated a total settlement varying from 10-1/k to 13-1/4% in.
Thus approximately 7 to 9 in. (2/3 of the total settlement) occurred
during the errthguake, Damage to the tank consisted of a horizontal
buckling in the shell .plate {(elephant's fooi) 24 ft above the bottom and
"elong approximately a 150° circumfergncc. Alao some damage was observed
in the redwood roof.. The steel.sketch plate suffered a permanent defor-
mation leaving & separation of ebout 2 In. above concrete Tooting. From
enalysais of behavior of this tank end two similar gnes, located in an
area of substantiel ground movement and severe structural damoage, which
did net suffer any seripus demage, it was corrluded that the buckling of
the tenk shell was due to overload stresses caused by foundation failure
and differential zettlement. The two undemaged similar tanks are founded
on & non-yielding bedrock formation.,

A steel washvater tank located at the Joseph Jensen Filtration plant
fn the Sylmar area, having a diameter of 100 ft and a height of 36-1/2 ft,
suffered some damage in the tank gxin end the foundeation, The tank is sup-
ported on a reinforced concrete ring-wall foundation 1k in. thick by
3 £t deep and 1s filled inside with sand. There are twelve 1 in. dianeter
anchor bolts which conneet the tank +o the ring-wall footing through 12
saddles welded to the outside tank wall [see Fig. 3(a})]. The anchor
bolts were designed as tie-dewn points during construction, not to hold
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down the tank after completion. The tank was about half full of water
and thers was evidence of considerable movement of the tank, causing the
water to slosh and additicnal rocking of the tank. This was followed
either by pull out or by tension failure of the anchor boltz; one bolt
pulled out about 13 in. [Fig. 3{a)]. The upper part of the shell tuckled
#mlightly, as can be seen in Fig, 3{b). The buckled part has a thickneas
of 1/4 tn. {Tha s5teel tank walls have four vertical courses, maximum
course height was 8 £t and the meximims wall thickness 11/1%é at the bottom
end the minimum, 1/4 in. at the top.} The momentum of the tank roof and
support system following the Impact of the tank bese upon the ringe=wall
vas the probable cause of buekling., This buckling was most notlceable
oo the southwest side of the tank where vertleal movement was greatest.

. Fleld observations nade after the emrthquake [3] indicated that
there had beeh considerable vertical tank movemant, but negligible hor-
izental movement,

In the Los Angeles county district No. 21 (Kegel Canyon) there are
five reservoira ranging in size from 15 ft diameter by 18 ft in heizht,
to 27-1/2 £t in diameter by 24 ft in height.. These reservoirs are &ll of
welded steel construction with slightly conlcal-shaped roofs and wers

"built from 1937 to 1958. Earthguake damage to all five tanks comsisted
of slight dlsplacemsnt near the base, ang separation from connecting valves
and fittings. Compresaive stresses in the tank walls from motlon acceler-
atlion gaused buckling in tank shella near the base. From the fleld survey
"it was concluded that of the tanks affected by the esarthqueke, those where
the foundaticn was damaged had less buckling or bulglng of the shell
than vhen the foundaticon rezained rigid.

In the 'Olive View Hospital there were thres reservoirs: one 700,000~
gal steel tank, and two of concrete. The steal tank, built in 1968, was
55 ft diameter and 40 ft in height. It hed a standard foundation consist-
ing of & 1/% by B in. steel retaining ring 57 £t i{n dlameter and filled
with three parte crushed rock and one part sand. Damage to the T00,000-
gel steel regservolr consisted of a torn tie rod used for bracing the roof
raftera. Most of the rafters buckled sidewsys, all In the same direction,
as 17 the tank shell rotated counter-clockwise and the center ecolumn
support in the roof rotated cleckvise., Some of the raftera south of the
overflow were alsc bent vertiesnlly to such & degree that water puddles
were formed on the roof in en mrea 3 to 6 ft from the roof edge. The
shell buckled within the lower 2 ft all around the tank except at the
drain outlet connection snd betveen the bresk In the tank {loor and the
inlet-gutlet cannections. The buckling caused a bulge of up to b In.
cutwardly. Near the top of the shell above the middle of the ataircase,
the ahell alac showed deforzation petterns over an area within 10 ft fron

_the reof edge and about 15 ft wide,

The tank floor showed deformation of three different types. There
wus gnother glde effect of the shell and floor plate deformation. On the
south alde, between the stilling well and draln outlet, the botton edge of
the tank was not resting on the foundation, but was raised about 1 to 2 in,
from the foundation surface. " On the north side, the edge of the tank appears
to have been pushed intoc the foundation to a depth of more than 3 in.
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Besides the above-mentioned deformations, the weld between shell and
. tloor plate was torn open for a distance of, lﬂ ft oorth of the stilling
Wll - PR - r

Stresses beyond those for which the reservoir vas designed caused
buckling of the shell end tearing or pulling’ apart of' the bottom plates
in the T00,000-gal reservolr. Draipning of water from the reservoir cauued
breaking of the foundation and erosion of the earth pad There Mere mehy
other small steel tanks vhich suffered similar damage.

Inside the tank, the foundatlion under an area of roughly 100 sq ft
between .the draln nutlet, interior lsdder, and center column seemed to
bave collapsed. The floor plates in that area did not ‘show any suppcrt
vhen walked or jumped on. . Of course, this "hole" under the Tloor platea *
could have existed before the earthquake. T

In addition to steel reservoirs, thers were many reifnforced cnncrete
tanks, most of which were partially buried, The concrete tanks suffered
considerable demages and had to te removed or abandoned.

From the field survey and snalysis of performance of the reservnirs
corducted:[3} after the-San Fernando Earthquake, the following main
obcervations and recommendations were made,

To minimize tank failures, the first regquirement iz an adeguate geo-
logic investigation, Second, consideration should be given to construgting
tanks, vhere passible, so thet the helght of the tank is not Iin excess of
0.7 ner less than 0.4 of the diemeter. If these ratios are exceeded, then
extra heevy asketch plates megy have to be added to the cuter radius purticn
of the floor.  w.e. ]

The behavior of the steel tanks does speem tu indicate that the design
criteria for these tanks should be revieved because of well buckling in *
almost all steel tanks that were surveyed. The sglution to this problenm
might be more.involwved thaen,simply limiting heiaht to~diameter ratioc, since
this does .not directly take. into account any verticsl accelerations or
potential buckling up -in:the tenk shell. Ancther difficult problem.is 6
prevent the breaking or pulling apart of external  tatux ccnnectinns

November 23, 1977 San Juan,. Areentina Farthquake., This earthguske
of Richter magnitude 7,4 devastated the town of Caucete Niear the city of
San Juan,rand produced sevére damage to many civil engineering siructures.
One of the main, and perhaps most important featupes, was the extensive
damage to wine reservoirs. Although no officiel figures of the wvine lost
pecause of reservolr fnilure was releaced, sgme newspaper evalustions
ranged from 10 to 20 million liters (10,567,000 to 21,134,000 guarts}.
Fersonnel from the "Pefaflor” wineries claimed their losses st San Martin
and San Isidro establishments to be 2 millien liters. This less was not
only a disaster to the egonazy of San Juan, but ralsed serious guestions
regarding the design and construction of these reservoirs,

There ls e wide variety of reservoirs particularly in the larger wip=
eries, ‘Besides the common outdoor cylindrical tanks, there are rectangular,
zulticell *indoor tanks of ome or two stories built of reinforced concrete.
N0 serious damage was observed in this lest type of reservoir, except for
gome cracked roots., - *

, Most. of the tanks were made of steel plate or reinfarced concrete,
aithough.some were made of wood. .These ware small and did not suffer
damage except minor support problems, Although all the steel reservoirs
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were cylindrical, their capacity, slenderness ratio, and roofs varied con-
siderably =- from 50,000 to 1,500,000 liters. In general the reservoirs-
were short, l.e., of a slenderness ratiec {diameter/height) clpse to 1.
Cocling tank reservoira vers tall with a slanderness ratio higher than

2, some with a diemeter of 6 meters and a total height of 15 meters (Fig. 4].

B0 detniled design procedure of these reserveirs was available, but
it appeared that the seismic design was bnsed on & static enalysis of the
filled tank, using selsmic coefficient C = 0.2, and very low allowable
gtresses. According to this method, the tanka were actually overdesigned
in spite of the very thin steel plates used in their construction. Details
for tanks of 1 and 1.1 million liters are shown in Flgs. % and 6.

As shown in Fig. é(a), anchorage conszists of rods b mm in diss:ter,
ench spaced at 80 cm. These rods were wirlded to the plate of the tank as
specified {n this figure. In some cases these rods were made of deflormed
twisted reinforcing bar which during construction were beat flat against
the reinforced coterete base to facilitate the placement {e;ection} af
the tank, as illustrated in Fig. 6{b). This {s a poor technique because
the twisted, cold elongated steel used ag reinforcing barzs often broke
during the rebent operation, and those that did not bresk uwere so veakened
that they broke during the earthguake [Fig. 6(c)]. Another serious dif-
ficulty with the design and use of anchor rods, even vhen mild {ductile)
rods were uaed, was that in order to weld these rods to the tankh steel
rlate they needed to be rebent with a kink, because of the way the bottom
plate {base} of the tank was welded to the tank wall plate [Fig. 6(b)].

In several cases rods Talled at these kinks because of shear off or ten-
alle forcez that developed (Fig. 7).

The folleowing different -modes of fallure andfor damage of tanks were
observed during this earthquake:

{1} Damage to roofa due to sloshing and suction. Fig. 8.

{2) Torsional buckling of wall. Fig. @

(3) Buekling of the lower part of side wall. Fig, 10 . .

"~ {4) Breaking of the welded Joint of side wall and bottom plate. Fig. 11

(5) Horizontal sliding of tanks. Fig, 12

{6) Inclination of tank {Pedaflor). Fig. 13 .

{7} . Subsiding of tank.

June 12, 1678 Mivazi Oki Earthcuake. During this earthquake of mag-
nitude 7.4, severai buildings locaced on 307t ground collapsed and some
gignificant damages were sustained by varieous lifeline oystems. Many Lnnxs
had significant damages. For example, the Sendal Refinery of the Tokoku
0il Company had a totel of 87 tarks.-— many of these tanks subsided, and
three of the larger tanks contairing topped refined fuel failed, zspilling,
or flushing out through cracks of the annular plates, approximately 68,100
ki of oil {L,5]. The surrounding dike could accomodate only 35,000 kl.
The oil overtopped the dike, innundated much of the refinery erea, and
.Bpilied over into the port, The facility was not in operation when the
earthguake struck, having been shut down for annual maintensnce and check
up. Thus a serious hazard from the spilled oil was fortuitously avoilded.

A large water storagze tanx near the main refinery complex experienced
Bignigicant rocking. The anchor bolts stretched, or pulled out, from
I to b in,
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CONCLUDING REMARKS b

_ Prom thé above summary of performance of cylindricnl liquid storage
tanks during earthquekes, it can be concluded.that these, facilities can
underzo several types of demages. In the case of steal tanks, Sogabe et
al [6] have classified damages into the following modes,

o {1) Swinging end rotation of floating roof
- =7 {2) Fallure of top angle
" {3} Fallure of cone roof _ ) .
- {k} TPorsional buckling of side wall ~ R R R
{5) oOval deformation of side wall ' . o
.{6) Buckling of the lower part of side wall '
{7} Breaking.of the velded jJoint of side wall and bottom plate
(8) Failure of inner_ colunmn supperting roof
{9) Horlzontal sliding of tank
(16} , Inclination of tank
{11) Subsiding of tank
While the modes 1 - & are thought to be the damages caused directly
or iciirectly by, the sloshing of liquid, 10 and 11 are caused by the
deformation of the foundation of the tank. The causes of these d4ifferent
damages need to be investigated and suggestions ‘made for the design and
- construction of new tanks and retrnfltting of existing ones. A discussion
of these issues follows.

" ¥

-

SETSMIC RESISTAYT DESTGN OF CYLINDRICAL LIQUID
' STORAGE TANKS:™ STATE OF THE PRACTICE

INTRCOUCTORY EIMARKS .

. Although most existing tanks have been designed necording to codes
and standards, these codes fail to define properly selsmic excitations or to pro-
vide guidance on how to estimste the effectsof these excitations on liquid
storage tanks {7]. The effects of earthquake ground motions on any
structure, usually referred to as selamic loadings, are due Lo the Inter-
actios between the dynamic characteristies of the ground motions and
those of the structure itself. - Ground moticns ariginated by an earth-
guake have six components, three transliational and three rotatiomal.
A5 stown below, code procedure generally considers only the effects. ol
ope horizontal compenent of the actusl ground motion.

CODE “ESIGHN PROCEDURE

' The Uniform Bullding Code, UBC, [8] is most often rersrenced when
seisric deslgn 1s a consideration. This code sssumes that the only sig-
nificent effects of ground shaking on structures are produced by the
horizontal components. This not only neglects the effects of the three
rotational components of the earthquake ground motion, but alsoe those of
the wartical translational compenent. FPurthermcore, the effects of the
two horizontal translational components are assumed to act nonconcur-
rently in the direction of each of the main axes of the structure.
According to U3C, every 5tructure {{ncluding tanks) should be designed.
and ecnstrycted to resist minimum tetsl letersl seismic forges asswmed
to e¢: nonconcurrently in the direction of each of the maein axes of
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_ the structure in accordance with the following formula
. .. i .

ST A TP Y=ZIKCSW T S {1}
vhere _ . . .
® The total lateral force or shear at the base,
Numericel coefficlent dependent upon the seismic zone,

» Qccupancy Importancs Factor,

Mo R e
i

= Numerical coefficlent depenpdent on type and arrangement
of resisting elementa,

C = Numerical coefficlent dependent on the period T, of the
structure,

8 = Numerical coefflcient for site-structure resgnance.
W = The total dend losd {(Weight of reactive mass).

Considering the case of Z = 1, i.e., a tank located {n the regions of
highest seismic risk in the United States and & value of I * 1 as {t was
considered until 1976, the UBC formula reduces to

‘I-'=KC5H<U1!IKW_ : . (2)

i

Until 1976 the value of S did not appear and v = KCW 2 0.12 KW, T

Yhile the pregent value of € = 1/15 ¥ T < 0.12, until 1976 it was
3

C=0.05/ VT < 0.12. In other words, before 1576 most of the tanks
should have been designed for a total base shesr of

0.05

V= KWs 0.12 kv ' - EY,

. - T
In applying this equation to tamks, the deslgner faced three problems:

{1) The estimstion of T; (2) The selection of ¥: and (3) The estim-
ation aof W. 1

L)

Fstimation of T. Until 1976 no guideline was given regarding the
estimation.of T for tanks, In 1976 the following formula

N
F v d

n
(g E fiﬁiT
- - . i=1
vas suggested as approprimte te estimate T. This formula 1s based op the

Raylelgh method'of analysis. The pericd T should be computed using the
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atructural propertisg and deformntional characterization of the tank
and considering the mags of the liquid. To nvaid its computation a value -
of C = 0,12 could be gelected.

Value of K. Although no specific value of ¥ for ateel eylindrical
tanks 18 given in UBC, a value of K = 2.00 can be adopted vhich will be
in mecordance with the K recommended by UBC for s structure other than
duildings ‘and other than those set forth }n Teble No. 23~J.0f 1979 UBC.

VYalus of W. This ahould be the weight of the tank itself plus the
welight of the liquid stored and, in some cases, the weight of eBnow that
EEQu:ulated on the rnnf : : *

Based on the above vnlues, the tankn. according to prESent {19791
geizzic code requirements‘ Bhuuld be designed for a

V £0.12x2xW=0.24W (5

For example, zost of the tanks that sufrered damages during the San Juan
Eartrquake vere desipgned for ¥V .= .20 ¥

When this total bese shear force is compered vith those used for
buildings, it 18 three or more times the base shear regquired for build-
ings based on ductiie moment resistant frame. Thus two guestions arize:
Firsi, why should tanks be desighed for seismle forces considerably
higher then considered for buildings; Secondly, dces the use of seismic
desizn coefficlent 0.2k provide sufficient safety gu&rantee against
tank fajlure?

In answerling the first question, it 15 nécessary to recognize that
the equivelent atatic lateral seispic forces established by the UBC for
btuildings are forces based oo the assumption that the structure is cap- -
able of undergolng plastic deformetions which will dissipate part of the
iopus enmergy to the structure from the ground motion. In discussing
thege code requirepenta in cases of ductile Tesistant frame building
structurea, it is usually peinted out thet the essumed seismic force
lmplicitly invelved s displacement ductility of four ta =ix. This as-
sumad ductility {energy dlsalpation capacity) is reflected in the value
of K = 0.67 recommended For ductile morent resisting frame. '

In cases of steel eylindrical tanks, discussed and Illustrated
previcusly, 2 maln remson for tank failure {s bupkling of the thin shell.
Az will be shown later, this buckllngroccurs in the elastic range of
the steel; thus no ductlle mction (dissipation of energy through plas-
tie jeformations) can occur in the tank shell. So the value of K has to
be larger than for buildings and should reflect the elastic Intertia
forces that would be developed due to the elastie response of the tank
to critical earthguake ground motion.,

Regarding the second question, if the suggested minimun ﬂeismic
deaizn coefficlent of 0.24 provides sufficlent safety for tanks located
in sites of high seismic risk, the cbserved damagea indicate otherwise.
What are the reasons for this diserepancy? In Judging the soundness of
any aefsmic code, it Is not possible to separstely cunsider each of
the 3ifferent provisions. It 15 necessary to lock at the whole design erl-
teria or process, so that 1t is not possible to Judge the scundness of the
code specified seizmic forces by analyiing them alone. A aelemic

- ; r
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‘resistant design is not speEified untll at least the following factors
‘are defined: the design earthquake [seismic forces}, the .form of =atima-
ting the pericd, the demping,and the method of design (allowable atress,
strength or limit design).

The UBC apecifies the selanic forces at a service level, i.e., theae
specified forces should be used in conJunction with the allownble stress
design methed. In cases of steel, the allovable stress against buckling
under normal servica load candit1cns (gravity loading) usually assumes

a safety factor of twe. In cases of combined nortal service loads apd
UBC selsmie forces, the safety factor {3 reduced to about 1.5. This
coefficlent Is associated with the computations of stresses based on the
agssumed linesr elastic superposition of the stresses due Lo axial forces
imposed by gravity, Wy, snd those’due ta the bending moment, 3M, pro-
duced by seismic lateral forces, i e, y

* ° -

LJ .
i 1.. g = T t Bl‘{ ; R E,Uﬂl L) {EJ
© 2Rt

Where W is the tank weight above its base, R {a the radius of the tank, t s
the thickness of the shell, and I 15 the moment of Inertis., Therefore,

in enalyzing hovw sound the code selszmic design forces are, it is neceassary

to see how they wre used in the whele design pruLeuurE 1.e., it 18
pecessary to see the diffarant fncturu involved in the two nide: af the
basic design equaticn

_[DEMaNDS) <« (suPPLIES]

b N
STRENGTH . STRENGTH Lo {1}
STIFFNESS STIFFNESS T

DUCTILITY DUCTILITY

are estimated and used.

The first question toask is, are the demands in strength estimated
gorrectly — this means, are the forces and stresses correctly determined?
It will be shown that the elastic selsmic foreces for severe sarthguakes
io the zones of highest seismic risk in the United Stetes can be conside
erably higher than the one specified by USC. Sacondly, tha effecte of
the actusl seismic hydrodynamic forces developed are considerably more
gevere than those obtained following UBC procedure.. Thirdly, the use of
Just Eq. {6) to estizate the stress demands is questisnable because of
cut-of-roundnesa, construction errors, and effeet of hydrodynamic forces.
Thus meny uncertsintjes exist in the estimation of the damends and .
stréngth demands may be highly urderestimated when U3C design pracedurs
iz followed. .

StrEngth Supply. Folluuing uBc design procedure, the next gquesticn
becomes, what is the available or supplied strength? The allowable
. atreasea apecified in the code need to be known for the diffﬁrent load
combinations to be ¢on51dered
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Effects of Cravity Forcesd and Hydrogtatlc Preggure of Ligquid. In
thig case the design-iz controlled by hydreatatic presaure thickneas -
requirements for the vesael. The alloweble stresz, da11 = Ft is '
usually salected’on the basis of using a certain safety factor with res-
pect to the specifled minimum yleld stress for the steel, F? that 1s
used. At present the Fy = 0.6 Fy. :

Combined, Gravity, and: Seismic Forcea. When the effect of seismic
lateral forces i3 considered mcting simultenecusaly with the effect of
gravity forces, the buckling of thin shells usually controls. In the
case of combined loading conditions, the code ‘allows an increage in the
alloweble stresses of 33-1/3 percent, which reduces the safety factor to
about 1.5. The UBC does not provide ony specification andfor guidelines
on how to estimate the supplled strength against buyckling of tank shell.
Follewing code procedure and specifications, the hydrostatlc pressure
thickness requirements for the vessel usurlly far overshadow the critical
tuckling earthquake stress In the vessel because of the Increese in
allowable stress that is telerated, However most of tank damages have
been due to shell buckling. Thus thia fector needs further discussion.

- BUCKLISG OF CYLIWDR;CAL TANKS INDER EARTHOUAKT VTuI“ATIOT

Ome of the most cormon failure modes of a Cylindrieal liguiad storage
tank under earthquake excitation is the buckling of the tank wall, The
process of predicting the level of excitation necessary to cause this
‘type of failure is az follows [9):

(1) Deteraine the fluid pressure acting on the tarnk wall due to
ground motion and find the critical atresses in the tank due to this
fluid pressure.

{2) ZFstablisy the tank wall streosses which will cause buckling.

The problem of predicting the critical buckling stresses of o cylin-
drical tank is coxplicated by iwo factors. First, the stress distribution
in the tenk prior to buckling ia fairly complicated and closed form
buckling solutions are not available. The second difficuity 1s that the
buckling enalysis will predict the buckling condition of the perfect
tank structure. The actual buckling stress will be less than this, the
difference dzpending upon the magritude and shape of the initial geometric
ioperfections of the tank wall. Thus it is hecegsary to determine the
following ratio. -

. g oeritical actual = »

= Knockdown Factor. {(8)
g eritical computed - :

This knockdown factor Ia found from buckling tests for the shell/
load combination of interest. However, reliable datn for the ssiznmic
criticel loadlng condition is very scarce. Then most of the equations
{formula). in use or suggested In the pertinent literature are based on
results for simple conditions that somehow recrésent the more complex
actual cendition. Miller {10], arter reviewing all experimental data
avallable {rom over TOO tesis condusted by diff-orent investigators prior
1o 1976, developed equations for ecritical axial ncapressive stress for
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" both stiffenad, and ring stiffened, fnbri:ated cylindern of finite. 1ength
The equation derived for the buckling ‘stress Oap fcr ‘elastic failure-ia ¢
Of the tm ' x . * ! '

vhere C = elastic buckling coefficlent
E = Young'a medulus

t = thickness of shell .

. R = radius of cylinder . .

This equatiorn I8 of similar fora to the theoretical formula

LA

E t
ber * ———— ~ (10)

Y3 /1-v' R
- e \
Because tests have jndicated that the critical stress actually develaped is
usually caly 50 to 60 percent.of this theoretiecal value, it 15 better te
use formula > -where it can be shown that C 13 a coefficient that depends .
] L [
upon a Eﬂcae-r? parazeter M = —— vhere L is the length between end
2 7Rt

bk

restraints or between ring stiffness, and upon the imperfection of the oyl-

inder: Because the data on fabricated cylinders are very limited, a con-’

stant value -7 C = 0,125 i= reca::ended br Miller for unstiffened cylinders.

This agre=d Fith the value, 'g.,. * 0. 12 1 SuEEEStEd by YGUﬂEET in

cr

1935 {11]. Tmerefore, a conservative value for estimating the eritieal
stresses for very thin wall shells is

. . E t : o
0o = 0.125 =5= {11)
Az dispussed hy Wozniak nﬁd Miller (12), considering as E = 29,000 ksi and

e safety Tactor of about 1. 5, the following velue for allovable stress,
Fa,can be cttained -

- hoaﬁaac t (12)

where t 13 ir fnches and D in feet and F- in pal.

Lo, Cra%e and Schwartz [13]-determine that 0. lncreases with. inter-
nal pressure. Theoretically, with sufficient internal pressure the
critical buckling siress will reach the classical limit of 0.6 HE. vhich

is the theorstical value given by Eg. (10). However, only limited tests

have been'meis to date. The testis conducted’/by these investigators showed -

- - . | r

- . -
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a daublini of the eritical buckling stress as the nondimensional para-
pater % () (uhzre 7 i: the internal preanure] increnaed from zero to

- -

a value of G.lGEE. This value 1n reached vhen the value of- -GHD" {t

(where G im the Bpecific gravity of the liquid and H the maximum filliine
height of the tank) is about 200,006. Based on this it has been proposel
(12] that the alluwable lungitudinal cnmpressive,stresa for thin wall

tanks for vnlues af GHD !t greater than 200,000 be

. - . _11'..._ ) .o
. . 800,000 t . .
.r‘ —'ﬁ-—— " ':13}
end for valuves of EE%_ < 200,000 , e e,
%
’ - R . e . .
Fr = 400,000 £ + 2 GHD (1)
| 3 D t

.
i - - .

placing s 1limit Fl £ 0.5 Fy {vhere Fy ‘{s the minimum specified yield

strength of tank shell} to maintalin an adequate safety factor throughout
the intermediate range of t-to D.

The results obtained by Lo, Crate,iand Schwartz have been confirmed
by Shih and -Babcock [$) by testing the same model tanks under true loading
eonditions —- uniform internal pressure and axial lced and inclined tenk
loading. ~The uniform loeding results illustrated!in Fig. 14, show an in-
crease in critical gtress from 0.295 to sbout 0.% with increasing internal
pressiure, while the analytical’ results for a perfect.shell do not show
this trend and are 0.6. When the values obtained from the inclined tank
_tests are cocpared wvith the predictions.of the critical stress based on
wniforn loading {using the ceritical stress at the toe of the tank uniformly
distributed mround the tank and aleong its length) it was found that the
. prediction from‘uniform loading is much lower {20 to 50 percent} than the
test results (Fig. 15). Therefore, the resulis show that the cogmonly
used buckling criterion for cylindrical tanks is somevwhat conservative.

™i{s no doubt results from the localized nature of buckling in the in-
clined tank as opposed to the global buckling of wniform loading. A
timilar situation exists when comparing pure bending and axial compressicn
buckling. Shih and Babeock {9] thought that the differences in these.
cases were due to the possibility that the nonuniform loading case may not
involve the most imperfect part of the tank shell, r

SEhih and Babcock [?) also noted that for & smail angle of lnclina-
tion the mode of buckling is similar to that of s cylinder under pure
bending. For higher angles the buckling mode indicates that the shear
. Stress mey be important. This is not considered in preaent methods of
. predictions. .

- -To gumaarize, it appears that the present methods of predicting the
eritical buckling atress, i.e., the buekling failure criterion usad in
estimsting the strength supplied is somewhat conservative, however, this
does not mean that the present overall deslgn method is conser?ntive
Becguse of the uncertainties involved in estimﬂting strength demands
(computing the state of stress Lhat iz developed i{n the actual situation
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" at the eritical reglon nf the tank), it mey well be that the actual strength
demand is so undersstimated (because of all the uncertainties involved in
such estimation) that i;_eannat be ovarcome by the-conservatism lnvolved

in copputing available-strength! - . . :

L0,

STATE OF ' THE'ART IN PREDICTING SEISMIC - .
RESPONSE OF CYLINDRICAL LIQUID STQRAGE TANKS ‘

INTROUUCTORY REMARKS

wonen liquid storage tenk foundations mre sublected to earthguake
ground motions, dynamic fluld pressurestare develoved which are of great
importance in the response of tanxs and, therefore, in their seiszic
reaistant design. In 1933 Weatergsard [lh] offered a solution in the
deterzination of fluid pressure on & verticel dam due to horizontal ac-
celeration. In 1949 Jacobsen [15] selved the corresponding problem far
a cylindrical tank.” Graham and Rodrigues [16} gave a very thorousgh ana-
‘1lysis of the impulsive ard convective pressure in a rectansular container.
In 1957 Houaner [17] ‘studied the dynamic pressure developed on accelerated
liquid containers and in 1960 Cocver [18] and in 1963 Abramsen [19]
pregented review srticles on the state of the art of liquids in moving
conteiners. 3Since the 1557 Housner investization and until 1969, most of
the work involving liquids in tanks hes hed direct application to space
vehicle technology. 'In 1969 Edwards [20) studied the validity of the rigid
tank assumption made by Housner and formulated a procedure which incor- °
porates the elastic properties of the cylindrical shell. XNewmark and
Rosenblueth [21] in & chapter devoted to hydrodynamics, include a
diseussion of the solution edvanced by.Housner, te which they intro-"
duce scme corrections. In 197L veletsos [22] presented a simple
procedure for evaluating the dynamic forces induced by the lateral
component of en earthquake motion'in liquid-filled ecylindricel tanks of .
circular cross section, giving due consideration to the effects of tank
fMexibility. Sinece 1973 cany studies have been conducted on this problem.
Epstein in 1976 [23}, sfter reviewing the state of the art and of the
praciice, suggested a design procedure Incorporstios the state of know-
ledge to that year. Some very important work has been conducted by the
Japanese, for example s Takayama, 1976 [2L], Sogabe, et al., 1576 [61],
Pujita and Shirski, LFTT (25}, published results of their studies.

Research hes been conducted slnce 197L at the Unlversity of Califor-
nia [26,27], the Unlvarsity of Massachusetts [28], Rice University
[(29,30], The california Institute of Technology [31], Southwest Research
Institute [32,33), and at Institutiens around the world, Hunt and Priestly
EBH], ¥isher{35], Kobayashi [36], Rigaudeau [3T7]., and Langer and Prager

38}1. :

- L 1

In spite of the above studies In current deaign practice, seismic
analysis and seismic resistant deaign of liquid storage tanks are based
on the method developed by Housner in 1957 {17] and recomzended by the
U. 8. Atomic Energy Commissfon in Aupust 1563 [39], and subseguent modi-
ficaticns introduccd by the results of studles conducted by Veletsos {22]
- and others. In 1977 Miles [Lo], efter sumrarizing the application of
theoreiical research*to the design of steel reservoirs, made a aeries of.
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recormendationa to attaln extra margin bf*safety in seismicresistant de-
'sign of these reservolrs. The enalysis of dezands ia based on the model
suggestéd by Bousner but with certain modifications to include the flex-
1pility of the reservoir-liquid system; in 1978 Wozniek and Mitchell
(12] degeribe the "basis™ of selsmic’ -design provisions for welded steel
oll storage tanks" vhich are proposed to be included in API Standard
£50. Tnls estimatiop of the demands are also based on the simplified
HAousner procedure,

Before discuasing Housner s'method it is convenlent to discuas
qualitatively the seismic response.of,these tanks., ‘.,

» - -

QUALTTASIVE DISCUSSICHN OF ACTUAL SEISMIC RESPCNSE OF CYLINDRICAL LIGUID
STORAGE TANKS

- Y . - . o

When & tank that contains a liquid at rest is sublected to an enrth-
quake, the Bubsequent. ground motionas, cause the tank to accalerate in the
borizontal plane (Fig.'l) &s well &3 in the vertical: direction The probles
is to caluculste the resulting rluid motion and the pressures on the wall
of the tank. ZRefore discussing different numerical soclutions to this
probler, a zimple qualitative discussion shall first be presenteﬂ of the
overall response based on the assumption of s rigld tank, considering
the effects of only one horlzontal couponent of the ground motion,

Hanson (1} and Sogsbe et al. (6] offer discussion of the ‘seismic
response of this type of tank. - Considerimg that the exfect af the im-
pulsive and convective pressures on the tank are qualitatively similar,
Hanson uses the convective pressure In discussing the effeet of these
pressures on tanks. The distribution of the pressure on the walls and
bottom of the tank due to sloshing motion is indicated gualitatively in
Fig. 16{a}. This makes.clear the'origin of the bending moment acting on
the base of the tank and of the overturning.-moment actlng on the found-
ation. If the tank were’ rigid, the.dlstribution of this new pressure
distribution in tns llquid wvould be to redistribute pressure 1n the
supporting foundations to satisfy force and poment equilibrium. Hovever
in prectice, steel tanks are built of thin flexible steel plates, thus
the spil pressure cannot contribute resistance to the overturning effect
of the fluld moments.' For this type of tank,the overturning resistance
pmust be supplied directly Lo the shell wall Ffrom the foundation. This
resistence depends on whether the tanks are anchored. If the tank Js not
bolted to the foundation, the tensicn force cannot be transmitted to the
foundaticon, therefore the tank wall must rise in this tension 2one until
a lerge enuugh portion of the bottom fluid pressure uvercomea the tenslile
force. This action is illustrated in Fig. 16(b) which shows that the tank
could be in equilibrium without uplift if both tension and compression
forces could be developed at the bottom of the wall: -

Fig. 16(c) shovs that when the tension side of the tank rises, a
large compresslve load l1s applied to the shell at the opposite side of
the tank. The portion of the shell between the compression zone and the
tension zone carries the stress as the web of s beam. The large compres-
sive force ip the thin shell of the tank ¢an cRuse the plate to buckle.
Becauge the internal fluid pressure at this polnt is cutward, the natural
tendency is for the shell to buckle outward. Even without uplirt, the .
ghell nay buckle, but:'it 1s less likely tn do so. The maximum compressive
stress ls greatly increased when uplift occurs, and preventlon of uplift
will therefore redute the pogsiblity of shell buc&ling Probably cne of

o
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the most acceptable methods of preventian is to stiffen the bottom plate
around the edge 3o that the tank wall cannot rise & slgnificant mmount
without alsa raising severalkfett of the bottom plate. ~ This stiffening
could be accomplished by increesing the thickness of the bottom plate
around the edge or by uaing elither structural shapes or gusset plates.
In. addition to buckling the wall, the uplift of a tank could alsc break
pipe connections and release the contents, which might then be ignited -
‘another 'important reasen for preventing aignificant uplift.

So far, only remscns for possible damage to the tank bottom and lower
shell have been conslidered. As previcusly mantioned, the roof and roof-
shell connectiocna are usually alsc damaged. 'This damage has two possible
¢auses. If the amplitude of the sloshing motion of the liguid is greater
than the freeboard provided, the direct eontact of the liquid with the
roof may damage the roof-shell connectlon or buckle the shell at the roof
support member-shell connection. Such damage can best be prevented by -
providing freeboard equal to the maximum expected sloshing amplltude.

The other pessible source of roof derage i3 the zame as that whigh causes .
buckling of the shell at the botiom; that is, the uplift of one side of
the tank requires the roof to act as a structural dlaphragz to hold the
top of the shell circulsr. This diaphragm action tends to make the roof
buckle unless it has been desigoed as a structural element.

Thus, accordlng to the above seismic response cdiscussion, observed
tank dsmage can be attributed to the combined action of the liguid. glosh-
ing motion and the izmpulsive ine-tia oressures. Lae dagnitudes of the
aoverturning moment and of the horizontal shear urEE and the amplitude of
the aloshing motion car be determined from the velociiy responseagpectrunm
values for the earthquake being considered. The overturning mement
cansed by pressures on the walla is the aignifica.nt item which Housaner's
method of computation simplifies.

-

. 1
HOUSNER'S METHOD ‘ .

Assuming that the tank contains & liquid that 1s Incompresaible, in-
viscid, and is at reast,-and that the tank is rigid, and considering only -
the effects of one ¢f the horizontal components of the ground motion,
Housnar [17] showed that the results obtained from a vigorous analysis
based on & solution of Ja Place's eguation, allows one ts derive satis-
factory solutions by an epproximate method which aveids partial-differ-
entinl equaticons and infinite series.. Acecording to Housner's approximate
method, part of the contsined liquid moves rigidly with the excited tank
while ancther portion of the liquid ia considered as mass attached with
spring to the walls and is a participant in sloshing.

Dynanic effects dus to the rigldly constrained liquid have bean
termed "impulsive" responses because pressures generated through this -
mechanism &re directly proportlonal to lapuleive accalerations of the .
rigid container. Effects dus.to the free sloshing of the liquid ars =~ "¢
. termed "econvective" because they are s consequence of liguid flow (Fig. 1).
According to Housner, the forces dus to lateral acceleration of the
liguid in the tank can be found using the equivaelent nechnnicnl models of
masses—springs--dash pots, shown in Fig. 17.

The impulsive preasures associated with the inertin'forces are.
directly related in time to the ground accelerations and are primarily
of high.frequency {low period in the range of 0.1 to 0.5 saconds).

L]
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. contrast, the convective preasures asscciated with the sloshing motion of
the liquid are directly relmted in tine to the osclllatory reaponse ‘af
the liquid generated by the earthquake accelerations end are primarily
of low-frequency close to natural frequency of the sloshing flutd (hish.
periode). For example: for a water cylindrical tank of L ML {Dlameter;
10.50 m and Height: 10.55 m), the ‘fundamental pericd is 3.k sec and the
2nd order is 2 'sec; for a 100 ML eylindrical.oll storage tank (Diameter:
80 m, Helght: 20 o}, the fundamental PE!‘lnd is 11.0 sec and the 10th
erder is 2.3 sec. :

The maxioum ground acceleration and the maximum 11quid sloshing co-
ticn probably will not cecur at the seme time, however, it iz pessible that
for a combination of impulsive and convective pressures. at s given tize
to sxceed the maximum 1mpulsive or convective pressures considered separ-
ately. As pointed out by Hanson [1], engineering Jjudgment must be uged ‘=
selecting the maximum dynanic-load condition for which the liquid storage?
tank 1s to be designed.

Tt has to be mlso noted that the hydrodynamic pressures that are
computed are those in excess of the hydrostatie pressure. TFormulas for.
the maln parameters in the models of Fig. 17 wer= originally derived by
Housner [17]. 1In 1976 Epstéin (23], based on these formulss and subsesusn:
modifications and corrections, publiahei a comprehensive summary of for-
mulaa for cylindrical and rectangular tanks. gpsteln presents curves
that are useful”in quickly estimating the bending and overturning moments
and he gives a detailed step-by-step procedure for finding these momentc. |

Az indicated in Fig. 17, for the computation of the bending and over—
turning moments at the base of the shell, it is necessary to distinguish
between shallow and tall tanka: A shallow tank 15 defined as one In
vhich a i,% 5 1.5, Tall tanks are o * 1.5. TFor thess slender tanks -
the calculation of the convective forces should be based upon that portion
of the liquid considered to be in motion, and not on the full liquid depth.
As & consequence of this nevw trestment, Fpstein developed simplified ex-
pressiong for eatimating the ooments caused by the convective pressure,
without sarrifieing accuracy. Although a1l the equatipns and curves are
developed considering the tank sublected to Just one«dimensional herizontzl
earthquake exclitation, the-detailed procedure also includes conalderatiaon
of the effects of the two harizontal components of the base excitaticon
actiong aimuitanecusly. '

Although Fpsteln mentions possible effects of the vertical component
of ground acceleration, he considers thet these do not affect the maxi-
mum moment acthting on the shell. It.has to be noted that the procedure
presented by Epstein is Just & procedure for estimating the-strength de-
mands on the botiom of the shell wall and on the foundetion. The aug-
'gested procedure does not cover the problem of how to design against
these demands, thus 1t is not by ftselfl & complete design procedure,

Epstein did, hawever, make an important observation., He pointa out that
in most ceses of large storage tanks, the full tenk condition will give

a maximum bending moment, however, 1f higher accelerations are encountered
© ag .the 1iquid leval decreases,,lawer iiquid-levels showld be investigated.
In particular, that liquid height which gives the peak scceleration should
be consldered. Heighta less than this need not be considered, but one or
two hefghta between the zayimum acceleration height and the fuli tank,
might a;qu‘be investigated.. The critical liquid level depends upon the
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nature of the response spsctrum curve and where the pseudo acceleration:
corresponding to the sloshing material period of vibratlon, T, for the '
full tenk condition falls on the pseudo acceleratlion curve, As the liquid
level lowers, the T increases..

Epstein alse givea simplified expressions to estimate the neceasary
freeboard required to prevent selsnic forces from causing buckling and
tearing of the roof-to-shell Jeint, and the resulting damage to the shell
itself. This is done by estimating the maximum free-surface displacement,

A
dmax' For eylindrical tanka d 0y = 0.531 {E JR where A is the apectral
acceleration and R the radius. of the cylindricsal tank. .

Surmarizing, the design procedures in use are either the UBC Seismic
Code or the more= refined ones based on Housrner's anslytical model as sus-
gested by Fpstein, which is perhaps the more detaniled and straightforvard
one to follaw. However, this is more an anelysis proeedure to estimate
the demands on bending moment strength of the wall shell at the bottom
than a complete design procedure. A criticism in the application of
these methods {s that decigners may use the formulams and graphs without
considering the actual response or the uncertainties involved in estimating
demands.

As discussed previously, design requires simultanecus cons1deratian
af the two saides of the design equation, {.e., Demands va. Supplies, and
the recognition of the uncertminties invelved in estimating these demands
-and suppllies, Firat to deal with the uncertalntles, it I5 necessary-io
heave m clear understanding of the rerl response of the liquid storage

tank to-earthquake ground motions. Again because of these uncertalnties,
_more importance should be given to conceptual design than to numerical

deaign. Designers need to be aware of the real problema involved {n the
actual responze of the whole soil-foundatlon structure (tank-fluid) sys-
tem. Scme of these problems are briefly discussed below. .

EFFECTS OF TAMX FLEXIBILITY

Tanks usually are tiot rigld; they typically have a natursal peried of
vibration in the rangs of 0.10 to 0.25 sec. Their thin shells, with or
wvithout contained liquids, do not display rigid characteristica, but -
exhibit a multitude of vibratleon modes for which multiple flexural waves
occur in patterns that depend on the basic geometry. For cylindrical
shella the flexural waves appear slong the longltudinal axis and arcund
the ¢ircumference.

Recent analytical work by Veletsos [22, 29] and others [6, 20, 23,
28, 33] have proved the significance of tank flexibility for earthquake
reaponse to horizontal ground motions. Experimental work has been con-
ducted by Clough (26) and Niwa [27]}. All these studies, along with those
for rigid tenks [17, 22, 32), indicate that prediction of seisaic slosh
reapanses, which occur at very low freguencies, can be predicted with
reasoneble accuracy with simple enalytical model concepts, such as the one
proposed by Housner {17]. However, the more dominant seismic pragsure
reaponses are of an inertial nature, aso that they cccur at higher fre-
quencies, and nay be strongly influenced by tank wall flexural responses.*
Thus the design of flexible containers from a limiting stress point of -
view gtill suffers conaiderable uncertalnty. The more detalled and
straight forward method that includes the tank flexibility effects is the
cne propoeed by Veletsos.

[ !
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Veletson' Approach. In Ref. 22, Veletsos presents a simple prncedurn"t
for svaluating the so-called impulsive forces induced by the horizontal
component of an earthquake motlon in liquid-filled cylindrical tenks of
clreular croas section fixed at the base and heving a free 1iquld surface,
giving due consideration to the effect of tank fMexIbility. The gonvec-

tive -forces must be determined separetely and combined appropriately with

the impulalve forces cnmputed by Veletsos' procedure. As the sloshing of

the 1{iquid originating the convective forces is characterized by oscillations:
ol much longer periods than those characterizing the impulsive forces,

they cannot be influenced by the tank {lexibility. Thus they can be de-
termined by the procedure developed for rigid tanks [17, 23, 39].

Veletsos' procedure 15 based on the assumption that the tank-fluid
gysten behaves as a single-degree-of-freedon system and the fluid is in~
compressible, The effective masaes for the system, the magnitudes and
distribution of the hydrodynamic forces and the base shear and moments’
induced by these forcea, are evaluated for several different assumed modes
of vibrations ¢( ) (Fig. 1B8). The results are summarized in tables In a

form conveniEnt for design applications.
“The basic step in this proecedure is the selection of the mode of vi-

bratico ¢{=} For a given tank, the appropriate configuration depends on

the relative magnitudes of the flexural and shearing deformstiona for the
strusture. These magnitudes depend in turn on the dimensions of the tank
and on relative weights of the roof system and of the contained liguid.

Véletspg [22] has recommended the following procedure for selecting ¢(;]2

(1) Assume a trial conf iguraticn ¥z for cunvenience it may be

‘taken equal to one of the functions considered in Fig. 18.

{2) .- Compute the ‘resulting irertia anﬂ hydrodynamic forces, taking for
aimplicity As the acceleration relative to ‘ground ¥(t) = g. (Veletsos givea
graphs that permit direct determination of .these forces).

(3} Compute the deflectlion of the tank duec to forces determined in
gtep 2, considering the effeets of both flexural and shearing deformaticns,

{4) The desired w{ ) is the deflection determined in step 3 nurmalized

with respect to the deflection value computed at z = H.

The “fundamental" circuler natursl frequency of the system W, may
then be determined using Raylelgh's method.

In Ref. 22 Veletsos sumrmarlzes the princlpel steps of his method.
From later studies by Veletsos and Yang [29] using the simple beam-type’
enalysis as well ag & more refined one in which the tank iz analyzed by
usa of a ghell theory, these researchers concluded:

Yor thin tanks with values of H/R in the renge bewteen sbout

0.2 .and 1, reasgnable upper-bound estimates of the peak values-

of the Impulsive wall pressures and of the associated base shear
_may be obtained from Lhe corresponding solutions for a rigid

tenk, merely by replacing the maximum ground acceleration in

the expressions for these quantities with the spectral value of

the pseudo-acceleration corresponding to the fundamentsl natural

frequency of the tank-fluid system. The natursl modes of interest

involve & single sine wave in the circumferential direction. The

same type of conclusion also {5 expected to be valid for other.
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response gquantities, but this remains to be ?trifieﬁ by the *
results of additionel studies which are currently in progress.

Veletsos and Yang [29] also provided information which facillitatesx the
evaluation of the "fundamental" natural frequency of tank-fluid systems.
Froz thelr studies they concluded that the Mundamental frequency can be
egtimated with good accuracy using Dunkerley's approximation. Application

of Veletsos! procedure 'to the ana)ysis of practlcal tanks reveals that the
gseismic effects in flexible tanks may be significantly greater thanthose
induced in similarly excited rigid tenks.

COMPARISON OF RESULTS USING DIFFERENT METHODS

To mnalyze the performance of wine reservoirs during the 1977 San Juan
Earthquake, the writer has conducted a series of nnalysi: of the different
tanka located in San Juan during the Earthgquake. The different methods
discusaed above. were used and Table 1 surmarizes the maln rezults obta1ned )
in the mnalyses of the 1 Ml tank shown in Fig, 5. The dynamic, analyses
were carried cut using a smooth linear elastic response apectrum corras-—
pounding to 2 peak ground acceleration of 0.33 g. This response spectrum
was obtained by modifying the one proposed by hevmark and Posenblueth [21},
aceording to the guidelines af the Huelear Regulatory Commission, NRC*
Guide 1.60, of October 1973 .

. From the results presented in this table, the importance of the tank
flexibility in the estimation of the impulsive forces is evident. The
appmpriute configuration, t(z] for the tank enalyzed was the "A{z] ="

i

ain E'ﬁ vhich gives an impulsive force which 1s 90 percent highér than
the value ¢btained using the riglid tank approach. BEecause the convective
forces are very small for this relatively slender tank [— = 21 the use of

a rigid tank approach will underestimate the bese shear in mare than 43
percent and the base bending moment (which contrels the shell buckling) in
more than 49 percent.

Comparing the values obtained using UBC 76 with those obtained using
flexible tanks, it can be seen that even when g K = 2 is used, the code
values underestimate the selsmic forces in about 61 percent, and the bend-
ing moment at the bmse in more than 52 percent. Tnis is becauss cgode does
not reguire consideration of the two horizeontal components of ground aoe
tions scting simultanecusly. However, even 1f the code walues are nmulti-,
plied by ¥T, the resultant values would underesticate the base shear and
bending moment at the base in more than L6 percent.

All the sbove methods are concerned with the analysis of the effects
of only the horizontal components of ground motions, neglecting the effects
of the vertiesl translational components and rotational components. Further-
more, analytlcal methods assume that the tenk hes 8 truly circular cross section
and fixed base. A discussion folleowa of the present kpowledge regarding posaible
effecta of vertical excitation, povement -of tank bese, and cross sesctiondistortions.

EFFECTS OF THE VERTICAL COMPONENT OF THE GROLMD MOTION e, ;

Lately somﬂ.uttention has bean paid to the eflects gf the vertical
component of ground motiecns. KXana' mnd Dodge [32} in 1975 investigated

*
N N
R | * ¥ ' -
] R R T R



%8 - 22

the effects of both horizontal and vertical ground motions on the tank re-
sponse, Marchag in 1978 (L1) and Rigavdeau in 1981 [37) conducted studies
cn the effect of vertical excitations and concluded that the ™breathing
response” to vertical excitations can aignificantly increase the hoop
tensfion in the shell and create sericusm problems becausze it may lead to
compressive stresses correaponding to internal depression with respect to
nimospheric pressure, for vhich buckling limits are usually consldered to
be very lov. Although thease last two muthers have presented some numeri-
cal evaluations of the vertical effects, no reliable analytical methed

has yet been dnveluped to predict these effects. . .

-

EFFECTE OF TANK BASE MOVEMENTS

Anchored (fixed base) tanks require a substantial and expensive
foundation to.reslst any uplift tendency in the .shell. The forges assoc-
fated with the uplift tendency (Fig. 16) are difricult to predict and
sélgmic design of unanchnreﬂ tanks that might uplift is complex. Cloush
[26) haa estimated the effects that the rocking displacement of the tank
has oo the axial ,8tress in the shell. He developed some curves that per-
mit comparison of stresses predicted for anchored and unanchored shells of
typical proportions, and from thils comparison, the relative amnliflcatlor
of shell stress wvhich cceours Ln wanchored tanks becomes clear,

A recent atudy by Langer and Prager [38] of an existing water refuel-
Ing tank of 9.2 m dimzmeter and 22 m high, with wall thickness varying from
2.0 to 1.5 em, founded on a slab 10.3 m diameter and 1 o thick at depth
0.9 o i{n & gravel layer, shows, that soil atructire interaction effects haa
to be considered because the fixed base rundamental period of the structure
was increased by sbout 30 percent.

Housner and Haroun [31] conducted theoretical and experimental in-
vestigations of the dynemic behavior of cylindrical liquid storage tanks
seeking to improve the design to resist earthguekes. Their exverimental
atudies concerning vibratlon tests of full-scile tanka with different
types of foundations were to essess the Influence of support conditions.
Ambient and forced vibration tests were carried out to determine the nat-
urel frequencies and mode shapes. From these tests it was found thet the
Toundation flexibility had a noticeable Influence on the dynamic cherac-
teapistics of 1ligquid storage tanka. The observed rocking motiong reduced
the natursl frequencies af the beam-type modes, while the interaction of
the cut~of-round deformation with the foundation was found to be insignifi- .
cent. To account for the soil deformability, a simple mathematical model
was Included in the analysis to represent the foundation scail. Fleld
mepsuretents of the natural frequencies and mode shapes showed good ggreement
- with the computed values. Also of interest Is that Housner and Haroun
eencluded thet the rocis have a noticeable influence on the dynamic
characteristics of these tanks. Due to their ususl high in-plane rigidity,
roof systems do not allow significant In plane deformation to occur at '
their levels ss the tank vibrates. This constraint szpecially affects the
mode shapes. ’

bl

_ TANK CROSS SECTION DISTORTIONS: OUT-OF-ROUND DEFORMATIORS

As has been discussed above, most of the analytical procedures svail-
able for predicting the response of thin walled,:eylindrical liquid storage.
tenks have been developed under the zaswaption that the cross section of
the tank 1s truly clreular. Under this assumption the hydrodymamics

*
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preszure exerted by the ligquid on the tank wall and the asaccliated radlal
displacements, when subjected to a4 horizontal component of ground shaking,-
are proportional to cca @ (Fig. 18). Based on these predictions, typical
design procedures asaume that the eritical aseismic response mechanism is

a quasi-statlc bendlng moment ‘effect without distortion of the dircular
croas section. However, the results of experimental investigations con-
ducted recently, at Berkeley (26, 27, L2], have revemled that a significan:
out-of-round deformation response is induced in addition te cantilever
beam type response. The measured circumferentiael distribution of the
radial displacements were not proportional to coa @, but instead wvere dom—
inated by functions proportional 1o coa 39 end scs 8. Theae results
rai=e serigus questicna as to the torrectnesa of the present design
methods. From the Berkeley gtudiee it has been concluded that rescnant
out~of-round deformations do significantly contribute to seismic aximl
stresses in anchored tanks., Thus stress predictions, even including the
shell rlexibility, are not always conservative,

The observed distortions might result from the hydrodynamic pressure:
interacting with Initiel geometric eccentricitiea. Tt iz evident that '
more refined analysias procedure, which takea into account coupled liquil-
shell interaction and section distortion vibrations, must be developed i7
a rational approach to design of thin-shell tanks is to be achieved.

Recently Veletsoca and Turner [30] have studied the effects of initia:-
out-mferoundness of tanks and concluded thet the reaponse of high-order
circumferential distribution determined in the Berkeley test program must
have been dus to an initial cut-of-roundness wvith wave length of 1/9 the
circumference or less. The measured response is belfeved to have been dus
to the redustion of the Initial out-of-reundness due to filling of the tank
with water and its subsequent partiel, localized recovery during shakine.

Aousner and Haroun [31)], during their vibration tests of full-scale
tenks, clearly observed the out-of-roundness or "circumferentisl™ mode
shapes. Therefore, {t is clear that plate-type modes do respond to base
excitationa and should be considered. A comparison between measured and
computed clrcumferentisal mode shepes Is given in Fig. 19. .

The above discussion pressnts = summary of the present kncwledge re-
garding the actual behavior of ¢ylindrical liquid storage tanks and of the
analytical methods svailable to rredict the demands. As peointed out, &l-
though some of the avallable methods have been presented as design pro-
cedure, they are actually analysea procedures rather than a complete de-
slgn procedure.

HRecently a series of seismic design provisiens have bean prepared
which are proposed to be included as an appendix in API Standard 650,
Welded Steel Tanks for 0i{1 Storage. A brief discussion of these pru- -
visions, which are the most complete to date, followa.

SEISMIC DESIGN PROVISIONS FOR WELDED STEEL OIL STORAGE TANKS

Wozniak and Mitchell in 16978 [12)] have discusaed the basis of these
deslgn provislons, vhich include the state of the art in this fiedd up
to 1978. Detailed requirements are included to assure stability of the
tank shell against overturning ard to preclude buckling due to longitudi-
nal compreseion for the highest level of earthqueke ground motion expected
at the tank site during the life of the tank. ~

No provisions are {ncluded to check the shell against hoop tenelon -
because It 1s claimed that the sefsnic response in hoop tensicn deoes not

1
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govern the dealgn of the shell -for the maximun level of earthquake ground -~

motion proposed in API Standard 650. However, Wozniak and Mitchell recog-
nize that when tanks are designed for higher levela of earthguake ground
motion, inereased hoop tension should be investigated, and they offer
guldelines for estimating the corresponding increasse.

A requirement is included to provide suitable flex{bility in piping
attached to the shell or bottom of the tenk. Additional information is
presented for calculating the height of sloshing of tha liquid content
(to minimize or avoid overflow and/for damage to the roof) and for design-
ing rop? support columns to resist forces caused by sloshing. Because
the calculastion of the fundamental period regquired by the Veletsos metnod
is somewhat complex for tanks which do not experience uplift, and unknown
for thase that do, and because ground flexibility is not included, Woz-:
niak and Mitchell  have Justified the use of the following approach in
computing the desigp overturning moment, M, at the bottom of the shell.

_k

M= 2D {C)H X, + CyWpRy v Oy ¢ CaWpXp) {15}

. " i ' . H +
Where Z and I sre the zeismic zone coefficient mnd essentisl facility
factor respectively, and have been defined by UEBC (8]. ¢, ana CE are the
respective lateral ferce coefficients for the izpulsive and convective -
forces and Wy and W, are the corresponding veights of the effective Casses
of the tank content {Fig. 17). W; and W, are the total welght of tank
ahell, and total weight of tank’ ruof plus portion of anow load, it any,
renpectively. The X3, X; and Xo are the height from bottom of tank shell
to centrolds of shell, and of impulsive and convectlve earthquake forces
respectively.' Hy is the total height of the tank.

In viev of the difficulties pointed cut above, these two authors
Justified the use of a constant velue for C,, which represents the maximum
amplified ground motion. The proposed value is ¢ = O0.24, which is claimed
to be consistent with the UBC zaxizim value for structures other than
buildings (K = 2.0), considering that 5§ {see Fq. 1) can -be taken as 1
for estimation of the effect of the impulsive forces.

The sbove authors conslder that C, = 0.2L is a very high value,
which 1s true when conpared with the uSual value for building based on
the UBC approach [Eq. 1}, but as shown in Table 1, it 'is not so when the
actun) dynamic seismic response is considered. They Justify the use of
this appareat high value because of the low dacping (Wozniak and Mitchell
suggest a value of danping coefficlent of 2 percent of critical)} inherent
for storage tenks, the lack of nonstructural load Yearing elements, and
the lack of ductility of the tank shell in longitudinal compression.

The above authors alsc consider.that for some tanks, taking C; as the
maxizum amplified ground motion, i.e., C; = 0.24, nay be n:erconservative
Thus for very rigid tanks which are snchored, it nay be. desireable to
caleulate the fundamental period and use & lower syectral acceleration
value. Analysls of results cbtained by spplying Veletsos' method (see
Table 1} shows that the value of.C, =.0.24 proposed for API Etﬂndard

650 may be quite unconservative, if certain cases,

Far the value of Cs it Is recocmended that it be determined as a
Tunction of the natural period of the first mode sloshing, T, and the

-
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When T {8 lesa than 4.5 gec ", -
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Wher T ie greater than L.5 sec
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Where S, the site nmplificatiun factor, varies from 1..to 1.5 depend—
ing on the sail profils type=-1.0 for rock-like scils and 1.5 for soft to
med{um-st1ff soils. These amplification factors aorraspond to thnse .

" recommended by ATC=3 [h3]

- The lateral forces ‘eoefficients, C and CE' are applicable fer the
areas of highest seismicity, Z = 1, and for tanks not required to be
functional for emergency post earthqueke operations, i.e., I.= 1., The
proposed API Standard 650 has tsbles permitting selection of the spprop-
riate wvalues for 2 and I for seismielity zones and functlonal requirements
regpectively, i.e., for oil storage and power generating facilities which
are essential for emergency post ea.rt.hquake operaticns, I should be
teken as 1.5. .

The above proposed deslign procedure i* quite straight -farvard to
apply. It provides equations for determining the maximus lungitudinal
compresslon force at the betton of the tank shell for tanks vhieh exper-
""ience uplift, as well as the bottom uplift length, recommending that this

length be limited to 7 percent of the tank radius.

" .
»
[}

SUMMARY OF THE STATE QF THE ART .

Significant resesrch has beenJCGnducted tnwnrﬂs aolving problems in-
volved in predicting seismic response of cylindrical liquid storage tanks.
Although most of this research has been concentrated cn i{solated mspects
rather than on the whole design problem, significant advarcement has been
made in understanding; ‘at least qualitatively, the selsmlc response of this
atructural system. Although there are several aapects of the renl responee
{suzh &5 the effecta of vertical excitmtions {!breathing” modes); out-
af roundness distorticns; state of stress developed in the botton and
ahell plates when uplift occurred in unanchored tanks; and the predictien
of the shell eritical buckling atress under thls complex state Of stress)
for which reliable predictions heve not been develﬂped at leaat the
problers have been ldentified.

Summarizing, present knowledge does not nllaw formulation af a stralight-
forward numerieal optimal design procedure for the design of this type of
tank. Furthermore, recognizing the larger uncertainties that are at
present involved in predicting seismie response of even the most aimple
gstructural systens and the above rentloned inherent problems of the liquid-
tank-foumdation system, it 1ls believed that the possibility of duvelopipg
guch optimal numerical design procedure in the near future, is very slim.,
However, most of the problems invelved in the design of such syatems havae
been identified and it is believed worthwhile to present these to, the
desipners through a:comprehencive nualitative (canceptual] design pro-"
cess, which will force designers to recognize these p;oblgns in desiga.
Such a design process is summarized below. . : _ L

.
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COMPRERENSIVE SEISMIC RESISTANT DESIGN PROCEDURE |
FOR CYLINDRICAL LIQUID STORAGE TANKS

TATRODUCTORY REMARKS

Although geveral attempts have been made to provide a comprehenszive
design procedure for the seismic resistant design of this type of tank,
perhaps the most complete is the one proposed for welded steel tanks for
oil storage, API Standard 650 [12]; certain aspects of thia design procedure,
however, are still open to question. Most of the studies conducted up o
Dov have emphasized the estimation of the demands; very little attennion
has been paid te¢ improving the predictinn of the supplles.

The Tollowing presents a comprehensive design procedure in which
emphasis is placed on the concepts [conceptual design) rather than on
developing a simplified formula to facilitate the mumerical design. The
euggested improved procedure follows the methodology used by the writsr
in the seismic resistant design of btuildingx. The main mspects of this )
design procedure are summarized in the flow chart of Fig.‘20. In developing
this suggested procedure, the author has considered the twa sides of the "
general design Eq. (T}, keeplng in mind the tremendous uncertainties in- - '
volved in the nurerical prediction of demands and supplies. In this
respect the designer should consider the fﬂllowlﬂg ractars

- a !

-

(1) No. ome knows for.certain what the Intensity and mnin dynamic .
characteristics pf future enrthqu&kes-vill be glnce pur technical know-.
ledge is based on too short an historical span of earthquake observation, g

{2) Hany uncertalnties exist regarding the effects of soil-tank
interactions and-of scil foundation failure.

{3} Modelling techniques and available methods for structural analy-
sis offer satisfactory results for predicting the base shear force and
bending moment when consldering a tank of truly circulnr eross sectlons,
fized at {ts base and subjected only to the horizontal component of grouad
notions. Very little, however, Is knovn regarding the effects ol the
vertical component of ground motinn of the put-cf-roundness distertions,
and of movements {(uplift, rocking and sliding) of its base or Toundetion;
thus no general mathematical or mechan;cal model to 1nclude these effests
has been developed.

(4) Besides the problem of how to combine properly the different *
effects, many uncertainules exiat regarding the predietion of the actual
state of stress at the most critical region of the tank shell due te local
effects at connections with the botton plate and with the roof, and tie '
effects listed above under item {3).

(5) Many uncertainties axist rﬂgarding the prediction of deformetion
demands, which are very important for the design of connecting pipes. .

{6) Many uncertainties exist regarding the prediction of the strength °
and atiffness supplied to the thin wall shell of the tank, becausa these
are controlled by buckling which is sensitive to the reel state of ‘stress
and actual deformed geometry. : .

i (T} The detalling and constructional aspacts, particularly those
copcerning: workmanship in welding of the plates; connecting the shell
wall to the bottoo plate, to the roof, and to the connecting plpes; -t
snchoring the tank; ,and in canstruct1ng the foundation, play an loportant
role in the seismic behav1or of these tanka.

(8) - 'Maintenance, particularly regarding the connections and the
foundsetions, slsgo can affect the response.
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In viev of the multitude of uncertainties involved fh the mabove fac-
tora, designers would do well to try to avold or minimize thoae problems.
and particularly those combinatlons which could c¢ontrlbute to m fallure,
Thus designers must attend to tha physical behavior of thiz type of tank
during earthquakes, rather than blindly applylng empirical formulas. .
'The different aspects of the comprehensive design Process, summarized in .
Fig. 20, are brieflr dlacussed below. ‘1 - . :
DEFIHI"IUH OF STRUCTURAL ENVIRONMENT AND EETAELI RMENT OF DESIGN EXCITA-
TIONS AND DESIGH 'CRITERTA . .

The establishment of dealgn excitations and criteria requires the
defipnition of the structural environment. Besides the permanent forces
created by the gravity field and live loads such ms snew z2pd wind, of
particular concern to geismic reaistant design 12 the local and global
geology of regions in which the tank will -be logated, the site suftebility
analysls considering all possible types of ground fallure, the risk ans-
lysis of damage due to direct and indirect earthquake effects [bLb],
ineluding fire potential, partieularly in cases of gcombustible llguid tanxs.
All these factors may affect the exact location of the storage tank,
Risk and Safety Analysis. Reference U0 discusses in detail the
basiec information which must be developed to properly consider the risk
and safety of a proposed tank lnstallatien. The information needed is
c¢lassified into two groupa: first, the recurrence intervals at various
levels of ground movements which nmust be generated by the seismolopglst;
and second, the performance criteria.- Miles [40)] surmarized the minimum,
perforzance criteria for water and sewage reservolrs. !
Site Selection: Geolomicaml Factors and Site Suitability Analvsis.
Miles [LC], after discussing the different geological factors which must
be considered during the tank ajte locaticon process, gives the following
general advice.
(1) Seek as much geological informa ion as you can reasanably ,
‘obtain consistent‘with the risk involved. Geological
informaticn is relatively Inexpensive compared with the
gonsequences of locating a reservior &t an inappropriate .
site.. Extensive geclogical information 1s pften re-
guired in any case for the environmental impact analfai:,
permits, public hemrings and board meetings,

{2} Discourage the tendency of each member of the design team
to apply & safety facter to his work. The project engineer
should knovw where his factor of gafety Is applied and its
megnitude. Normally, safety factors mre reserved for the |
atructural design and should not be applied by the geologlst
or the selsmologist.

(3) Start the detailed design only after all the aspects of

gite location have been carefully evaluated. The risk
end safety analyals, and the alternative site geclogical
evaluations offer more opportwiities to save tige 'and
money than any other stage of the project.

Selection of Desipn Farthquakes. As in the case of design of buildinge
for preliminary design; the mgst convenient way'of specifying the design
earthquake is by specifylng a smooth response spectra which can be con-
gidered ma the smooth average of all the response spectra corresponding to
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ali availabie records cbtained on sites similar to the site under con-
sideration as far as their local and global geological conditions are
concerned. Response spectra usually avallable for building design might
not be relevant for riuvid-tank interasctlon, First the values of dagmping
ratlo, £, for which the desizn response spectra for buildingas {a usually -
plotted {5 equal or larger than 2 percent. As will be discussed later,
the valye of £ for real liguid tank system vibration is smaller than 2
percent, and for the sloshing of the liquid, i{s less than 0.5 percent.
Furthermore, as pointed out by Sogabe et al., (6] and Clough [26], in
studles of the dynamic effect of sloshing {convective pressure), because
the firat fundamental period of vibraticn 15 usumslly higher than 3 seconds
[€], typical strong motion earthquake records may not eccurately represent -
low-frequency, low-amplitude sharing. For the same resgson the WRC Guide
1.50 of October 1973 advises that design respontse spectra be modifled

for application to the prediction of the sloshing response. The requira:
modification entalls avtificially maintaining a econstant SDECtPEl dis-,
placement axplitude for periocds in excess of .0 seconds.

SELECTION OF THZ TANK CONFIGURATION AND STRUCTURAL S¥ZT=

Siuce we are concerned with Just eylindrical tanks, the main para-
metera that remaln to bhe selected for the overall configuration are the
beight of the tank-to-tank ratio, i.e., HHIR or what:are clagely relate!l
to {t, the liquid height-to-tank ratio H/R (Fig. 18), the free board ani
the type of roof. Regarding the structural system, the only deciaion
that remains ls between an anchored or unenchored support systen.

Selection of H/R Ratio.. The impulsive force in a flexible tank
depends on thig ratic since the pseudo acceleration of the impulsive
mass depends on the fundamental period of vibration of »he liquid tanx
gystea. This period in turn depends on the H/R ratlo. " Increasing H/R
increases T. For a given H/R.ratio and thus a given T, the value of the
acceleration for the impulsive pass will depend on the shape of the res-
ronse spectra. I the resylting acceleratica is too high it may be more
practical to change the H/R ratic of the tank by changzing its relative
dimensions rather than to try to live with a high acceleration for the
impulsive mass. For the U.S5. west ecosst type of earthquake it is usually
necessary to reduce the H/R ratio to 0.5 or less to avoid the hishest
peak of the pseudo acceleration for the impulsive mass in the response
spectra. Clough [26] has estinated the importance of varying H/R from
5 to 0.29, {.e., from very, tall slender tooks to very.broad ches whose
bases are snchored., For all the anchored tanks considered by Clough,
the most importeani of the contribution te the forces and moments are
those due to the izpulsive mass. Thus proper selection of R/2 iz of utmost
importance because, 8s is pointed out later, this ratio is a major para-
meter in deternining the tank's earthguare vulnerability to danage.

For tanzs of small capacity characterized by relatively large H/R, the
ecritical stresses will be generated by flobal effectg--overturning bend-

ing moment due to lateral seigpic force., -In large capacity tanks character-
ized by low H/R raitios and, therefore, less sensitive to overturning
moments, critical stresses ere expecten to arige through the local res-
ponse mechanisn, which relates c1rcumferentia1 stress in the shell tn
dymanic presaure changes at the shell liquid surface.

Selection of Freeboard. "In large capacity tanks most of the seismic
losses huve generally comprised roofl meagé due to wave action,and

-
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fallure of ex+ernal piping econnections. Rool damage can be avoided or
minizized by proper_selection of the fresboard. Epstein (23] and Wezniak
and Mitchell [12] have developed aimple equations to estimate ‘the alosning
wave helght

Selection of Foof. Tank roofs may be flat, cnnical, pr spheroidal,
and cay be structurally supported or selfosupported. Structural sup-
ported roofs are usually conieal for drainage with the minimum practical
slope belng 3/4 fn. in 1 ft. A greater slope is preferable for sites
vhere a large accumilation of smow is possible. In Ref. %3, guidelines
for the design of the different types of roof are given--guidelines fer
extra safety of supported rnofs are offered later,

Belectlon of Anchored ’or Unanchored Tanks. 7In the selectiun of the'
most efficient configuraetion and structural systE1 it 13 necessary to
consider the way that tanks will be supported. Anchored tanks require
a substantial and expensive foundatién to resist any uplift tendency ‘n
the shell. The forces associated with Lthat uplift tendency are difficul
to predict, Furthermore, laproperly detsiled "tie downs" can cause con-
siderable damage in the shell, Thua designers usually are more inclined
to select unanchored tanks in which the shel]l 1s supported on n simple -
ring-vall, foundation adequate to prevent differential :settlements.
Seiszle dosign of Such structures la complex because the axial buckling
of the shell is accentuated by the diaphragn action of the bottom plate
and by the initial bulgzing created Yy the large inward radial forces
which are applied by ihe bottom plate and the weight-of the contained
liquid acting on the part of this plate when the shell 1iftz off the
foundation. Usuelly these effects are completely neglected.in typleal
*ank dealms.

Clough [26] has estimsted the effects that.the rocking displace-
ment of the tank has on the axlal stresses in the shell and developed
curves that allow comparison of stressas predicted for anchored and un-
ancho>ed shells of typical proportions. From this compsrison it is clear
the relmative amplification of shell stress which eccurs in unanchored
tanks. This amplification is much larger in gmall-capeeity tanks, with
small redius and lerge H/R ratio, than {t is 1in large capacity tanks with
small H/R ratio. From the .atud.les corducted, it appears that the H/R
ratis is a major determinant of a tank's eérthquakn vulnerability.
Typlcal cylindrical tanks of relatlvely small capacity are most suzcep-
tidle to seismlc dammge. Tanks of large radius, greater capacity, and
correspondingly lower height-to-radius ratic will he less affected by
laterzl earthquake forces. Clough shovs that typlical anchored tanks
wvith radius in tha range of 2,15 m to 10.67 m, &nd typlcal unanchored
tarks wlth radius up to about 14.33 m, will buckle under nction af the
postilated earthguake unless their shells are thickened beyond the value
required to resis: hydro tatic forces. O(n the other hand, unanchored
tanks of about 14,33 o radius or, larger, designed in consideration of
hydrostelic stress only, have s¢f’icient.inherent buckling resistance io
sustain these selsmic loads without damage. ' -

PREDICTION OF MECHANICAL BEHAVICOR OF THE TANK

In this step we have to consider: Modelling, Structural and Stress
Annlvsis, end Preliminary Design {l.e., preliminary proportioning and
detailing).» To conduct any enalysis it 'is necessary to have a prelimin-
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ary design; consequently the following procedure should be followed after
the overall configuration and support system have been ‘sslected.

1., Firat Preliminary Deslgn of tHe required shell thickneag along
the height of the taak., This can be ‘done bosed on the membrane atresses
induced by the hydrostatic pressure and considering poasibility of nveis
for increasing these thicknesa besed on the effects of the hydrodynanie
pressures that have already been diseussed. Standards from the American:
Water Works Asacciation (AWWA) and the American Petroleum Institute (API}
can be used in such preliminary design [45]. .

2. Modelling of the Tank. This is usually based on the equivalent
mechanical Todels shown in Fig. 1T that have been suggeated for the case
of rigid tenks {23], but considering the effects of tank rlexibility oz
recommended by Veletsos and Yang (29] (Fig. 18). For finel analysis anifor -
desfign 1t i= convenlent to consider the flexible tank model (Fig. 18) uz
wvell as the spli-structure interaction effectsz. There ars cases in whi:n
501l—structure interaction eflects can considerably affect the fixed b 3¢
funiamental period of the structure [31, 38]. ' s

3. Structural Anmlvses: Determination of the Dynamic Charseterin:ics
of the FluiZ-Tank Svsten and of the Internal Foroes. -

(1} Effective Yasses: The effective masses corresponding to the
Impulisive &nd the convective lorces are computed separately. The effective
impulsive casses can be computed using the expressions developed by Velet-
sos (22} or aie table, developed for different values of the ratio within
total height of tenk end height of liquild and for constant thickness of tae’
tank wail. This is the most consistent mehtod, However, thess effective
impulse megses can be computed by using the expresszions summarized by
Epstein [23] or using the graph included'in the API Standard 650 [12]. '
The effectivs convective mass can be computed using the Epstein tab;e {23]
or the graph included ir the API Standérd-650 [12].

{2) Vitbratignal Modes and Natural FF#HHEW"LES of the iguid-7illed
Tenk and of tihe Oscillatine Liguld {Elnsh‘wni To find the free vibrational
characterisiizs of the tanks filled with liguid, it i3 recommended ‘wsing
the rethod suggested by Veletsos {22) considering both the bending and shear
deformations. In the first ,attempt to avoid the conputation of these
cheracteristics,; a very conserva+1;q epprogch will be to assume the max- -
imum pseudo azceleration correspondling to the design response spectra for
the dsmping value dlscussed below. The fundamentnl sloshing periods can
be estimated using formulas given in Refg. 12 or 23. The periods for the
higher modes can be determined from expressions given in Ref. 6,

(3) Dacsinz Ratio for Liguid-Fiiled Tenks. Very little data is avail-
ahle on the atpropriate velues of demping ratic for liquid-filled tanks.

Eﬂigﬁ FuJita and Shiraki [25] reported that from tests conducted on a

capacity-reduced scale model of a cylindrical tank, the damping during

the lateral vibration of the liquid-tank system increased as the water
depth was increased, varying from 1 percent te a maximum of 5 percent when
the tenk was completely rilled, it Is likely that the damping coefficlent
correspanding to viscosity effects confined in a boundary layer decrease
with iank dimension increases. 'Thus for real tanks vhaose capacity 15 over
100 m3 or owver 1000 m3, the value epculd be less then 2 percent., As far aa
the daoping ratio for the sioshing of the liquid, Fujite and Shireki {25]
have peasured very small values, less than 0.5 percent. Lev and Jain [L6]
reported liquid damping in the order of 1/2 percent. Rigaudeau [37] reported
that standard values of demping caefficienta, vhich are iné¢luded in the
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buildirnz response spectra or determined by model testing, may hot be rele-
vant fer fluid-strueturs interaction, He suggested -that for real tanks

the darping ratio for the lateral vibration of the liquid tenk system should
be less than 2 percent. For aloshing, the demplng ratio can be sgaller
than 1/2 percens. Tor water reservoirs, Miles (40)] has suggested using

1 perceat for anchored tanks and 3 to 5 percent for unenchaored tanks. In
viev of the lov value of the damping ratie for the impulsive actiona, as
well as for the sloshing vitration, several authors have taken & conserve-
tive approach, suggesting neglecting damplng, i.e., working with response
spectra correspsnding to zero dacping (L],

(L) Partizipation Factor. The participation factor, C, is determined
gz the ratio of the effective mass of the system for the rigld body compon-
ent of zatien azd the effectlve casg of the systen far the potion specirizi
by ﬂ(,] {cae Fiz, 1B).

(5} Effeciive Forces and Moments., From the desigh response spectrux
{or the response spectrum applicable to the particular ground motion under
consideration in cese of analysis) corresponding te the selected damping
retio, “he values of the pseudo &cceleratlons for the {mpulsive mass, An‘
and the convectiive masses, Ay, can be determired using the natural periods
determined in step 3{2). For a tank with different thickness along its
height, it ls necessary to estlimate the pseudo acceleration at the levels
at whica the thickness is changed. The pseudo acceleration of a genersal
section located at distance z from the bage of the tank will be given by
w{z} x CA,, where € is the participatiqn factor and A, is the pseude accel-

eration. The maximum forces induced by the impulsive forces in the struc-
ture cen be determinad either by differentiation of the selected deflecticn
functicn or by rirst computing the equivalent static forces correspondipg’
to the computed Zaximum deflection and by evaluating the desired effects
of these eguivalent statle forces, The determination of these forees can
be done using ti® Schemes proposed by Veletsos [22]. The sdvantage of
using theze schenmes is thet then the internal forces at any section of the
tank cen be computed. If the only Interest is to compute the maximum

base shear and the maximum bending moment at the base of the shell as well
a5 the caximus overturning mosent on the foundatien, then these values can
be easily obtained by using expressions developed by Veletsos [22] or other
authors like Epatein [23] and Woznlak and Mitchell [12]., 1In using the
expression supcested by Fpstein, cavtion should be taren that these ex-
Presmicns have bteen derlved for a rigid tank. Thus in the computation of
the comiributieon of the impulsive forces, the meximum ground acceleration
should te replaced with the spectiral value of the pseudo acceleratiions
cogrresronding to the fundamental natural perlod of the flexible tank-liguid
ayster. In evaluating the maximun pressures, Uorces, and moments induced
by the sarthqusie ground motions in tarks by using the above methods of
equlvalent static forces there are two problems whose solutiona require
designer Judgmext.

Tee first problec 18 how ghould the contribution of the two different
masses, the impulsive and the convective, be combined? Obviously the
greatest response s produced when the‘physical eonditions of the real tank
is suen that these tvo masses produce thelir mexlmum contribution simul-
tanspusly. Howaver, usually this will not be the case, particulaerly in
larpe tanks with low H/R ratiops, in which the impulsive and conveetlve for-
ces and moments will not occur simultuneou?ly. Then in general the direct
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summation of the maximum impulsive and convective forces will be coanserve- |
tive, . ' .

The second problenm 18 related to the fact that actual earthquake '
ground motions consist of three translational and three rotational compon- .
ents. FEven if {4 i3 agsumed that the effects uf the rotational as well as
those of the,vertical translntlﬂnul ‘componentz are insignificant, there aras
8411l two horizontal ccmpﬂnents that act simultanepusly on the tank founda-
tion. The response specirum are usually prepa:ea for each of the recorded
components separately. Thus the only thing that ‘can"be done is to compute
the maximum response for each.of these conponents. How the question is,
how to combine them? A conservative' approach would be to add vectorialiy,
or i{f the game response spectra is used for the twe directions, to multinly
the resulta obtalned in one directlon by 72 . -

(6} Internal Forces. OQOnece the squivalent exterral statle forces have
been determlned tne internal foprces ot.any tank section cen be computed
by staties. r L. -

L, Stress Analysis. In this step, stress demands at the eritieal
sectiona are determined. Usually the shear gtresses are small and they DD
not control the ‘desipn, whereas either the hoop stressea or the 1nngi*ud1-
pal cozpressive streases do {because they can induce buckling of the thin
wvall shell), Where:the wall thickness is constant throughout the height
af the shell {tmnk] the ecritical.sectlgn will be clouse to the bnttam {taze!}
and, therefore, the maximum bending moment at the base computed in’step 3[4
ean be conservatively comblned with the sxial stress produced by gravity
forces. fThe critical hoop stresses are obtained by superimposing the hoop
stress due to the hydrodynamic pressure to that induced by the hydroszzatic
Pressure, The. longitudinal or axisl compressive stress and the hoop stress
"demends should be estimated at all levels where the thickness of the tank
wall changes. . : y .

In using these estimated stress demands it should be kept in mind
that the actual values of these stresses are considerably affected by ‘locsl
varielions of pressure and shange in geometry {out of roundness) of the -
shell. Considersble increase end decrease in the sbove computed hoop siresses
can be Induced by the "breathing" modes which respond to verticel excita-
tlans. These modes, together with the nodes that can be excited due 1o
initiel put-of-round of the tank, can induge significant changes in the 1o~
cal state of stress im the wall shell. In recent tests conducted by Niwa
[27] on slender tanks, it was found that stresses computed on the basis of
a rigld tank model grossly underestimate the actual pressures Ty factors
ranging from two to nearly five at various heignts.

5., Check of Preliminary Degign. This requires determination of the
availeble (or supplied) strength and its’comparizon with the required dexarnis
estirated in step 4.

(1) Foocp Tenslon. The availsble or supplied ‘strength per inch of
shell height can be obtained by multiplying the thickness of the shell by
the allowsble tensile stress of the metal uged in the fabrication of the
tank. The question is, how much should be the allowable tensile stresa?

The normal ellowable design stress, or increased, or the yielding tenslie*
stress or strength? The answer depends ‘on how the demands have been com-
puted. If the hoop stress demands have'been determined assuming that the
maxdimum impulsive and convective responses occur ol multaneuualy, and super-
lmposing the maximum valuesg obtained from the two horlzontal componenta of
the earthquake, and the effect of vertical excltations has also been con-
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sidered, then the supplied strength should be computed on the basls of
the yielding. or 90 percent of yielding of the shell material [LO]. 'Woz-
nlack and Mitchell [12] have suggeated that the increase in hoop tension
due to the hydrodynamic effects (izpulsive plus convectivel be divided by
a dustility faector of two and then added to the hoop tension due to the
hydrostatic presaurs, and compared with the normal alloweble design ten-
alle airesses,

{(2) Allowable Buckling Stress. The value of this allowable stress
varies depending on the standard mvailsble and how the demand on the axial
compregsive stresses has been determined. If the demands have been obtalned
ir the conservative way described in steps 3 and 4, then the aafety factor
- agalnst buckling that {s usually essuped in allowable stress design -an be
~reduced. The methoed considered In the design provislons proposed to be
ineluded in API Standard 650 [12] appeard to be the most adequate of all
axiating provisions. Acccrding to these proposed provisions it i3 necessary
to distinguish between unanchored and anchored tenks. *Formulas are given
to estimate the gtress dezand as Hell as the nupplied tuckling utrﬂrgth far
theze two cases of supports.

FINAL DETAILING AND COLSTRUCTION ASPECTS

As discussed in Ref. kb, seismic responee of any structure depends on
ita atate at the moment .that the earthquake occurs. Thus proper numerical
analysis and design are zeceasary btut not sufficient. Proper detailing
and careful constructicn and malntenance are of utmost importance. Miles
[LO] has pointed out that "the good intentions of the design engineer can
be negated unleas special attention is given to the details.” GSome guide-
lines regarding apecial detailing and construction practice that Iimprove
selsmic performance of tenks are described bhelow,

Unanchored Tanks. In general designers try to use unanchored tanks
becange they are pore econcdical. If the shall lifts off the foundation
the actual state af stress in the shell, as well a3 in the tanX boitton plaze,
is very complex to predict aceurately. 1In this case berause of the uncer-
talntles involved in the estimetion of the demands, it iz desirable to:

(1) Increase somewnat the thickness of the bottom ‘plates beyond those
pbtalned from computaticns. '
(2) Increase the thickness of the shell to incremse safety &gainst

tuekling. -

However, it is recozrended {12)] that the thickn=ss of the botiom plate
should not exceed the thickness of the bottom shell ‘rourse to limit the
secondary bullding siress In the shell. Usually it is recommended that the
bottom plate thickness not exceed 50 percent of the thickness of the shell,

To provide extra rargin of safety, Miles [L0] recommends:

{1) Provide butt-welded annular boitom plates under the unanchered
shell. Minimum width far the bottom snnular ring is given in ERef, 12,

(2)°Use tough, weldable steel with the highest posaidle }rieldmg
strengih.

{3) Require 100 percent radlograph of all welded Joints, -

If the tank canngt De proportioned to prevent shell bugkling without
increasing the bottom plate thickness over the recommended limit, or the
required resistance-to overturning cannot bée provided by the tank shell
and internal content without exceeding the maximum value permitted for the
uplift length (7 percent of R), then an anchored design must be considered.

L~} A0 a4
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Anchored Tank. Sﬁell qpﬁbresﬁivg stresges are easler to analyze and
lover than for unanchored tanks of the sane size. Because a thinner 'shejl
can be used and becmuse of the way that anchor bolts have heen attached to
the shell, past performance shows a.potentlal for tearing of the shell.

. Purthermore, in many cases the bolts were pulled out of the foundation.
To improve the performance of anchor bolts, Miles [LQ] recommends using
the detells shown in Fig. 21,  The anchor bolt assemblies should be de-
glgned 8o that the bolts yield before there is en anchorage or shell
attachment Tailure. The uae of a square shear plete at the bottom of a
relatively short anchor bolt provides better anchorage than hogk-type an-
chor. bolts {leas,relative bond slippage}. Anchor bolts may be used as a
device to dissipate energy in cases where a larger than expected earth-
quake occurs. Large, curved washers are recommended for use under tha
retaining nuts of anchor bolts, i.e., energy can be dizsipated when the
wvashers flatten cut under the uplift tendency of the tank. o

Design of Roofl.. To avoid.or minimize the damage to the roof and upper
part of the walls due to sloshing, it is recommended estimating the sloch-
ing.wave height and providing & fresboard in the tank somevhat highep chan
the computed one, In cases vheve rafters are used, these rafters should
be provided with lateral bracing and vhen rocf supporting columns are uysed,
the columns should be designed to resist the forces caused by sloshing of
the liquid content. Reference 12 descrides a procedure for the snalysis of
the seismic induced lowds on these columns.,

Design of Attached Piping. As described previcusly, many of the ob-
served tank fajlures are duve to failures of the attuched pipes. To svoid

this type of fajlure it is necessary to provide suitable flexibility between *

the tank and attached piping. :Although this provision has been mandatory
for unanchored tanke sublect to bottom uplift [12], it is alsg higldy
recommended for anchored tanks, As pointed out by Miles [LO], the designer
should mlso queation vhether the piping itseir will move relative to the
reservoir due to poor soil ronditiona, The special provisioens for piping
eonnected to the bottom of unanchored tanks are given in Ref. 12. Devizes
which provide flexibllity based on use of sleeve-type couplings or flexidbie
tall points’ are discussed in Ref. 40, .

cOoST OF SEISMIC BROTECTION FOR TANKS

Miles [40] hae analyzed the exira cost due for an increased level of
seiamic protection, using costs. derived from water reservolir projects, all
of ratics H/R < 0.5, 1In his comparative cost analyses he plotted the extra
cost vg. the deslgn base mccelerstion end concluded that while there is a
definite increase In cost, the increase ls reasonable. For example, to
offer protection against a base acceleration of 0.30 g, the cost increase
1s less than 6 percent. For a deslgn bose acceleration of 0.50 g, the
meximum increase was: .12.5 percent for,1l.5 Ml tanks; and less than 8
. percent for tenks with capacity smaller than L.5 Ml. The maln extra cost
itens were for thicker shells to accomodste hydrodynamic pressures, extra
freeboard, annular bottom plates, extra nondesiructive testing, and flex-
ibility for attached piping. Therefore, by proper selection of H/R ratio,
it is possible to economically resist high levels of seismic accelerations.

i
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SUMMARY, COKCLUSIONS AND RESEARCH RECCMMENDATIONS

SLLARY AND CONCLUZSIGNS

Analysis of performance of cylindrical liquid storage steel tanks
shows that this type of Industrial fecllity {5 very vulnerable to the
effects of moderste or severe earthquake ground shakings. The cbserved
damages have been classified into several modes, the most cormon &Rd severe
due to: shell buckling, roof buckling or rocf collapse, breaking of the
welded jelnt of shell to bottom plate, and the breaking or pulling spart
of external tank connections {(pipes and anchor bolts). The performance of
these tanks lndicates that the current design eriteria in use should be
raviewed, The state of the practice reveals that most of these tanks were
designed sand constructed according to standard designs which do not take
into Bccount the true forces genersted by earthquake ground motions,
Present UBC seismic design provisions lsad to designs that are not safe
for moderate or severe earthguake ground motion.

Pepent recommended design nrocedures which have bepun to be used in
‘practice, are based on the use uf the rigid tank equivalent mechanical
{dynamic) model suggested by Housner, in whiech the hydrodynamic effects ar:
evaluated approximately as the sum of two parts: an impulsive and a con-
vactive, A review of the state of the art reveals that while the convec-
tive pressures can be accurately predicted by such & model, the impulsive
forces are significantly underestimated. To improve predictions of the
effects of the icpulsive pressures, It 1s nhecessary to consider the effects
of tank flexibility. BSimple procedures aceounting for the effects of such
flexibility have been developed by Yeletsos.

Comparing the velues of forees and moments ottsined according to UBC
and rigid tenk approaches, with the one including teank flexibility, clearly
shows the unconservatism of the lirst two approaches, particularly of the
UBC approach, in predicting strength de-ands.

Analysizs of some recent available analytical and experimental data
an seiszic response of these tanks shows that the [lollowing parameters
can have significant effects on the response: the vertical coamponens of
the ground motion {hreathing modes); the tank base Zoverents due tobase Flexitil-
jty, and particularly due to uplift: and tank eross gection distertions
{out-of-round £=for-ations). Althougk the problens have been Identified,
no general methods for medelling and/or estimating numerically these
effects have been developed.

Alshough significunt research has heen conducted towvard selving the
problenms involved in predicting the Seismie behavior of this type of tanx,
most of the research has gconcentrated gn 1solated aspects rather than eon
the whole design problem. bMost ol these ef'forts heve been devoted to pre-
dicting the decands, while very little has bteen done to determine accurate-
ly the supplied buckling strength of the shell under the complex state
of stress that ususlly occeurred in the bottom of tanks, particularly in
cases of unanchored tanks., Thus ne stralghtforward numerical aptimal de-
sign procedure for these tanks haz yet been developed. The most complete
deslgn procedure developed 13 the ohe propoaed to be Included In APTI Stan-
dard 650, Welded Steel Tanks for 0i1 Storage.

' Now thet the main problems invelved in the selsmis behavior of these
tanks have been ldentified,-a comprehensive design rrocess which emphasizes
conceptuanl design rather than numerical analyzis, has been propased,
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The proposed design procesa forces the desimer to consider these problems,
revieving the significant aspects of the design and construction of these
tanks. In view of the multitude of uncertainties involved in establishing
the seismle design forces and in the proper modelling of these tanks and,
therefore, in predicting the demands, emphasis is put on the proper sel-
action of the tank confizuration, and in the detailing and construction
aspects. It iz shown that proper selection of the height-to-tank ratig, hIH
15 & major parameter in determining the tank's earthquake vulnerah1lity

to damege. Another important parameter is the selection of the type.of '
gupport: anchored or unanchored; guidelines for proper selection of the
support are offered, If the H/R ratio is properly selected, it is possible
to overcomne the_ﬁncertainties by proper detailing and careful workmanship,
and to provide extra margin of safety st a minimum cost. A series of
Provisions is recommended to provide for-such extra safety.

RECOMMENDATTONS FOR FUTURE RESEARCH

Integrated analytical and experimentsl research should be conducted
with the ultimate objective of developing a reliable optimel design pro-
cedure far cylindrical ligquid stormge tanks, To achieve this ebjective,
reliable data is needad on: .

{1) The effects of vertieal excitations: "breathing" modes.

{2} The reascns for the significant cut-of-roundness response under
horizontal ground motions, and the importance of the initial cut-of-roundness
and other essymetries in this response.

{3]) The effects of base flexibility and of tunﬂ movermenis {sliding
and uplifs),

{4} The uplift resistance when & large anount of uplift ocecurs o
“unanchored tanks.

{5) The artusl state of stress developed in the shell and bottem
plates where uplift cccurs. )

{6) The eritiecal buckling strength of the shell under the real comn-
ditions existing in the seismic response of ligquid-filied anchores and
unanchared tanks, i.e., to find the proper values of the khockdown factor,

(7} The effective damping ratio for the liguid-tank system, as well
£3 for the slcshing liguid.

{B) The effects.of different types of roofs and af thelr connections
to the shell.

{9} The thEiGﬂ&l buckling af the shell: prediction gf demands as
well ms the available strength. ,

Anslyticel and experimental studies should be centinued regarding the
reliabllity of present metheds for estimating and combining the effects of
Impulsive mnd convective hydrodynamic pressures under the two components
of horizontal ground moticns, partisularly condidering the great uncer-
teinties that exist in the defini+tion of desipgn earthquakes.
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TABLE 1: COMPARISON OF RESULTS OBTAINED USING DIFFERENT METHOOS
OF ANALYSES OF A 1x10° LITER STEEL TANE. _

- OVERTURNING

METHOD OF VALUES OF INTERNAL FORCES AT BASE OF TANK + | MOMENT AT

FOUMDATION

ANALYSIS SHEAR (KN} DUE TO BENDING MOMENT {XMm) DUE 70 |  (Khm)

BASED ON [l IMPULSIVE EEIJ‘I"J_ECTf‘I.I'E TOTAL |TMPULSIVE EDI‘WEEHFE TOTAL TOTAL

UBC 76

(ke2) 2547 13443

?;3;” 3200 429 3629 | 14672. ] 3416 18088 | 20743

FLEXIBLE

TANK

vall) =

SINGGS) b 6077 429 6506 | 32824 | 3416 15840 | 39528

i) =

1;cusqg§] 3499 429 3928 | 21178 | 3416 24594 | 26080
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"RESUMEN L Ty
5: presecta la soluclén matemsiticamente rguross para el corn = . )
:r-lzam!nﬂo hidrodinimico do tangues de paredes rigides conolobiete - & -, 0
: establecar wna comparaciin con el miétodo aralégico proguesta por
:u.srnr- Qe uEg se ofcuentea ampllamente exterdido en la actual] =
19, Los resultados obtanidos permiten recamendar sl use dz la 2oly
50 rigurosa I'nadinntn tablag o gréflcas que faciltiten su manelo.
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N P ————

E1 eatudio de! compartamicnto hidrodinimico da tanques blen pus=  * - -5t
tremaonzarse A la década de los trelnta coando Haskine 135 Do
E‘,reallmmn la® primeros trabalos de carfster oxpor-imem.al con rm
Ya ¢a ln rurerasas fallas ocurridas en este tIpo do ostructurax dus
wa o] alamg de 1633 on Long Baach, Callfornis. Con estos estu
f-ﬁ e eyidencid la necesidad da uzar criterips do disefo dirdirmica
vez de recurrir a la suposlclin de una cargn #3iitlca esguivalurte

lzefo achuanda en el centro da rmasa del tanqua, tal como B8 ha = 0 R
Fvcrddu haclenda, ' - .

Posteriormenta a fines do 1na a%os cuarerta, el enfogue anylitico ..
problerma recibe wn gran [mgulaa con las lewestigaclones realiza = | | o
¥ - - { '
v POt ArRs (Y y Jaeobsen (4}, guianes fareaolan 1a teorfa do la ma

- um serie de osclladores hidrodinimicos, £stos conceplos han
1ampllaments desarrollados por Gribam (S)y Moran (8) para tan= )
¥ de forma birge rectangular coma eilfndrica,

|. . .

. En 1957 Housraor (7) publica un desarcolls tedrico del probicma ba
4 en wna Bralogla mecinica quo ro satisface el coullibelo dirdmice C e
f} Mufdo (9), ¥ guo conduce o la cbtencifin da rodas seroldates e = % -
mdun:umenm da la forma dal recipiente, thdo okt 8 diforencia da

Universicdod Aubiroma Metropolitama, Azcapatznlcc O.F,
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. que & Nuido adyacerze sbla terme respecto & ellas veloeldad tangen
i - " elal,
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. da wvelocidades el ouwids aud cwmpla con la mclﬁnd\u Lapglace v
lay condlcisnea da frortara, ‘ .. ;
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Ui La presentacifn eminentomente ﬁr'dl_:'_;lcn da los artfculos da
" Housner (7,0) ¥ la gran difusidn que -han tonldo, Son 1a cawta o8 gue .
hayan §ide lomados Comg hase para el 2lsefio ginimica da tarcues Dor -

" wvarlas rormas (10,11), gusachando la aparante complicacibn que Im=
. pllea 8l manelo do 1oy modelos maremiticameonte rigurosos,
T tuaclin hace sertls la recesidad da arelizar con detenimicnto ¥ desde

Csta gi=-
‘N purta de vista tarke tefdrico comg de aplicacidn la corvenjencla oe
la algcclén hecha a favor del métode da Housrer,

DE'T’EFEMINACIGN DEL FOTENCIAL DE VELOCIDADES | .
i  La soluclén de! movimlento lr-mta.i:lnnal da un flulde hnmogﬁmo L 3
. lrcompresible, 38 reguce A encontrar el potencial de velocidades
Gua Batlsfaga la ecuacibn o contlnulcad Npmsentad-n Mo la ecuwacibn
da Lagiace, . -
. vlé

0 -
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. + ] SRR =i TR o
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Ahora los modos va. rg son airaldeles, alre s acquierean 1.- :

. forvna da funciones Jy O Baasel (Fig 4)

T s Ao 1O BJesh (M s (pateia) el

. €on la cual Surges wna dlflr-nl:ll [rracorciiiable con el méoda d-lr .
. Hnu:r-nr .

| ) 4 +
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Aunqua con un desareallo mAs complicate, MOran ™) ercucne

' 1_ tro tamblbn los resultados artoriores a8 tnclusive las enpresionw =
- para la posiclén de las rrysse y las rigideces ds loa resortes nj =

drodindmicos {Fig 3)
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- S llevh a cabo un arﬁlts_is I"I.I*I'I-Er*[m pam w'm:nmr los mul_

tados obenidos. en Ry ¥ Ry tanto con lay exprasicres ds Housrmer = °

tormadas de {10}, coma con las nmlftlc.as mm[demmu low Pr‘tmer‘ut
Eﬁrnodospﬂrua'lcilculodnﬂ. . i e e

rarqua Rectanglar, .Aqul se aprecia (FiD 6) una pequefa difs-

rancla 8 cuats al factor de reduccidn de masa del primer moda, |
Quo ce Justifica pordgue &n AmMBos CAsos &5 senoidat’ia forma o Toa

rrogan, sIn embargo  en lo qua rospocta a 1a mata adharlda, su -
Factor da mduccmn preserta hasts un 10% do diferancia. :

Toprauve Cilfndries,- Pare este t'lpo da mmua. an at qua como
BAa \ATuntermmmntu exi{ste ura Siscropancia 2n las formas moda=
les, sa presertan diferencias en ol cltcule do 12 rmasa del osciladar
hidredindmico del primer mods hasta d: 17% v an =1 de la rmasa
nr.ﬂ-:ermn hasta de 7%, . .t -t

Tt T " *TCONCLUSION - BRI

] L _-. R ' . o . O
* Tonlando en cuenta el aspecto tobrico ogl problama ro ex dlff-

ofl aceptor 1a mayor zollder an sl plarteamiento riguroso seguido *

al principio de esta trabajo, en rolacibn a la aratogfa mecinica =

propussta par Housrar, hecho gus se ve confirmado por el trabajo

exparimental (13),'

En tuarto al agpocts prictica, =i Blen las exprasiores andlft -

cas Gon cormplicadas pues el cllevle de R, requlsre do la evialuy =
clfin de ura seclo Infintta v on el capo del tarqua clifndrico as na=
cexprle trabajar con las furclores ¢o Basstl, &l recurso de slnbo~
rar tablas o geificas para obicrer lom wvaloros requorldos en fun -
clén do la rolacldn de aspocks de! tamgua elimina exta dificultad,

. En basa a lo antariar v tenienda en cuenta Que ol wso de la -
aralegfa do Housrsr sweie conduste g arcpccs do rmagnitud aprecia
bin, Lo corcluye gua es més adecunds e (gualments prlctico ol wso
€3 lpa recultados matermiticamentn rlgurosos.
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BASIS OF SEISMIC DESIGH PROVISTONS ' P S . o

POR WELDED STEEL OIL STORAZE TANKS ) ' - * INTRODUCTION S

- . . " LA . " - , N .

"~ . .. A, 8. Wazatak) and W, W. Hltehell? . Reports of damage froa major earthquaken within the
O - T 1ask, fow decades cite cases of Jasaga to Elat botton walded

N s . | _ . . . . *  ateel storage tanks {1, 2, 3, 4!]. Damag4 Lo thea Lanks falla

ﬁE&iEﬁEI . . in four genaral cateqories:

I Recommonded design provizions are deaccibed for the . .+ 1, Dpuckling of the battos of the tank ahell dua to loagl-
s¢lsplc dosign of flat Lottom staraga tanks which are’ tud!lnal comprcssive stresses ccsulting from overturning
proposed to be Included in API Standard £50., The basle for : . forcos. Thix buckiing is moar [requently ia the {ocd of
e¢stablishing design loada ig presented-lacluding seismic zone - :,, -a4n gutward bulge in the bottos [oot Or two of the tank -

cocfticlents and the ezxzencial facilitles facter. The dasign

. - . Ghell extrading partly or completely around the Lank
proceduce Lz Based on the approrimate method of Professor

, termed an "clephant's toot bulge.” Dasage of thla cype

Houspec except thak aaplificatlon of ground motioa §s recog= ' .- has generally been limlted to wnanchoced tanka ranging

Tited in detecaining the fmpylsive response, The derivation \ " Batweoen 19 and 100 feet ln diamecver. Loss of contcnts

of evrves is presentad thEh ’ilpllfy Lhe caleculation of the - " . 'hak resdlted in some of tha more ‘e”ft.l! buckled tlﬁk'i

woights of the effective masses of tank contants, thelp : .

ceatzes of gravity, and the pericd of vibcarion of the . . * 2, Damage to the roof and upper shell of the tank and to -

sloshing mode. The basis of the design lateral force interral reaf support columna duw .t slashlnjy of tha tank

coetficients §s glven. . " «ontents. S
Resistance to overturalng [or unanchored tanks is - " ). Damage to plping and other appuctanances conhacted (o a

provided by the tank shell and & portion. of the tank. conteaks © ., tbnk due to movemont of the tank. - A

which dupemis on the width of bottom.annulac ring which Day L . ' ' .

lift off whe foundation, The basis for determining this ‘4, Damage resulcing from Efallyre of Ehe aupporting ground,

vidth is presentdd. A curve is included in the provisiona "', .notably from liquetaction, washout duk to broken piping,-

fog calculzting the maximum longitudinal comoresaicn focca In ru"l-' and slope “fallure due to high ecdge Joads,

the shell for unanchared tanks. The daclvation of this curve o '

ls presented and an approximate formula for the curve gliven. ) . The damage repacts have led to {ncreasing Interaest in

The formulas for maximum Jongitudinal compression force in the saismic design cf tanks to Lg Jocated In melsmically

the zncll for anchored tanks and required anchorage resists "ac¢tiveg dreas. Tank bullders, iur2rs, and, in scae instances,

ance are eaplalned. The basis ls given for establishing the regulacory agencles have developed their ouwn crltesia fof

maxiour allowable shell cospresaisn which takes into account

stiznic design., To provide uniform quidelines, cecomacnded
the effect of intérnal pressure due to the 1liguid contencs, 2

design previsiona have boen prepacad which are propezed Lo be
) ' N ! {ncluded ‘23 an appendix (Appendix P) [n API Standard 650, .
Suppleaental informseion Is presented for calenlating . Welded Steel Tanhs for Oil Storage, Siailar provisions ace
the height of aloshing of the llquid.concents, for deaigning being developed by the American Watmr Works Associacion for
roof support €oluAns to resist forces caused by sioshing, and’ wvater storage kanks, :
to talculate the lagtease in hoop tenazion in the shell duc o

seisaic forces, SCOPE OF DESIGH PROVISIONS . ' -

- L The proposcd Appendixz P to API Standard 650 cavering

. . : . ) . -t ' galanle design of storage tanks is lpcluded in Apoeandix 1 wo
' I . ‘ this papet. Detailed requilrcmenty arw lncluded o assury
Fl . ] ' ., . urc
1 Chicaqo Dridge & Iton Company, Oak aroock, iL e
.* Standacd 0il Company of California, San Francieco, CA . 3 poferences’are listed at the and of the text.
.o . LT, 3
. 1l
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stablliry of the tank shell against overturnlng and o
pricludo buekiing of the tank ghell due to longitudlnal

. compression for the level of curchquake ground motion which
has a reasonable likelihood of not beling excepdod Jurlng tha
life of the tonk'in the ceglon In which the tank will be:

. .locaked, Lo L. ; ) . :

' -4 - - - L !

- A Tequlrement Is included 0. provide sultable flexi-
bility in siping attached to tha shell ar bottom of the tank,
Additional items which the tank purchiser may wish to

" goncider to einlnize or sveid overflow and damage ta the roaf
and upper Zhell "and to rool support columns are noted, Theso

“latter items normally do not posc a risk te lufe safery or to
the .safety of sutrsunding faclilivies, but may be conaldered
Eroam the standpaint of econowmic risk to the tank ivzelf,
*Cuidelines are included Yater in this saper for the design ro
accoueplish thezse gbjecbives, .

e B

.. The response of tanks Eo earthguake ground motioa also
includes 2n increasze in hoop tensian in che shell, This has
led to rupture of the shell In the past for riveted ranks,
The shelis of welded tanks, however, have substanciasl
Cuctilicy in hoop tensicn and can absorb encrjy resulting
froa cacthguake 9ground morion through yiclding, Current
tractice for the sSeizmic dezign of wolded steel tanks for
"heop teonsion rakes this duerilicy iate account, ihen this is
done, ceizmig respanse in hodo tonsion does nog Jevers Lthe
cesign of the ghell for the naxinem level of carthquake
ground sotion praposed for Arl Standard 653, Consiquencly,
no pravisions are included for hood tension. Yhen tanks are’
dogigned forc higher levels of parthquake grovead motlen,
necreasizd hoop ténsion should be jpvestigaced, Zuidelines
for this are included latae in this pager. .

- o

The proposed hopendix P does noc addcezs soil
stability =2ince thiz does nat affact the design of the tank,
Howover, it ix ingortant that =o2il torditions at prospective
tank sites in zeisajcally active acvas be investigated for
potential instabllity including liguefaccion during an,,
racthiuake. - : '

DESIGH LOMDING )
) The desiqn procedure presented lp Appeadiz P ls bDasad
on the £implificd procedure develcped by Profescor 6. W.
Housnue [5)] aad included in Chapter 6 and Appendix F of ERDA
TID 7024 [6) with modifications &5 Suggested by Professer A,
5. Veleesos [7]. As noted in the Intvoduction to Appendiz B,°
the procedure considers two rfsSpansé Aodes of the cank and

"

v

‘" togother with 8 portlon of Lhe contenats which

T owIp 0.

o o 1 M
' v ' . i
. o . ' .

N L 1

S . . .

e F... A f . .
E a .o .

o ;hu ret nun.ﬁf the tank chell and roof :
P A tion movgs in unisc]
wlih the chell, and the fundlumencal slazhing made of Lhe
conlents, The forces ascociated with theze modes arc .
poginatly termed the impulaive force and the convective force
respectively. The drsign averturning moment at the bottom &
*the shell resylting from these [ocCem 18 given by the _]
"following [ormula in Scction B.3.1: .

‘ K = ZI{CyHgXy + CyM My + CyH Ay * Cytta¥al - 13
b . zn this formula, €, and C; are tho tespecLive latery)

" force coefficients for the impulzlve aqd convective farces
and Wy and Wy are the corresponding weights of Lhe cifective
mazies of tha tank comtents. Curves for deteemining W) and
“Wy #s a ratlo to the total vei{ght of tank contunis, Hp Are
" given In Figure P-2 @f Appendix p fov various ratjos of tank
diameter, D, *0 bazimum T311ing height, d, These Curvet ar?
bosed on the [ormulad develeped by Uouaner and presented in
Far. the weight of the liguid contributing to the I

impylsive foree, Wy, Louznel prestonts the Iullowing formal s
for tanks where the ratio of (illing,helght to radius {5 lesq

_than 1.5 (D/Ul greacer than 1.333: 1

i . ) ' N
S ' W tasnopocd SR ST
. T.-TI Ty ‘u'ﬂ," S &1 (2a) ]

! . L
. ] . .

‘ { whnere the catle of filling helght to cadivus 13 qrggtnﬂ
than 1.5 {D/H lets thin 1.3)3}, iousner'e pracedure cansiaufﬂ
the liguid conktents in the lower part of the cank below L4 =
" depth equal to 1.5 times the cadlus to respond os a3 rigid |
*“body ac far-a® impulaive for¢es afe conCerncd, The effactive
“weight of the wpper poctlon of the contents is deternired ,
from foreula (2a) using DFL = 1.313. The ?ntal ellective -
weight i deternined by adding the (ull weignt of the lower
portion of the contents to the cilective weiqht ef the upper
portion. This leads to the [ormula:

1 W : -} l
: [

L - M 1,0-0.2180
T ..



The formula far the welght of the effective contents

used to determins the convectlve force, which i bazad on
Housper'a corrected varaion of TIO 1024, [s as fellows;

-

_— i = 0230 2 jann [ _3.67 :
- Wy _H o

L)

ot The helghtx 13 and IE from the bottos af the tank
) L]

shell o the control of &

lateral anlzmie foccon applied
to Wy and Wy, reapectively, aa ratlos to the maxizom fllling
‘nelghie, M, ara given in Flgure P-1 of appendia P (or varlous

o/Y ratios, Again, these are based on tne work of Housner,
Jor tanks wheécs the catio of £illing helght to radlues i2"lesa

: BV

»

than 1.5 (0/4 greater than 1.331), the Lozaula for the helght
to the centrold of the lwpulsive force im . - ‘
.. . ' . - .
ux\ . - *
TN 3o 0s : P
) H o (4a}

i
\
|
|
|
|

»

o

Whera the catio of £111¢

than 1.5 (D78 less than 1,333)
p :

-
4

. ] - breo-0.00: D
. H - .

convective force [a: .

L

. . 67y
.5 1o= oo |Brnj-r0
— " w
. T © YRS onf3BT
W {ufn

¢

ng balght to radlus Lla greatar

{ib)

rhy formula for the halight Lo the cencrold of the

Az notcd at tﬂe end of Faragcaph !.3;1. the ovar-
turnkng Soment calculated in accordince with formala {1} - 1a

that applied to tho bottea of the anell,,

The total Over=

-

turnlpg moment aoplled to the foundation can be decermined by
substituring %y and X5 Iroa the (ollowing focawlas (20 X3 #0d
X3s respectively, in Zerzala (1)

-’

3

Ll
.

N

work, Bouzner considered the kank ta be
that the mttion of the tank shell and rool

I

rinh; on the ground are inhué}ntli vigid, In his
"

inicaly rigid wo -
togethor with that

portion‘of the contents that moves in unlson with the chell

cofneides with ground motion, In reality,
infinitely rigid. Storage tanks typically.

Lanks are nat
have natursl -

periods of vibratien in the range of 0.10 to 0.13 caconds,
velersos,” in this ctudy of thip wall flexible tanks,
concludes that the impulsive focce can be peasonably well

astimated Erom the soluticns derived for a

cigid tank u:cegt

peplacing the maximum ground acceleratlon with the spectra
valup of the poovdo-acceleration cocrespunding to Lha

fundamental natural frequency of the Lank-f
Sincg the calculation of the fundarantal pe

Juid eyntem,
riod ic caPplen

for tanks which do not expeflence uplilt and waknowa for

¢, which represents the maximum anplilied g
value of 0,24 ls consistent wilh the Unilaor
pazlpem value for structdres athee than bul
eacluding any soil factor. The woil faclor
appropriate fog Elructures with a very low
vibration. The high value of C) Ln Eunparl

. ghoSe that do, & caastant value is propesed in appradix P [OF

tound matlon, The
a Bujlding Code
idingy (K = 2.0}
docs naL appear
natural perled of .
sen with bulldings:



. 4

s Appropr. because of the low damplng inhervents feor .
starage tanks, the lack of nonstrectural load Sraring T
elementy, and the lack of duntxll:y of ehe tank :hell lﬁ -
longitudinal ¢omorcszion, ) ] . .

LT

. t Par bome tanks, t;xing L1 II the pmaxfimum amplified .-
ground ‘motlon asy be overconservative. For very rigid tanks

which ate anchared, {t may be desicable to calculate the . _l.. ;

fundapental pericd and use & lower spectral acgeleration
value. ) .
.- The period of the firsr floshing node {3 crlatively
tong and thc ‘coreesponding value of spoetral acceleratlaon
falls in'the region of maximun spectral velocity or
displacenent, Ths f{ormula presented for C i% bzsed on a -
paximun spectral velocity of 1,5 to 2.1 ft/sec and a maximen
T spoctral displactnen: @f 1.1 to 1.65 feet,. depending on noll

type. : -

The calculatian of C; requires the det-rm[natlan of
the natural- pecied,of the first sloshing mcde and the site
anplification facter, 5. The pericd can be deterained from.
tha exprcssinn:_ . .

T - ko TI

vhers % Is obtained froa Plgure P-¢ for varinun o/ r;:inl.
rhi: :omns from the foraula;

- . . ) . ) o Tﬂf;tzg‘%?r‘ ..: . .
o . - ] L :.E?g1 lnﬁh{-ﬁ.“—H) . [gl

ubgtituting g e 32.2 fr/sec?, X s theny

, . :ll L] 1anh(.:éi?_;-) . ‘ | '{ i0)

- .. B o

[
4

. “Thy alte amplificatlon factor, 5, i3 detoreined from .
‘able P-2 and varies from 1.0 for rock-ll%e soils to 1.5 fov. .
afe o nedium stiff toils, These ampliflcaciens factors
orrespond to those recomeended”in the Final Revigw Draft of |

|

. . B .t

. k- . . e i
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"Recommanded cnmprehenslvn Sdlﬁalc Dlllgn rruulllun: for ‘W

Suildings |23] preparcd by.the Applied Technology Council in a

:study [Projeet ATC=]] spancoced by the-facional Sclence - 1
ruundaclnn and the Mational Duecay of Standards,

I

" The latirll force tﬁutflclents, Cl and €y, st .
.pplicahie for the avrcas ©f highest selsai{city and for tankn.
which are not rtequired o ke functional for tmergency post
cacthguake aperations, The zone coelliclent, I, and the

. escential facilleles factere, T, are included In forasla {3}

for che deslgn GYCCLUrning wonent Lo provide an adjustmaak

for tanks located in less selsmically actlve areas and log
*tanks which ace required to be functiondl {or ¢xergency
,nperatluns aftee an earthquake, The valuge of the 20nu

coefficient, ¥, Is obrtained from Table P-! FOf Lhe varlous
zongs defined ln Figure P-1. The values of I correzpond to,
these specifiecd In the thnlform Sullding Code. The ionc aaps’
are based on peek around notlon accelordtion CONEOUE maps )
fpgleded In the Final Review' Brafe of the ATC=) Peojest. For
the 48 conbiguous stiles, Che map used 45 that Jhece the
sccolircatlions ate a Agcasufe of effective peak vilocity so to"
bo appropriate for the long pericd conveetive force as well
ag the shore poriod lmpulsive Force, The ATC~) map deploty

i

.contours of awproriadtely 2qual seismle rlsk and i
£onsidired o Be an iesrovodent over the zont asp lncluded tn’

the Uniflora 3uilding Code which is tased on hiatorie earth=
quake Jamage levels, The ATC-1 map is [or use in

establizhing ultimate design lcads and the aceelerarlan -
values deniceed zhould be reduced for application in wurking
stressfdeaign precedures. The relationthips bBacaenn ghe

- 1pnes Shown on bthe paps included ip Appendia 7 ead thg

1 COALOUT ranges 3hown on che ATC-3 azps are a% follower - .
Aopendix B ATC=-1 #ap
Eeizmic lone Contour Ringeos )
e e . . L‘T
. ! Over 0.4 , . e
" -] 0.2 o 0,4 )
2 6.1 to 6,2 - - °
S E 0,05 10 0.1 o
r ] Undor 0.0% . .

k
JThe essantfal E.cliitlel factor, I, cocrsaponds ¢ tht
Octuhuﬂtr Inﬂortlnce Factor specified {n the Uniface duilding
Code, The URD roquifes phat “structyrces oc Duildings which
Tuar be :af: nnd vecable [of emerdency nurposed afi®e a4t pafthe
quake In erder 1@ opresorve the hoalth and tafaty <f the
Jencral pablic® be detignud far o Lacroe of 1.%, For eijl
storage, this should apply to tanks such as these staring
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"el for powar qeacrating facilities which are essential for 4
;nrgency postesrthiguaks oporations. - ' )

[ 1
+

I . . z
SBISTAMICE TO ONERTURNING ) .
L] h r
The [actoss which may contribote to resistance of the |

ceburning momont ara nobed in pacagraph P.4, The weight of
La conteats whileh niy Be ukilized wo eesisc overturning Le .
zed en the calcolaved reaction at the tank shell of an
veacnbal streip of the bekton plate parpendicular to the .-
{211 which can'be 1ifted off the groend, The caleulation ks
i.:'a.c:d on soxll deflection theory and azsunes the development
. two plastic.hinges, one at the juncrion to the sholl and
jz other at fouze diztarce Inwvard froa the shell, The
rzuzed luvading, defleckion and mowent Jiagran are shown
| Low . .
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_ Tho équilibrinve solution Jeads to tha following
: ralnt}nnnhip:: - ’
; .

- . - . . . .

s e e T an
:_' . I.'L'- : .\"HF , e . '_ . _‘ ) + ;-. -
" and st B
' ) , ", - * . ' : : ' .1. -
i TLa L2k < e e
[ - 20

: . i U
: w2 nolh, VForSH e 1 {13}
_— A S R -
X and . . ~. 1 . h.'_ 1'_" ] ‘.. o
. _ . L “w . . - oo
‘\-_ r - B ! * -
“ L= 0.00M ?"I... ' : ) . (4
- . Pragtlce has been to Maiv tha uplift leagth, L, to &

“to 1 peccent of the tank radius {9}. Thae llmitatlon of wp, B
1:25 CuD linics L to about 6.8y of the radius, Recenc
shaklng table =ode!l tzzts of tanks (13} show siynificant
chang2s in.the respanse characteristics which are not

sccount2e for by currant 2esign proceduces when greater
- Axgunts of unliit aceuwr, -

. The above procelure o establlsh the saxlaun
tesistance of the liguid contents to cverturning of the tank
is egnizrsakive since 1t 2g0¢ aot btake Ilnto account mesbrang
ftrosoes «hich will develop in the bottom 'upon uolift,
Further studivs nced to be undertaken to beottar doterming Ehe
uplifr rzzisignce ard ¢ aceoant’ [or the changes in rezponse

~een larye aZgunts of walife occur, i}
" A

SHELL SQUPACSSISN = . -

Eeehdls for determining the mawlaum longitudinal
compression {orca, b, abt the botiom of tha tank <hgll aze

" 10
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glven in Paragraphs F.5,) and P.5.2, For unanchored tanks T Prom the cummation of vertical forces and ovezrkurning
where there iz no uplift and for Anctored tanks the - moments, the folloving exprassians are obtalned:
eoapresslon force can be deterained roadily from the formulag ’

_ _ . . . be . ’ . . .
. w 1,379 : . " Wr‘"’“ﬂ] ) ;
barpaty e g U T = 7y na Lo e

which azzvzes that the force vacles directly with the ; . ) - . .
distance fcoz thg ceaterline of the tark in the dicectlon o . ' ' )

the lateral loading. ' For tanks which experience uolift, b M = T, 2o in2B ]171 '
can be deterrined from the value of Che cocpressive focce D?"' "I.) ¥ sinp-fcosd ' - "
pararoter abtalned from Figure P=5 a3 a function of the - ' ! ; ' T '

averturning morcat paramerer. ' : :

Tha curve in Flgure P-5 ja derived froam the Fallowing . B : ’ : "
’ 3 . . y avbetituking valuyes of A from 0 to Tr radiang In
1ssuacd load distvibution around tha shell of the bank: ' these exsresslons, che relscionship betwesn the bwo

parametecs @n the lefthand ¢ide of the espressions is
_obtaincd, This relationchip applies for values ©f the morent
parancter fren /4 where wplilt conmences to /2 where the
ehell berowes unstable. The zelationship woy-be approximated
V.4 with gocd accucacy-up to s volue of the Boment pavamcter of
2,54 with the folicwing foruula: )

- : . o . o ' : =
] . ' - ' Cor Bt w . =
' Ay L = 1 - {1!]
| ‘ : : ‘ "t #.5152- 0.19547 I
w7 ’ LN . B n? ,,.+.
- . . ( :]
ol il - o .
: = : _ ‘ _
% ) . Forrulzs for deteernining the naxirun allovable
longitudinal coxpreccion in the chell are givea o paragragh
] . Pon p.5.1, These ware ecstablished to provide & mafety factor
. - - pgainst bBuckling of about 1.5. Excluding the effcce of s
. intecnal preroure, the critical ctrezss for weory thin wall
B - . ehrlls was ectellished as £.12% EL/R where E iz the rodulus
| T - - - '
| “ = o F &i clastjcity¥., % the chell taickress, and X the ohell radiua,
# 452:Z:a¢.f =his 1s basoed on the work of €. Do HMiller |11} ®f Chicage
_ T —

tridees & Izon Coapany, Usipg E = 29,000,030 psl and & zafety
Jactor of abouc 1.%, thiz leads to an allowable Etrecso ofs | -

.
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“whore £ I3 Ip‘inﬁhes and O is the diameker in feet,

fo, Crate and Schwartz [12) detarala -
retical analy=is and+01pcrimunialltu=ts tiaﬁdtﬁ2r33321225°
buckllng stress in compressisa Ifoe thin wall eylinders
1qcrea:n: with inteenal pressure, Theoretically, with suffl=
gient Internal pressure the critical Suckling st;uss will
rcecn the claszical limit of 0.6 Eu/R. ilowever only limitced
tests have baen rade to date, Tha tests oade b; Lo, Crate
and Schwartr showed 3 doubling of the critical buckiing

strecs as the nondimensional parazetgr ——f P ~fncraased
E 1

from zeco {60 Intarpal pressure) to a value: !
valuve iz reached vhen the valuc}o! GHDzjtz S abona2ls
Based on this, the allowzble loagitudinal ¢
for thln wall tanks for values aof Sap? s 2
200,909 was establiched ac:

This
is about 100,00,
Crpressive Atress
qreatec than

- 400 000t -
-0 - ..ot h20)

v

The tests of Lo, Crate and Scheartz showed a nearly

- Mnear {nercase in eritiecat buckling atresda with Isternal

precsure up to the liwies af theic tescs.. Thus, for valoas

of 0/t lesa than 200,000 the allowsbl zpres
st i anss tha w ¢ cozpressive strend

- .-

M . ] LI v
- R0DO00L .. . 20K . h

Foroula (21} will ror2ally agply only to ver t;
. all
tanks whete the shell chicknesz iz estiblished by n?nimun

.values rather than by hoop steoss. .

A3 the thicknezs of the shell in p*daariiaﬁ ca th -
I = - * e
diameter-&f the tank becoses relatively lacge, loroulas [29)

13

and {21} are no ionger applicable. Hiller presents Locmalas

oy celtigal buikllag of shells without Llaktornal preazuce f4
T intapmediate and thick shellis leading Eo a maxizuo valun af

ecritical boekting stress cgual to the yleld ttress. Tha
liajr of Py, = 8.5 Fy, i5 ezlublished In Appendix ?-to maln=
ttain an adequare safety factor throwjhaut the intoemadiane |
range of Lhiekness to diameter ratio. This liait will
‘noreatly apply only to small diseetec tanks f{undor 15 [
dianctercd ' N s

L

. - . A r .
' _ the lengitudinal comprasaive buckllng stress of tank
shells la a subject which necds further study., The presencd
of internal pressure and tha radial rvestiraln peovided by cha
bottoa lrads to o difterent form of buckllag than has been
experienced in oost caxperiagntal work on the buckling of
seylinders wnder axial and bending loads, :

AHZIIDRAGE OF TAHES

Cenocally, tankg-need not be yachored whea tha
fequired cesistance ta ovarturning can be provided by tha
tank shell and intocnal contents without exceeding tha
paxjsum walue perxicted for wy. Wien ancharage Is regulred,

erreful attenticn-showld be given Lo tho atcacheent ¢f the

anchous te the shell to aveid the possibility of tzating.the

cshell, Tha ppacified anchacrage cesisiange given ln parigrag
P.6 for anchotved tanxs provides a factor of safety Ln thack |
-the resistance provided by the weighet of the tank shall is
‘not. o conaldered. _ . _ T e -

e
O30
. In tomg cases it kay be desirible to grovide frechboar
in the taak 2bove Lhg Raxisaw filling height to riniciza oo
avaid overflew and danmaqe to the roof and upper shell dup &2
£loshing of the ligueid contencts, The height of the alaehing
wave may be datecained from the following [ormula baced on
‘Houszner's corcected version of TID 1614, :

,--vl . *"'t Fa 7] — . LIS
b= |.|1*I~ILE:21'.r lanh (‘J? T" ) ' .o hdz)

LSLOSHIRG WAVS HEIGUT

ROO? SUPPIRTING COLUENS' - . L
' "o B i"' - " b L

Wien {t [z fasired to decign voef supporting coluapny:

"to fesist the farces <awsed by the slochlag o! the llguid

e -
4

. *

b



cantents, these forcesn Zay be deterained as'describad in
sppendiz 2 of this paper, . .

BOCP TEHSION

When it 13 desired to analyze tha rank shell for .-

increased heop tension dus to earthquake ground mation,. the
Increased hoop tension Fp Ber Lnch of shell height can be
obtained from the following expresslion: - :

Fgp = Py + 2y o t2y

where Py s the tension dus to the impulsive foree and Py s
that'due o the convactive forca. o

For tanks vhere D/H is greather than 1.333," P] may be
dotarnined rrPu tha: following formulag '

P s L3216 GDH[E _-% (EJ?]mm(mu %) .l'zll

whare ¥ 13 the disvance In faee from the Yliquid surface to

" the point under cansideration, A3 can be seen, By i tero at
the sueface and maximus at the bottea |Y = H}. W acre D/H ig

le=s than 1.113, Pl Ray Le deterained as follows;

¥ <0,750:

P

. 2 Y . y 12l .
P o 27721060 - Jd
e | [‘Eﬁu‘ 2 ‘a.:su}] o (254) -

,r>u.:'s:5: ; . S
% i N . -

.
FI = llllln‘.‘lﬁﬂz {258}

. L The rfanvective heoap tension,-rz may ho daotecnined from
tha following forzula)
: ‘)

LR .
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. Each (J.H Hﬁ'ﬁ"t-) .,
P - 8.97521C. ot S
r B 2 [¥]
: . tosh (:.u '“.:T') , (26),

b

. The Jncceased hoop tenaion dus to cacthquake ground
gotlon should be added to the hoop tinsion due ta hydrostacle
prreisure, Tho hydrodynamic poction of thg strose, Fp, should
be divided by a ductility factor of 2,0 (or application in
the decign at normal allowable design tensile ceiresses.t ,

CONCLUSION

The bLasiz has becn presented for the seismic design
provisicrs for oil storage tanks whifa have boen prorozed A
&n spperdix {Appendix P) bto API Standard 650, The formulaas
have been given for the curves lncleded la the proposed
revislon to facilitate design eal¢ulat{ons., Supnlemental
infornacids har been prezcated to daterning the sloshing wavae

haight, the fovces on roof supporeing columns caused by S

stozhiag and the Increased heop teénsies duz bo earchguaka '
ground moticn for uza whea b Q5 dosicad (o take rhose
fzerors into consideration in the selsszic design,

It has been Seen that the deodlgn provisions are bazed
on the siszlified procecdure develcned by Fouznar for rizid
$oohi oexcepi that the saxizum ground agceleration i= ceplaced
with the Ieecbrel value &f the piewdd-jocclocation corrcse
ponding o the fupdazental natural fraguency of cha tank-
fluid gpseon az soggecced by Velebeds, Travisions. age
ireluded to insure stasilicy Of Ehe fank shell agalnst
overtioning and to preclude buckling of the tank shell cus to
longitedinal compression; nowever, furthsr stody of those
effocts Jre recomxended.

| NOMENCLATURE - -
f) b = misilmum longitudinal shell compression forcae, 1ba/ft :
shell c{rcun[nrencn ' ;

€3s €3 = lareral earthguake coefliclents for impulsive an
. . _ convective {orces, recpectively -

v

v = haight of sloshing wave above mean depth, ;tl

D = tank diamater, fg

= pmodulos of elasticley, pii' . o ] :!

Fa * maxiaua allowable longitudinal compressive stress In |
.. - tank shell, psi : !

L] .
Phy and Pry = sinlmum specified yield skrength of bottox
annular ring and tank chall, respactivaly,

y - . pal
. ' - lécll!ritiﬂn due s gravity --31.2 ﬁi{stci : i
3 G - Isphcific'g:ag;ty_tl.p for water) ] ‘. 1 o
© B e maximus £i1ling neight nf tank, ft ’
{::) 'rHt = total height of tank shell, ft g I -
. : N

.= wasentlal Facilicies Faecrep

I

Xk = paraacter for calculating T, t:ec’f!t]a
L = bottom uplite ienqtﬁ. fr * .

| seal !

- ?:eggurnlng Roment applisd to boktom of tank shell,
- ‘ '

e

Hp = plastle bending eoment In bottom annular ring, ~ |
s in.~1bs/in. |

P = lnteraal pressure, psi
"Pye Py, and Pp m  lacreased hoop teashon in tank shell due
. inpelsive, convective, and total eacthgua

force, respectively, lbs/in, ;

R = vank radivs, in,

*

3 - 5.« site.arplification facror . .

’ .17
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When used in
. forpulas for tank design up111eu ta thickneas of bottom
B 'hull course cxclud;ng corrusion allowance,
tp = thlcknegl of botton annular ving, in., . .
* - sloshinh uavedpnriod. seg
v = ualt #elght on rank bottoa, lbs/sq ft .,
g, ™ mazimum welight of tank contencs whlch may ba ugilitld
+ ro resist shell Guerturninq mnmcnt, ibs/ft of shell
R circumforonce, . e — -
v = weight of tank shell, 1bs/fe of shell circun!u:cnca
te = total woight of tank rnﬂf plus parttnn of $now luad. iz
-+ Any, lb=
ig = total weight of tank shell, Ibs ST
“T = total weight of tank contents, lhs
‘1 and iy = walght of effectiVH causes of tank cnntent: Ior'
geteriaining i:nulsivn and conveckive latzral
carthquzke farcez, lbg - ’
e = height - frnn bottoa of tank sheli to cernter of gravicy
~ of shell, [t -
[ .
p and X3 = helght fron bobtas of rtark shell (o centroids
] of 1apulsive and convective laceral cacihnuike
for¢es, respectively, for computing M, ft

"tnicknass of cylindrical anell, [n,

1
i} and x3 =

a

holght from Bottom af tsank shell to centrojds
of impultive and corveewive lxieral carthquaks
forces, rezpectiively, for comooiing epGoal
cvartuinisag mo=enc o3 fovnlation, ft

vertical dlscance froa liquid zurface to palnt an shell

being analy2ed [or hoop tensien, €6
Fo. om ¥

geizmle zane copfficiaac

central sagla hetvoen awis of fank ln the direction oOf

carthgdake grouad mocion and point on circuzferance. -

uhcrc shnll vpliit coomences,” radians,
%

18
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“eotion. Provi{sioas are included to assure stability of the

tank shell due t3 lengitudlaal compression. '

APPENDIX 1 R

PROPOSED APPENDIX P TO API STAHNDARD 50 -
SEISMIC DESIGHN QF STORAGE TAHKS 4 L
& ' -

This appondix éstablishes cecomncnded ainloum basle requice=

»ments far the Jdesign of storagastanks subjected to'selenle

load a4 spacificed by surchisee.: Thetn rejquicemanks’ capretant
accepted practles for apolicatlon to tlat battam tanks.
Howewar, it [s cecognized that cthes procedurces aad applleabl
factars or additional requiresents Aay ba zpacifled by the
pucchaser o0 Jucisdicrional authorltles. Aay deviation froa
the requicesents herein aust be by 3jreement betwsen pucchase

and manulacturer.

L oma . . .

P.2__INTROSUCTION .

a .

The design procodure considecs two ceSponie nodes of thg tank
and its cantantg: (1) thz relatively high freguency amalifim
retzonse ta lateral groeund motion of the tank shell and tool
togethar with a portion of the llguid contents which woves 1np
unison wieth the shall, and {2} the celatively low freguency

amplified cecspoase of a nortion of the liguid contonks im thy
fundaental sloshiny mode. The dcaign cequites the degpraoi=
natian of the hyldeodynasic cass aszsocisted with cach zade and
trhe latecal fa3¢¢s and svecturning acacat aopiied to the shell
tesvlting from the raspance of the easses to larecal ground,

tank shell 233insi.overturaing and to preclude buckling of thi

No’'ocovislone are included regacding the inczease in hoop
tzrsion duc te selsmic forees since this does not affect shel)
thickness {or the lateral focco,caafficionts suecilied hereln

takiny into sccount, generally accepted (ntreased allowable

streass and ductilivy racios, .

Y

P.1_DESIGY _LOASING . ‘ " T
- - - . O

B.3.1 Overturning,Moaznt . Y o

The overturaing cotent dus to selsnic Forces apolled k¢
the bDoctam'of the thell shall be detaraiced as foilows)
O S LR L Sy v CpuiaXy)

L .

F1 Y
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K = overturning moment {n foor pounds applied to "
. hottom of tank shall. .
]
3 = ZIone, :onf[icient from Figuee P-1 and Table P-1.
h“*l = Fstential fa:illties factar. I = 1.% for tanks
.- vhich must he functional Fof emerjency post eafth=
. quaku-apcratiunn and 1.0 for all athae canks.
' 3 and €3 * Laleocal eacthguake foree coerfflcieats

. detarmained per paragragh P33, -

-iu, = Total weight in pounds of tank shell. -~ .

X = anght in feer froa hottom of tank shall to .

i ceaker olf g:aulty of shell, . -
v
Wy = Tntal weinght fn pounds of cank roaf pluz porklion
- - -ot anew loxd, i€ any, 25 specificd by pucchaser.
+ By =, ¥otal helight in Ceet of tank shell, _—
41 = Wweight in pounds of effeceive mass of tank "
" ¢outents which moves in unidoen with tank shelt, -7
gztermined per paragraph P.3.Ma),
Xy = teight in feet from bottom of tfink shell to i,
contc3id of lateral. secismic force apolind to Hys
dcte:mined per paragraph 2,3.2bl. .

Wz = Weight in pounds of eflective mass of firse mode

.+ zlothing corntents of cank, Jdetecained pat -
paragragh F.3.2{a),

"%3 % Heiqht an fect from bortom of tank shell to
cenbroid of lateral seizmic force applied te Wi,
determined poe pacrageaph B,1.2[(0).

Note: The Overturping eoreat dgpecained pec this pacta-

qraph le tnat applicd Lo ¢he batrea of the shell
oialy., The tank {oundaclon iz subjected to an
addicional averfurning asmeant duc to latzra} .
dicplacecacnt 6{ the-tank cantents whleh fay need
to &e considered in the decign of zo«s foun- *.
datisns zuch a% pile supnorted concrets macs,

¥

O

P32

" The effective mass . s’ thﬂ o!toctivu matis Ha: WAy
"be decarmined by multiplying Wp, by the gatios HIKHT

b

[-I°%

r.3.3

0.4,

Ef fective fass of Tink Cuntcnts

wnd Hyfv,, respoctively, abtalned from Pigure P2 fog
the rntio [+ T4

_ Where: . :
iy = roval u*ight In pounds O0f tank conténts -{pcoduc!

specifle gravity specxtied by puvchasce]).
Toank diapctar in ILet.

Haximux fiillng height ni tank Ia foer Frow
bottom of thell to top of top angle or overllow
which limits £illing helaght.

Tha helghts from the bottoa of the tank shell to the
centraids of the lateral seicaic forces applicd to MWy
and 13, xi and X iy be determined Ly mutiplyiag i,
by the ratios X H and X3/, respectively, ﬂhtnlncd
from Figuce P-3 Ior the catlo of D/H.

The curves in Flgures -2 and P-1 are bi:nd on &7 :
modificacian of the equationy presented {n ERDA -
Technical Inforamation Document M024%. Altern;tivulr‘
Hy, Yy, Xy and xs 23y be deterained by other
analyticasl procedurcs ba=ed on the dynaale.
chavacteristics of the tank,

Latc;al }Gr:a Cnnf!lciehtﬁ'f
The lateral force cacfficient €3 shall bo takea as

) - i 1

. o Co L el

L]

*

Techalcal Inforaation Docunent 7024, Muglear Robctars and

Barthuakos, propared by Lockhoed Alceccaft Corpacation, and
olaes L Kacvver, Ing., Lor the'l.5. Atcaie Enzcgy ,-.:
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The lateral force coelflclent €3 shall be deterwined
as a'fusackion of the nartural pelod of cha ficst rmode
slothlng, T, and the soll condictlons at tha tank site.
' B . H “n " .

. Hhen' T is lesa than 4.5: - . T

b.

c ’ e.30 . .
. E) - - ' -
z - T ) -

L

E,Hhtn-f im greater than 4.5:
1.35 §
T?

- . i cl -

- r““"h-.‘l.‘.l ] .
L}

Sice amplification factor from Table P=2.

u

Hatural pecicd in sécnnds of first mode

. slazhiny. T may e dotecained frem tha
-follewing axprescion:

T = kot

" Factor obtained from Tivure P-4 for tha ratle
DA/ . r .

Mltarnatively, € and €3 May be deterained €rom

- fesponde speckra oskanlished £ap cha zpecific site of

.thn tank and for the dynamic characieristics &f the
tank, The specteud for ©) should be establishad for a
duaprlng coctliicicar of 2% of eritical &nd szaled to &

T adxiss suplificd dcceloration of 0.24 tiaes the

acccleacacion. af yravity:’ The soecckrea for Ty shouls

corrizoond te the coectrum [or C) except opdified for

a danpung confiicient of 0,%i. ¢f criticatl,

Il

RESISTHUCE_TO OVERTHRNING . o

*

Reslstinge to Lho ovdrLurning momRent at the bottam of cha
shell =ay be provided by the weight oF the tank £hell and
by khe wlght =f & packion of the tank contonts adjacent
to- the _shell e -wnanehoere! tantks oc¢ by anchorays of Lhe'
tank shell. - For enanchored  tanka, the pacrtion af the

contents whizh 2ay be wtilized to ceglac Gvettuining is

L
F

T

b -

f

L

5

depeadent On the width of the bottom snnalar ¢ing which
11fcn ofl tha feundation and may be devermined as follows:

.HL - 1"thmﬁ ' -

“mp a GXCEDE that, wp Ehall not exceed 1.25GHD, R

R - + = LT
Haxlaua wolght of tank contants {a pounds par Cool
ol chell clrocumferenca which say be utilised eo'
resist the shell overtucniag soment, ' .

. ih =, Thickness ol bottom annular ciag in Inches.
r;r = Mlnimuz specified yisald strength' in pounds pex
. sguare inch of bottos annulac cing.
. r
-6 = Design speciflc qravity of coatents as specifi

by purchasar. .

b. Tha thickness b!liﬁe botkom annulac rlng, tpr shall aot

excaed the thicknoss of the bottoa shell course, or
inch, whichever 11 greakar. Whers tha bottom annular £ing
la thlcker than tha reaaslnder of the bottow, the wideh of
the annulac clag In feac shall be equal to oc Jeeatsr

- thang e - ' . , .
S X U R
S 0 . ] .
R | g “§ T . - . Tr
_ '?.5 SHELL COMBRESSION ot ) 'cxg
" P.5.1 Unanchoced Tanki - s L
The aaxixua longitudinal ceapresnion focce il the bakt
of che shell 22y be determined as followar  °
Whan o {2 tqual to of loss than D.78%; '
. ; D!tﬂtiﬂi:‘} ’ - ' o !

b o= o ¢ L2730 ' .
’ D . ..

k]



. ’ - . oo, " Wharat

M - ) H . -

-—_— b T . -t = Thlckness in {nches, excludling corroslon
MEH "l [utiijls Jreater than 0 * . ‘) ., allovance, of the b&ttal shell Courae,

bewy ) .
n ¢ { ——— . . Pag = Haximum allowable longltudinal coapresalve
; may be computcd (rom the value of the patatate verag . : -f strocc ln the ¢hell ia pownds pat cquare inch.
btalnad Eram rigure =5, N . . . : The above fornulas for P, take into dccount ‘che
- T : ot . . ' effece of Internal prescure due to Lhe llquid

thece: Lt . : : ) - - gonkents, - -

= Mazizom. longitwlinal shell compression focce in . ) - {almoa eitled 1d h c h
. pounds por foor at shell clecumference, . o Fry :ounﬂf F:gq-qu.:' E;:h. strength of the shall &
! [l

& = Helght of tank Ihlll ln paundg per {-1.74 o! shall .

" P8 nucuunacz OF TANKS . .
clrcumfecence. - .
. : " - T o Anchnrlga of tankm lhall be deslgned to prnvldt a nlninu-
* Anchored Tanks: A ) . | ’ L0 T L;?:hnrnqa reslstlncn In pouads pe: fnat‘n: shall elrcusterenc
- dhe naximum langitutinal coepressfon fotce at ctha - ) ] . . g - . "
bottoa af the shell may be deteorained as follows: , CoL .- . .Ll_.zl_". S ey
+ A : . . ! v} . - -
Y b m oyl e 1273 K . ’ _ _ P &
T o “Tha gtregees dun to anchor forces-in the tank shell at tha

o+

pelncs of attachaent of the anchere shall ba investigated,

y HQx[nun Allowable Sholl Coxpresslon
.. P73 PIPING °

The aayipum longitudlnal compressive gerass in the (‘)
T shell, b, shall not exczed the saxisum allowahle Pravicions for suitable flazibility.ln all piplng attached to
17 ¢ ] . the shell or battea of the tank shall be considered. On
: Bteess, Fpr determined as follows: . ' wnanchored Lanks Suhjeer €0 boccom uplift, piping conntcted to
. . ) the botkaa chall be fre2e to lift with the boctoa or shall b&
.~ When the value of ¢yol is greater than 200,000 -1 - lacated %o that the horizontsl Jdiscinss ecasutad fron thi
. . Y Lo _ - ghell ta the ¢dz0 of the connecting reinforcetent shall be the
- B : ) . * width of the bottor hold down as calculated jn paragraph
- F; = 200,000 : ) P, i) plux 12 inches.
L > o .
. - . ; ot P.A  ADDITICULL CONSIDERATICHS -
When the vilue of CiIL? {z tcss than 200,300 - . e - ) i
—_— "L . e The purchaser zshall specify any fresboard desived to
. ] ) o . alninize or avoid overflow and damage ta the roal and
Py = 1pu,nnn E + 2 .CHD = ' upper %hall dup ko sloshing of the LIguid conkents.
D A - L.
* . b. <“he bace of thg roaf zuppoarting columnz shall be -
Zxcept that in no case chall the valug of P, cxcend n.@ resteained £2 prevent latecal movwepant during ca:thquatll.-
rt,. T When cpecifled by Lhe pdrchazer, the eolumngs chall bae

decigred to Tesist the forces causad by-the closhling of
the lifuld cantents,

i e R e T L e
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Skt i Wowd Co " Ne ‘sarthquake deslqn raqulired for Zone O, .
™ Pyl il Ty Yk Finloll 34 . - - -
o &0 1.0 e s :‘.ﬂ. .. wr o TADLE P-1 LE
o/ e . . R L T # : .
UL I FIGURS P e : _ _ SQIL PHOFILE CORFFICIEWT ' .
- ) - . . T . o , .Sail Ptuiile Typa
m.cﬁ' = LI + .. .=
- . A A c
- s T tha 1,8

e

- - |soIL rROPILE TYPE A is a profile wirh; ™ . ¢

o |1, mock orf 4ny charactacistic, elther shala-like qr
ccyatatline in nature. Such zatarial may be characteris

by a shear wave velecity jreatsr than 1,500 feet pag
O : gocond, or :

. G0 - 2, Stiff soll cenditfons whers the soi) depth is.less than

» =200 F22r and the eall typas overlying tock are stable
* 7 deposits ol-taads] geavels, oc stilf clays.

. SOIL PROFILE TYPE A Is a profile oith dec
ta ' wkifl clay conditions, including sites where the s50{l dapth

vxcacds 200 feat and the soil types overlying rock are srabl,
depesits of sanda, gravels, or sciff clays,

F cchesionlagas ar

™

SCIL PROFILE TYPE C i5 a'profile with,soft-
clays and sands, chacactorized by 20 fewr o
sofe-ts-ardiva-stllf cloy with or withoue |
of sand or other cohensignless-xoiis,

tovacdiun-¢Lipy
C apfe of
ntecvenlng layescs

A L e L M I LN T A

L]
[ ]
o
'l

R e
H L

I)z[uti\t!‘j .
bey, ¢1.271 4

In locaciona whern the saill
. sufficient Jecall to deceraj
Prefile C zhall by azsumed,

profile type in ot known in
ne the soil profile type, Soll .

e R R SRR A e-ry—— e e g R By At
e TR

PR L TEER AL

— B e e e i Bt et Ly e DR =t A - . - . . ’ ; T )

E ﬂg[g._.;_ 4:.:.:.1:_'31-:.;_'..:4:;4"_:;.1..&:_...:.“; o .:'_:i{,é.:__i __li'h.-. “-—Ihi.ﬁ - . . IABLE B2 . .

1 LM . . o R ‘ oot .

- DE{”‘, "‘"L} . ) J . 1 ]1 ’ . . .
. . Flow® p.5 y .

l,. N * ) * ¥ "

| 3 $ =a : -

1 o o




S . APPENDIX 1°

(IORTZONTAL FORCELS OH COLUANS CAUSED DY ° - IL
2encHING OF PLUID IN CYLINDRICAL TAHKS :

v -

. The fnllnuin§ brescntatlun iz considaced a rpagsonable
spprozimatien for the deteralnaticn of selsmic fnduced loals.

on columns,

-

. - The tatal horizontal force actlng por fopt of goluan
lenqth lncludeg the drag force, -inectial force, accelecatioa
force of tha column mass, and the aceeleracion, force of an
e freelive column of water. The acceleration f[orce of the
colemn and fes offcctive water mass are funcrtions of che
saiz=jc factor., The drag and Inertial foreas are functions

of the [luld valocity, u, and accelaration, 4. .
- _ . ('H-"r' a R :
-, 1 u- TagT cosh L0 J toa 2 Teosir (1)
c : tnih‘.l'f-g-; _ ,
. . Y o, X .o
. tig .:uh'.l:r('ﬁ_} 1A 27 Teos T D
. yn .- : . 1
a . cash it r ¢ 1,
. D 1 v .
- i . t - Yy
' - e = a3 L T

I R |

Tho averaqe force . per toat ©f colunn 1';, LI

of, +IIC‘ (l'l'l:q.mh)

i
e | ff+
L3 A T - N - pr |

wheras Fy .cnﬂﬂr 3‘5"-'1'"3'— . C ke, .-

-

[ ——— - . : - S , ' e
Fi - cup"n_.&t‘-—i‘ i, . .

- . , .

Equation {3) may ke applied to ciccular and

, rectangular shaped laterlor columns, Yor civcular columns,

) Do, 12 the paxigum dimenzion of Lhe monber cross-sactlon. as
thown in Flguce 1, Tho analyxis for cecrangular coluans ia
_based on an cqguivalent clrculad column with dlamgtsr D -,
drag factor i corrasted for rectanjulay column teor ACCOUAC

for tho ddditional resistance to flow, . -

ae P, r &

.
A

W VI . .
o gubstitueing Equatica (1) and (1) into Egquakion (3) i

eI Gl
1] I - - PR St . .
" e a7 - T G o
'r} 'l . vy T I I " r ] ‘l
" 1-‘-* ij. "-‘ L . e g ) . R I -
0 ol . T ' . . . oo
L] ¥ X
I Y - L‘uﬂ'_D‘ Flgf? :ulﬂTtn;W_ﬁJc_u; :rr_,rru.nr_u_{ (girhl:rﬂ +:r_$ i
X HD . ‘“"-(‘T'E]- « T Co.
j ’ LT - .- o
. \ .
L] 1
! me pe¥ag sin L casr X sinhrH | S .
*. * ch [ 4 A 4 'u' -ﬁ A rte ('. - ) R
+ :f- ' {.} -
H wT H L] L)
1 ‘“"l n-ﬁ..l' '“'t UL S B

- il - L

The solution of Iquation (4} {s a function of time and
lecation of the ecalusn in the cank., An fteration with Eine
over the period of the sloching wave is poccasary bto search

out the aaxizusm column laad.

¢ For simplicley,, the desiqn of the column for coxbined
bean~celumn action if mide aztpalng the sel zaie load scex )
uniforely aver the full keighe of the column rather than the
£luid heighe, It I recomtanded that AISC prizary colusn
allawables De uscd in tho heoam-cooluan design silnce cecondary

p . i T -



- v

a Hmmm

4

eolumn atlovables havo safety factors tod low to allow an
addicional kncrease for the selsale laad.

Cp

_ NOHENCLATURE FOR APPENDIX. 2

- The followlng dcofines terms used in Appandia 2 only.
For Gther tyras, s¢e the Homeaclature following the aaln body
of the poperc. .. -

draqg coefficlent. 'A value of 1,0 i3 reocowsended foc
round calumns and 1.6 for wide flange structural
Lhapek, .

Ty = mass cnafticient. A valuwr of 1.0 i recoasended,

g, = raxlmum cross-section dimenslon of coluan, fx,

Fq nd Fi = draq and {pnercia Eorca.on_colunn, 1v/ft.

T
;c

",

avaerago toral force un':ﬂluuq,.lbflt.

column weight, ib/fic.

- . - |
woiynt of £ffective column of water, 1b/fe. " LL -

£iuid particle velnclt%, ft/sac.

fluld particla acceleration, !tfsec.: .
haclzontwl distance Ln dlraceion of sarthguake focoa
from cortec o€ tank to centes of coluan, fk.

A

mazc af Fluld, lo-sec/fe, 4

tima from beginning of wave cycie, sec., T vacisa
fcom 0 to T,

+

e oammmw - hmaw Le + .

tag s’

v
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r . . .
I e P

- I L e, - ' .
En ln Tabla 1, se muestran las cargas , propiedadcs de lns matﬂrialcr ¥ tlpu
- de andlisis estructiural gue es necesaria considerar en ¢t dtscncx de tuberia y

sus componentes para fallas de formaciones y cargas sobr'e el eqmpn aue in-

terconcctan., .
l.os objetivos de llevar a cabo el anélisis de ﬂextmhdad de un Elstema de’ l;u

boerfason: -7 > 1 ¢ A . Nlmar Ly e .

o f LI "n P '....-g

1. Verifgcar quefnlrguna da las compornentes del. ﬂstemﬂ esté sobr*e csfor*za

da en ninguna de las condictones do carga gue es posible esperar dureante

la vida dtil del sistema. SR

2. Revisar gue los olementos mecﬂn{cas, 1mpue_.tﬂs por la expanmén de la —~
" tuberi{a a las bﬂqmllas del’ equipe interconectado no sean mayares o lag - -
permtslblas 1 O LTR P .

: » 1 . , Doy e Dy

_-1 VR | .-
Las cargzs gque ncrmalmente se considaran son

’ 4 - 1°

a) Peso pr*-npm 'de las componertes, liguido que conduce y aislamierto,
by Carnbios de longitud de la tub-er['a, debidas a cambms de temparatu A,
c} Meovimicnos del ceguipo intercormectado. , -

d). Vierto y/o sismo.

- @) Excitaciones inducidas por el equipo interconsctado. |

LI TR e T

-~ o .o
i’ : 2 ] ! ik - ' .

El anblisis de un sistema de tuberfa depende tanto de su trazo geométrleo, —
como del tipo v localizacidn de los soportes; sin embargo, a su vez la inr'c:'r-'mi'
cibn para el disefio de estos elementos se obtiene como resultado del analisis,

por‘-ln gue =n general el pmcedimiento es de tipo interactivo.

*1
Tr‘adicmna\mente el anflisis astr‘u-::tur‘al de smstemaq de. tubemas se ha dernomi
nado " Analisis do Flexibilidad de Tubc:r'*fas ", sin embargo, debe hacerse no -
tar que ésto se debe a gque originalmente solo se utilizd el métode de las flexi-
bilidades por aste tipe de cileulos; micntras gue en la actualidad el método da
las rigideces:-es la mas popular.

£n la referencia de J.E. Broci,so encuantra una revisidn amptia sobrea cl ané

lisis de sisteama de tuberia, incluyendo 265 referencias al respecto. Enla -~
misma referencia se presenta la historia del desarrcllo de los programas de -

computadc:ra en cxislencia, Hasta 1966, . . . ..
. - . . El ' - - M - L - . 1 L i
‘Hasta 1970, 1a mayorl’a-dﬂ: este tipo de andlisis Be hacia en comportamicnto - —
* elastico lineal, considerando al sistema de tuberfa cormne un conjunto de vigas
ractas vy CUWEI.E:, incluyendo facteres de'imensificacién da esfuerzos y flexibili
dad para los tramas curvos. '



N -

.
i -

Paor lo gunﬂral sc consideraba factores de ircrementa de flexibilidad
da otras componcr‘ltcs qua on algunns casos pueden alternr las deforma -

Tl g

ciones de todo ¢l sisterna, . <07

Lo eolucibn nnalfnca del pmblcma gencral del anflisis estructural on tres
'dimﬂmlom'r ::am'tderando rastricclones Intermedias impuestas por los di -
forontes tipos de apoyos, aunque baslcamente es sencilla, tnvolucra una -
gran cantldad de chlculos, efectuades de acuerdo a una secuela culdadcsa, n
alin para corﬂguracimes simples. . NP
tJL* : Lot a ' "--'I}I"‘ t FL L T ﬁ:
Esto motivd que se desarrollaran diversos métodos simplificados para ha - Bl
car pr‘écttco el ﬂnall..-lE de tuberfas. El uso extensivo de las ccmputadoraa
dlgltalcs v ol desar*r*r:: lo"explosivo de los métodos matriciales, ha venido a
facilitar el anflisis elstico-lineal de slsternas de.- tuberlas, Lelimmando la ne

cesidad r.:la snlucimes stmphﬁcadas C %

. _ e o - . o
Enla actualidad, EXiStEr‘i principalmente ert Estados Unidos una multitud de
programas para este fin, variando en detalles menores, tales como : Méxt
mo ndmere de ramales, nimero de " loup ", tipo de restricclones inter—

medias, etg. . - N . . -

Unc de lns mas ampliamante usados as el desar‘rr.:uadn por la Marina de los

Estados Unidos, que se designa como M.E,C./21, . El tamafo maximo de -

problema que puede manejar es de 99 ramales y/o 999 puntos nodales. 'y
El tiempo de maquina empleado por elamento en una computadora IBM—?DQA,

" es da 0.05 minutos. Il reporte de Griffin describe la aplicacibn del progra

ma y sirve como manual-del usuario, .Este programa es manejado por - ==

- Los Ala.r{‘tﬂis' Cientific Laboratory -, « Los Alarmas New Mexico.

-

K . .

Otro programa bastan:e utilizado es el PIPE que distribuye Argonne National
Laboratory, cuyas limitacicrnes son 100 nodos, 20 " locps ", 25 cargas ex -
ternas y 10 conjuntos de propiedades de material,

[ .

" El " Servich Bureau Corporation ™ es otro organismo que proporciﬂnalﬁemi
ccio'do’andlisis de flexibilidad da tuberfas, el programa que ofrecen tiena la
wventaja da poemitir una codificacién sencﬂla, ain. para cnnﬂguracior‘es corm -
ple_]as dc tubﬂrfa _

. n ! e S N
La mayor parte de las compaifas de Irngenierfa Norteamericanas, tales comao
Beochtel Co., C.F, Braun Co., Electric Boat Civision of General Dynamics,
ESSO Research and Engineering, Fluor Corparation, M.W, Detlog Co., - -
Arthur D. Little , etc. ; que se dedican a realizar ingenier(a de proyeci:ﬂ, - =
"tiene sus proplos prograrmas de computadora que, por.lo general ,- utilizan Gni

cnmurte an f::ur'ma mi.cr-na T —
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TABLA I .,

S

Pactores involucrades en el diseno de compcncntes de tubceria

1. Ire
Regquerimientos de Disens - Evitar Fq}las,por:
x T P B e Y .

A) Ruptura debida a:
. Carga Gnica de corto tlempa {Ihcluyendu fallas fragil)
2. Cargas repetidas {(fatiga) . .. - .
3. Cdrga prolongada & alta, temperatura (ruptﬁra por creep)
4. Combinaciones de las cargaé anteriores

*.B)., -Deformacién excesiva que conduzea,a:

1.’ Fugas en asientos de v&lvulas _

2. Atascamiento de mecanismos de vdlvulas

3. Fugas en juntas bridadas

C) <Cargas excesivas en equipo conectado que produzcan
1. Ruptura del eguipo

2. ' Sobrecarga en chumaceras de eguipo rotatorio

3. Desalincamicnto y modificaciones a los claros libres
de partes rotatorias con posible dafio a &stas.

Cargas

b

1. 'Presiones internas {operacifin y prueba
+ 2, " Fuerzas dé.expansién térmica
3. Peso propié y del fluido
1. Gradientes térmicos ]
5. Vibracidn forzada (viento, sismo o equipo rotatoric}
6. Cargas en juntas bridadas
7. Cargas concentradas (vilvulas)
B. Golpe de aricte



Comt. Tabla 1™

Propledades de material

1 Mbdulo de elasticidad = <% 'r !
2. Relacidn de Poisson
. ""-'1,?_ v .:n * 1 .
3. Resistencia Gltima
4. Esfusrzo da fluencia !
s ' ' Y .
v, 5§, Esfuerzo do “crregp"' ) . .
6. Resistencla por fatiga -+ - .
' ' o’ - t . - - ' ?I I
7. Ductilidfld - . . .
B. Resistencia a‘la ruptura bajo cargas de larga duracién
! ' i Tt ]
" 3 1y * i
5 - - R . . >
1Y 4 *
= + ‘3 ]
= r o



EFECTOS DINAMICOS EN SISTEMAS DE ?UBERI&

H
- - . -,
4 - H

e v -

Introducecitn _ -

La intencibn de este capitule'es presentar un resumen de las ba-~
~ses de la teorfa de vibraciones hpliéablés‘a sistcmas de tuberia
para auxiliar al Qisefiador a logfar pricticas do diseho que mini
mizen la apar1c16n de vibraciones objetables o dafiinas en condi-

ciones de operacifn. T *

Lﬂs efectos daninos de las vihrac1cnes normalmente no son intex-

pretados adecuadameuto, ya que han dcurrido fallas dcbidas a vi-

bracitn qﬁe se han atribufdo a otras causas; mientras gue por el

'contrario, oscifacinnes de amplitud pe:beptible, pcro no daninas,

han dado lugar a alarmas excesivas. : ' ’

Entre los efectos lndeseables que debe considerar ‘2l disenador -

‘de tuheria cstin: ) ' )

a) Las pu]bachHES de flujo gue puecen produc;r una operacién -
ruidosa ¥ una Lurbulenc1a excesiva que a 5u Voz gonere mayor
transferencia de calor. ' ' ‘¢

h) Daho o fuga_de ]untns criticaé y sellos )

¢) Efectos per]udic1a1es en equipo 1nterconectadc .

a) Corroslﬁn, erosidn

a) Electos psipalﬁgicns cn las berscnas

£} ‘Palla por fatiga

gl ?ropaﬁaci&n de griétas a partir dedefectos en la tuberia

h} Transmisi6n de vibraciones a estructuras de soporte

Se ha publicade relativamente poco sobre vibracifn de tuberia, -

hin embafgo; hay una gama muy amplia de material gencral sobre -

vibraciones mecinicas que os directamente aplicable a las oscila
clones estructurales de tuberia. '

Los libros de texto de S. Timoshenko "Vibration Problems in FEngi-

neering" Y de J Den Hartog “"Mcchanical Vibrations" son los mis --

" conocidos por su tratamiento ingenieril de los fundamentos dc las

vibrncioncs mecanlcah ¥ estructurales.



Definiciones

1.

2.

Poriodo de vibracitn, T, {en segundos) es el tiempo que tarda
un sistema cn cfectuar una oscilacién completa. '
Frocuencla de os:ilaciﬁn, £, {en ciclos por segundn} es igqual

al reciproco del perfodo de v;braciﬁn. "
La frecuencia angular, W, (en radlanes pur segunda] es: la fre
cuencia en radianes. !

Grades de libertad es el nﬁmero de cantidades independienLes

que definen 1la posic16n de un slstema.

-Modo principal de v;brac;én es da “fcrma"1o CﬂnflguraClﬁn quc

adopta un sistema al vibrar a una frecuencia deflnida El --
nimereo de modos es 1gua1 al nﬁmero de grados de libertad.
Frecuencia natural es la frecuenc1a menor , se concce como fun

-

damental. . . u_‘_- .
AMmortiguamiento es una fuerza proporc;enal a la valoc1dad de
vibracifn quea tiende a reducir las amplitudes de v1braciﬁn
Resonancia es 1a ampllf1cacién de la amplitud de vibracifn -
producida por una colncidenCLa ‘entre nlguna frecunncia natu-

ral W, y la frecuencia ﬂe excltaciﬁn externa,

Factor .de amplificac16n es la relac15n entre la m&xlma amp11
tud de vibraci6n y la defleccién estStica v es Func1dn del
coclente de la frecuencia de excitacién y'la_natural,:asi co

-

mo del amortiguamiento.
. o

T
.

. o

i B

Fuentes de excitnciﬁn

- cin existente:

al
b}
)

Debe distinguirsc cu1dada5amente Entre los trEE tipos de vibras~-

libra
forzada
auanLcitada

¥ " .
F T . . S

L DT o N ' 4

En vibracién libre, un sistoma vibra sin fuerzas externas, la --

excltacitn aesti prnporcienada por condic10ncs 1n1c1alﬂ' ﬂL dos-

-



plaﬁamichfﬂ y/o velocidad. | g * : e
En vibracién .forzada un sisicma oseila bajo la accidn externa de
una fuorza pé;turﬂnﬁora periodica., Und fuente primaria-de excita
C1ﬁn pucde scr el dc;bnlancco de maqu1nar1a rotatoria [motores -
eléctricag, Lurbinng, ccmprﬂ ATES, bumbng, cte.) '
otras fuentes de vibracioncs forzadas de tuberfa son la varia--
cibn periodlca de pr;qioncs en ¢l fluide ¢ "pulsaciones" ¥ la -~
aceleruciﬁn de masab en un mecanfsmo 'rediprocante., ¢ 3
. Las vibraciones autooxcitadas son un fenémeno algo complejo, va
que el sistema vibra afin sin fuerzas externas pericdicas y la vi
bracifn perslste aiin on presencia de amortiguamiento, ya que su
origen prnvlene ‘de fuentes do energia-interna. -
En.sistemas de tuberfa, la vibracién de este tipeo, normalmente se
'hq:encantr&dé'asaciada a ‘inestabilidades de flujo que, por lo ge
neral, sec deben a una méla upernciﬁn de equipes rotatorios inter
. conectados. ' T
*Lanuqulnarla rotatoria constituye la mayor fuente de vikracifn -
mccﬁntca, dEbldG al ingvitablé desbalanceo de masa gueTexiste on
las partes rotatoria* del equipo, por lo gque a menos que el equi
po se balancee muy cuiﬁadosamenLe O se apoye sobre una cimenta--
c15n pravista de aisladores de vibraci6n, cabe esperar la exis—-
tenc1a de vlbraﬂlancs forzadas- con frecuencia igual a 1a de rota
. cibn del equlpo en la tuberfa’interconectada‘'y las estructuras -
cercanas, A e
8i 1a vcloc1dad de rotaci6n’ estd en la‘cércanta de«alguna frecuen
cia natural de la tubnria, las amplitudecs-de vibracifn pueden --
llegar a sor muy con iderablcs y producir fallas de ‘la tuwberia o
sus ccmponcntcs, por lo general a medlann y largo’plazo.
Un comprcémr dcl tipo reclprﬂcantc es una fuente de variacifn pe
‘riodica dé ia prcsiﬂn a una frecuencia 1gua1 a 1a;vclccidad de =
'rotacién, multlplicadu por cl nGmere dc- c111ndros de accién Sim-
ple o© por ¢l doble del nGmero de cilindros para‘accibn doble.

51 esta frccucncia ¢sti cercana a la frocucncia acﬁstxca del sisg



tema de tuberia conectado, aparccerin varlaciones periodicas ‘gran
.des de la prusidn, ésto se conoce como rcsanancia acﬂstlca, la —--
-cual pucde tencr efectos adversos sobre la maqulnaria f lﬁrkube—
rfa. , ‘ j_ L

Otra fuente de excitaéiﬁn periodica es 1a ﬁiodd&ida por efﬁﬁientn_
Si-éste incide perpendicular al eje de un cllindro de didmetro D

(en pies) a una velocidad constante U [p1esfseg}, se producen Fuer
zas pnriodicas de excitacifn a una freauencia f {en cxclosjseg}

_— L, ] L 3
. | £ = SU/D, '
~en donde 5 es el nﬁmgro‘ée Strqghai: que ?ale.ﬁproximadémeﬁte -
.0.18 para un c¢ilindro. . .
Estas fuerzas aerodindmicas son &ebldas a los movimientos de los
vbrtices de Von Karman alrededor del cillndro Y actﬁan a 9ﬂ° de -
la direceibn del viento. : '
-5u magnitud, por lo gencral, e¢s pcqueﬁa pero si alguna frecuencia
natural sc encuentra en la ¢ercania de esta fr?cuencla perturba-
dora, se puede producir una rESQnanC1a de 1a tuberia
La eliminacidn de las fucntEa dc vihrac15n es indudablemente el -

smEtodo mis deseable de sclu016n de un problena de vlbrac16n, 5in

embargo, &ésto no siempre es posible en 1a practiqa, por lo- gua

1

. frecuentemente s¢ recurre Gnicamente a aislar y a controlar la
) . - .- e e .

'U"ibrilc iﬁn. - -

Debidu al ‘nimero tan grandc de wvariables Y, condiciones que hay

1

que tomar en cucnta para detcrminar un trazo de tuberia no se -

recomicnda que en todos. los casos s efcctue un anfdlisis dindmi-
- ' N L i
co "detallado.

4

-8in embargo, sc justlflca cmplear algﬁn tlempo en estlmar la fru
-cuencia fundamental de una tuberia 0 Lrame de Luberia en aquellos

¢

.cas0s que la .fuerza de excitacién s cvidente.
Una adecuada selec¢16n ¥ Eu?ﬂﬂiamJEﬂtﬂ de snportes, guias y res-
tricciones pucde ‘permitir alejnr la erEUEnC1ﬂ natural dc un 513
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'tema de la frecuencia de exciLaciﬁn. llcgfindose en casos en qué
'‘65to no sca posible a la utilizacibn de dispositivos espccxales
gque amertiguen las vibraciones forzadas, Para pfedecir la res——
puesta mccanlca da un sistema de tuberios se tiene gque en la -
realidad se presentan algunas condiciones que dififerentconside-
rablemente de lo .que se supone la teorfa, por ejemplo:
“a) ‘Los extremos de la*tuberfa no estdn ni completamente fijos
ni simplemente apoyados sino en una qnnd?ciﬁ?'intEfmedia.
b) El di&ﬁetfu della tuberfa no es uniforme a lo 1afgo de todo
el desarreolle. *L

¢) 'Por lo'gereral la tuberfa es continua.scbre varios apoyos,

d) Exiséﬁn masas concentradas que en realidad scn'éistribuidas
porgue gu longitud es considerable.

5in embargo a pesar de estas limitaciones es necesaric tener co

nac1miento de las’caracteristicas de vibracidn de vigas de seccifn

. uniforme y definidas CORdlCanEE de apoyo epn sus extremos para

utilizar cstos resultados como punte de partlda.

-

En la Tabla 1 sc muestra las frecuencias naturales para tuberlas

idenles con varias condiciones de Frontera.

En la Tabla 2 se muestra como corredir esos resultades cn el ca-

-

50 de cargas conceptradas adicionales. ' T

CONSIDERACIONES SODRE TECN[CAS'ANAL:Tchs Y EXPERIMENTALES

A este respecto mencionarermos que las téenleas analfticas per si solas, aun—

que representan urma herramicnta muy valiosa tienen serias limitaciores -



L

- 10 -

los instrumentos deben estar p‘ér-feEtamErta calibrados, esta ope-

racibn en cc. 1dicinnes de laboratoric es perfectamente 16gica y nor
. s e ' i, .

: ) ;

mal, pero cuando los instmmentos tiemn qua wajar al campn du~

*.a

LI 1

i o

-rnr*te su transpar*te puedan resultar afectados v quadar descalibra

LI o + + ' I . . A ou -
i LT A
.dns y en campc es dificil cahbr‘ar-. F’nr otra par‘te la temper‘at'ur‘a

e 1

que es e'l enernign maynr' de las comporentes electrbnicas no es -

controlable en el lugar donde se efectuan las mediciones o sea don

o od ea ow A

da ocurren lcs' problemas. S R P R

Suponienda que las dificultades anteriar*ea logren vencerse aln que

*--4-

da el pr*abler}:.a de detervninar* que variebles medir v bajo que con-
diciones hacerlo, esta consideracién es muy {mportante ya que Fl;-

nn.é"lis_!s gde los datos tlene que hacerse en laboratorio v sino se ob-

R R N
- 4 - i
. b

tuvo tada la informacibn necesaria hay que regresar al campo a ob

tenerla con los cmsiguient&s- ratrasos de tiempo, habiendo incluso

‘ocasiongs en que no es posible repetir las condiciones en que se =
o ] . | J ;o :

efect(o la primera medlic:ifm con lo qua creca la complejidad de la

&

ir"ttarpretac{érn ‘de resultados.,

4 ’

Es en este punto enleli-l-:'a_ue- .'las técnicas anal i'i;ic'as complementan a—
las experimentales en el sentido de que si se tiene una idea d-el r:cwj
portnmier:utu a.;iinémilcc: da una Ef;mpﬂll“ﬂﬁtﬁ_ o sistema, las Ir._'jéter'n‘}ir;a—'
c_ior*res equrimentales oueden enfocarse hacla la verir:ica::iaﬁn dal mo
delo ;ana.‘[fticqp bien los purtos de medleifn pueden ;!eter*r‘r';in&rslt;, a-

‘partir, de los resultados analiticos y en general puede concentrarse-

" més el esfugrzo de n cbtencwn da d'.lt:::f* hacia los puntl:- més rele-
vantes ’

1 R



TABLA 1.~ FRECUENCIAS NATURMLES DE VIGRS ELASTICAS DE ACERO

-

- . - - - Fs
oo o " Factor ‘de frecuencia
tipe de viga A' ' )1

Cantiliver J.52 22.0

Simplemente apoyada 9.87 3.5

empotrada-;poyada 1%.8 ° . 50.0

‘ rﬂmpotraqdfapoyada 22.4 B 3

, libfe-libre | 22:4 61.7

£.= 223 4, L2y,
k: radio de gire, pulgs,
L: longitud;‘pies »

E = 30 x 10° 1b/pulg? J'= 0283-1b/ pulg’

Fuera -del plano | En el plano
"L" de piernas igualcs 3.74 : 15.4
"D" de piernas iguales 2.0 . 3.1

- F
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TADLA 2 .= CORRECCIORLES TARA CALCULG DE FRECUIWCIF&S'H&TURJ_;-
LES CUANDO EXISTEN COQHCENTRACIOHKS

L LY e
+ 1 L] F !"_1 r. . . pob
" ; - PR INCH
- L " oo T, e lta
Tipo de viga . Factor "C" "Pigqura
Cantiliver . .. 3.9 # s+ P
simplemente apoyada 2.0 0 .
. poyaca o T an fL 7
empotrada -apoyada 2.3 4 - A
.empotrada doble | 2.7 A ¢ i

p: carga concentrada, en lb,
W: peso de la viga, en lb.

f:, frecuencia de la viga sin carga concentra
da, en 11z

E . L

4



CONSIDERACIONES TEORICAS

- L.
L.a mayor parte de los programas de computadora para anilisis dinimico
de sistermas de tuberfa, astin basadss en el método del elemento Finito.
A continuacidn se presenta una brava descripcifin de la teor{a en que estén
basadas este tipo de harramientas.
Las ecuaclores de equillbrio dindmico para el modslo de eler;-aenta finlto,
pueden expresarse en forma matricial como se indica en la ecuazibn 1 en
donde {'M} es la matriz da masas, [EJ es la matriz de ameortiguamienic -
viscoso, [K.]es la matriz de rigidez, {u}son los desplazamienios nodales
y F (i) es el vector da fuerzas externas, -

En muchos programas de elemento finito, se utilizan matrices de masas
concentradas mientras que en otros se utiliza la denominada matriz de ma
sa-consistente.  La matriz de masas concentradas es diagonal, de mane—
ra Que se dosprecia la ingrcia rotacional, La matriz de masa consisten—
te se evalua por un procedimiento similar al wtilizado en la formulacién de
la matriz ds rigidez. Esta matriz es simétrica no diagonal y se tema en
cuenta los grados de libertad de rotacién, Las caracter{sticas de armortt
guamiento de una estructura son generalmente méas diffciles de determinar
Que su Mmasa o rigidez. :

En la mayor parte de los casos se supong gue el amoertiguamiente es del -
tipo viscoso o sea dependlerte de . la velocidad, cormno se indica en la ecua-
cibn 1, ,

-

L.a matriz da rigidez puade terner distintas formas, dependiendo dal tipo -
de anflisis que se valla a realizar. Para anflisis elistico es una matriz
simétrica y contiene gran cantidad de ceros,

ANALISIS LINEAL

En este caso sblo se consideran def@rmaqinr{es pequedas v las mnfr:ilr:es
[M] [c], [<]son simétricas y poco pobladas. Estas propiedades se -
ut111zan en 'la. implementacifn de los programas de computadora para r‘edu
cir los I"EQ‘UEH"ImIEI’tDB de.almacenaja.

Comao en estructuras con gran namero de grados de libertad se reguicre
demasiado tiempo de computadora para resolver problemas dinfrmicos, se
acosturnbra wtilizar métodos de condensacidn para reducir los grados de |
libertad dinfimico del modeto. : : . "



Loa dos métodos mias usados son:

- Condensacibn estética
' 2.~ Raduccidn de Guyan

En el primer método se eliminan los gradoé da libertad asoclados a masa
rula de la matriz de rigidez, ¥ Se supone que no hay amortiguamiento aso
‘clado, En el segundo que se discute mas en detalle, s8 supone que algu—
nos grados de libertad estan " esclavizados a otros " la ecuacibn general
de movimiente puede describirse an forma particionada como se muestra
on la ecuacifn 2, en dornde U4 representa el vector de desplazamiento —
nodales que se desea retenery Up es el vector de desplazamiento co-
rrespondiente a ser eliminado. El superindice T derota la traspuesta —
do la matriz o vector, El método de Guyan parte de la hipbtesis de que -
la ecuacibn 2 se resuelve en conjurto o sujeta a la restriccién indicada an
la ecuacibn 3, que tamblén se puede escriblr como se indica en la ecua-
“cibn 3' en donde el superfndice -1 denota la inversa de la matriz, Esto -
conduce al sisterna de ecuaciones 4 gque tiene manos grados de llbartad -
que al ::-mginal

Lns métodas de condensacibén generalmente trabajan adecuadamente, siemn
pre que las masas mdis grardes se mantengan inclufdas en el mc:-c.'elo r-edu
¢lde y los grados de libertad estén uniformementa distribuidos en toda la
estructura, Para el anblisls transitorio de sistemas estructurales, los -
métodos més utilizados som ‘

1.— Integracién directa ‘ '
2.~ Super posicitn modal

"INTEGRACION DIRECTA

Los métodos de integracifin directa estén basados en la integracibn paso a
. paso de las ecuaciones acopladas de movimiento, representados por las —
ecuaciones 1 6 4. Generalmente estos mbtodos utilizan férmulas de dife
renclas para expresar los desplazamiertos, las velocidades y las E'xr.:elerE
ciones nodales. Los dos grupos de métodos quoe se utilizan para lainte—
gracidn en el tiermpo de las ccuaciones dinfmicas, son: integracién impli-
cita e Integracidn explicita, aunque la mayor parte de ls programas de
alemonto finito utllizan &l primero. Existen gran cartidad de férmulas =
para la lntegracién de ecuaciones dinimicas, siendo 1os més utilizados el
método /4 de Newmark, el método £ de wilson y el método de. —
Houboeit. ‘ .



b

-

L . .

~ A contlruacifan describi remos bmvemenié el métédo' ﬁ ' de Newmark:.

) = N [ I A = e ! W nk |

En este método los vectores de velocidad v desplazamiento en el tiempo
tn+1 se expr*esan como se indican en las ecuaciones 5, en du:-nde uny

"~ wun §y Un~son los vectores de desplazamiento velocidad y acelera-

.

-

)

cibn respectivamente al final del ‘enésimo Irtewalr:: de tiermmpo, A't:r es
el intervalo-de tiempo, /A esun pardmatro, El valor‘ de esge parametr-o
puede variar entre 1/8 ¥ 1/4 vy su selecciﬂn afecta la estabthdad del mé-—
todo. Combinando la ecuacifn 1 en los tiermpos t,-.,,.1 ="t I t,-,+1 con -
la ecuacibn 5 se puede obterer la ecuacibn 6, e T

sy . ) e e

"Esta ecuacidn representa un cc-r'gunto de ewamon&s dxfer‘en::ia‘l.es stroul-
téneas, que permiten-obtenen estados suceswos en el'tiempo a partir de
un conjunto de condiciones iniciales. Una vaz cc:-noc:tdcs los desplaza—

mientos meadiante la ecuacidén 6, los vectores de velocidad y aceleracibn

' se obtienen mediante las ecuaciones 5. .Este método es muy Gtil cuando

se tlerns comportamiento no lineal del matema’l y;’o deformaciones . gran—
des, pe.r*-o generalmante toma bastante ttampc de computadora.‘ el W

- ar .o N s . LI . e

b

T ~+ .. SUPER PDSICIDH MDDA[."‘ . e

! - WL e .-

. En este método los gr‘adD‘s de libertad f{stcos del modelo estructural ori-

ginal, se reamplazan por sus coordenadas normales. Para lograr esto,
se deben determinar primeramente las frecuencias naturales y las formas
modales del modal.no amortiguade, lo cual se logra extrayendo las ralces
A de la ecuacibn 7, misrnas que representan los cuadr*adcs de las fre-
cuencias naturazles. Una veZ encontrados los valores car‘acteri’stlccs, 1a
misma ecuacibn 7.permite obtener los vectores Caracterfsticos que &n es-
te caso, reprasentan las formas modales, Existen muchos métodos para
efectuar estos célculos, tales comno: el de Givans Householder, potencias
inversas, ‘etc. .., varios de estos métodos permiten obtener todos los va-
lores caracteristicos del sisterna y en problemas con muchos grados de li-
bertad, se acostumbran utilizar en combinacién con procedimientos de con

_densacifn. Otros métodos son adecuados para obtenar sblo un nimero -

limitado de valores caracter{sticos, Ctro procedimiento cominmeante uti
dizado para determinar frecucncias natur*aIES y formas modales, es el mL-
todo de matrices de transferencia o transmlén, que son mis adecuades pa
ra analizar estructuras tipo cadena o d_g comectividad simple. -l.a base.
de'este método consiste en encontrar la relacibén entre el vector de estado
en ¢l nodo i con el vector:ide estado en un nodo conuguo_j ' La relacibn -

" entre ambos vectores axpresada en la ecuacibn 8, define a’la matriz de’

v "i'- £ e . - .

transicidn  T§ .
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U‘tllizandn en forma sucesiva expresicnes dal tlpo da la ccuacibn 8 para’
todos los miambros o elementos del sistema de tuberfa y ellminando los

. vectores de estado intermedios mediante multiplicaciones matrizales,

es posible expresar la relacién entre el vector de estado en el primer -
nodo dal sisterma que, se muestra en la ecuacibn 9. Aplicando las con-

" diclones de frantera a esta ecuacibn, se llega a un polinomio cuya solu-

ctbn son los cuadrados de las frecuenclas naturales del sistema. La, —
aplicacibn repetida de la ecuacibn © para cada unz da las estacicnes una
vez conocidas las frecuencias naturales, ¢onduce a las formas y fuer‘zas
rmodales. ¥ .

: . ‘
Una vez conteidos valores y vectores de un sistena, las ecuaciones de
movimiento se puedenﬁesacﬂplar para 1o cual; se utiliza la matriz de mo .
dos ecuacifn 10,en dc:nde -::.ada -::nlumn.n corrasponde al vector carar.terfs
tico {1 .+ . . -

. ¥ - - . . L]
. -
A T -

-Gnmo an aIQUMS cas:::s el rrurner'c "de grados de libertad retenidos en la

scuacibn 10, es menor que el rdmero total de'grados de libertad del sis
tema, es necesario introducir la transformacién indicada en la ecuam&n
11 en donde el vector { q } c:ontiene las desplazamientos generalizados -
denominades coordenadas normales. Substituyendo la ecuacidn 11 2n -
tas ecuaciones 1 & 4 se llega a las ecuacionas-12 y 15,

. [ ) - v f i . .- -~

.. . TRATAMIENTO DEL AMORTIGUAMIENTO .

Debido a la ortogonalidad de los voctores caracter{sticos las matrices
[m] v [KT son diagonales, lo que ha conducido tambifn a que se su-
ponjda que [G ] es también diagonal. Esta hipbtecis es cierta si la ma-
triz de amortiguamiento es una cambinacibn lincal de las ecuaciores de
masa y rigidez, comno se indica en la ecuacién 14. En este caso la ecua
cibn 12 se puedé escribir como un sistema desacoplado de m . ecua-
cibn de tipo'indicado en 1a ecuacidn 15, La.solucibn de esta ecuacifn -
conduce a las coordenadas normales, gue meadiarte la ecuacibdn 11 pue-—
den conducir a la obtencién de los desplazamientos {u }

Cuando la respucsta dinimica pucde representarse por un nimero ilimi-
tado de modos, es obvio que el método de superposicidn modal es el mas
econdmico, Esto depende dzl contenido da frecuencia en ot vector de -
excitacibn v en las caracter{sticas dinfimicas de'estructuras, .debiéndo

.notarse que la mayor parte de tiempo de computadora se ocupa en la so— .
- lucibn de prablemas de valores caracter{sticos.

ANALISIS SISMICO

En este caso 1a excitacibn dinfmica consiste en aceleraciones transmiti-
T L - ' L
' o
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das a la ostructura através da sus puntos de apoyo, siendo usual expresar
las aceleracianes absolutas como lo {ndica la ecuacldn 22 en dandr.-lug} o5
el vector de aceleraciones nodales del terrenc vy {ur} es el vector de ace-
leraciornes nodales relativas at terreno, + - . . -

it - T o

. - ] Ve . L IR
Emﬂponlandﬂ ia ecuacibn 22 con la ecuacién 1, se obtier’ﬁe la ecuacibn 23,
El vector del lado derecho de asta ecuamén, repr‘t*scnta las fugrras de ex
citacién inducidas por el movimiento del terreno. Esta Formulaf:lﬁn tie~
ne la desventaja do que sblo se puede aplicar la misma aceleraciédn del teo.
rreno, Y todos los soportes de la estructura. . En cada caso de tuber‘faﬁ -
de ptantas nuclearas, los cfndlgos requieren que se. apliquen distmtas exct’
taciones del terrenc en cada une de los APOYOsS,. O tambxen en ol caso de -
un sistema de tuberfas que este unido o apoyado en uno o varios puntos da

una o mas estructuras, que también estén sujetas a la misma aceleracibn

-

del terrenc en cuyo caso, los puntos de apoyo de la tuberﬁ estar*éin sJujetos
a difarantes aceleraciones, -Para esos casos las gcuaciones de, movimian
to se expresan mis convenientermente en términos . de los desplazamlentus
absolutes como se muestra en la ecuacidn 24. . s : N

J - - [ = b N L
La mayor parte de los programas de: ccmputadcra d1spombles estén basa
dos en la forrmulacifn indicada en la ecuacibn 23 en parte por gue es la -

- que se wtiliza en el anblisis de edificios, que es de donda han der-we.do mu

‘chos dz los programas v por ser més sencillo de prograrmar que la ecua-
cibn 24 . . Adermfs en general los movimientes el terreno se tienen en
forma de aceleracibn, no de desplazamiento velocidad como s& requiere
en la ecuacién 24,
. a st L4 T

En el andlisis sfsmice de sistemas de tuberfas, se¢ utilizan 2 métodos:

) oo oot - T .
1).— Respuesta transitoria que consiste en obtener la historia de la res-
puesta de la estructura en el tlempo.. Este tipo de anlisis puede hacerse
por superposicidn meodal © por integracibn directa en el tiempo.

N -

.- Métoda del espectro de reaspuesta que utiliza los madps} normalas del
modelo estructural, por lo tanto, restringido a comportamiento elstico
lineal. o ' . _ -

.
-

METODD CEL. ESPECTRO CE RESF’UESTA

"1I L . "y
En esto m{.l.DdD primaoramenta se datermilnan ‘Las rﬁecuencms naturalos v
formas modalas, Mediante las formas modales, sc desacoplan las ecua
cionas do movimicnto y se cbtienen ecuaciones desacopladas similares a
las ecuationoes 15, y que puedon expresarso Samo ne indica en 1 ecuamﬁn
25 en gondr  d  es.el vector de direccidn nodal del ...isr'no, CUyOS compo-

nzntes 50N NMeras entaros gue varian ontre Oyl y[ng} cs lu aceleraciun

r



- j8 -

del terrena pFDdJCldD por-el sisrno. - - S
F - - gl B i 07 « T . .

La solucibn de las ecunciones 25 pueden escribirse en términos de la de-

nominada integral Duhamel, como se indica en la ecuacidn 26. Esta ecua

cién indica gue la r'espuesta del iésimo modo dap&nde de la frecuencia na—

“tural no amortiguada, del pnr'-centa_]e dae umc:-rtiguarme:‘tn critico y la ace-

leracién del tﬂr*r'ena. < < . Ve
w.o . r ' - . L .
' N | ' M [

i El valor m&ximo de'la’ integr-al da la ecuncifm 26 ga la llama valor espec-
tral de la velocidad relativa al terreno, mientras que los seudovalores -
dal desplazammntc y aceleracibn relatives al suelo se daﬁnen COMe se in

dica en la ecuacibnza, ~+ L - .

- -

L ) -

Se danomina espec:tr-a de respuesta a una grifica que muastra la respues
ta méxima da desplazamlenta velocidad o aceleracifn, para una acelera—
clbn del terrano y un factor’d=’ amortiguamiento dados en funcifn de la -
frecuencia natural de vibracibn, ' En‘la figura 1 se raouestra un espectro -
da respuesta tfpico, obtenids da una aceleracibn horizontal del terreno de
1. GG (an:ﬂleramén da la gravadad} se mueﬁtra en la figura LR

] . | w r]

De acuzrdo a las ecuac:lnvs 28 vy 2? el valor méxifmo de la caordenada -
mrmal de desplazamienta del iésimo modo; esta dada por la ecuacibn 29.

r »

Lns valores miximos de los dcs;:lazamle*ﬁtes naturales ffﬂlc:c: .COrrespon
dientes, se obtignhan mediante la ecuacibn 30, )

ESTIMACION DE LA RESPUESTA MAXIMA

M L]

Para estimar la raspuesta méxima de estructura una vez encontrados 105
valores mbxirmos para cada modo; pLIEdBI"‘. r::a'lcular‘se mediarte cualquiera
de los tres métodos slgmentes - . . -

' L Ve " ) . .
1Y Suma de va‘mr*es absolutos de los valores méximos. Este valor es
cm;cwadnr* ya que. los ma.ximos en general no ocurren al mismo tiempo,

. L ] - . o
2}.- Ralz cuadritica media, en donde la respuesta mixima se obtienc co—
mo lo indica la ecuacibn 32, en donde N es el narmero de grados dz li-
bertad del sistema. Los esfuerzos y otros valores dz respuasta se oo
tlencn también mediante expresiones de rafz cuadritica media (RMS).

3.~ Método de la Naval Research Laboratories (NRL) en el cual la res—

puesta pico en ol nodo r se define mediante la couacidn 33, en donde el

"primer término es 6l méximo de la contribucidn modal uei en 2l nodo -
r Yy urj'no sc mc'luyc en la suma del segunds Lérmins. [Este método -
da resultados mLer-r'ncdm.s ertre: 1:::: E mﬁtoda cranteriores; o



'l'"_"'"'"l

- 19 -

RUCRCIORICR I

| , e = |
Mig g Ml dU L Cos B d LITRAEI N SN
T . T 1
Miz b My ”2 Cna} Czal |U2] |Kiz ) Kaz) | %2

e {eade[af{ )

f, i)

..—.—.——

Apit)

T Bl

jecs 496+ e .
5] s i Wl ]
)= i Hich» W ot
e fenend
e bl )

—

2]

{3

{3")

(4)



TR E AR )

L | N o N 15
o {m)e{e)d RS (N RTETIVY; ) DY PN )

- J 1L I. ’

g e e oon] fader fmfe oo ]

- ~ o (6}

+ [IEF'*M - U-_?@_'-'K]{;In }It[ﬁ" 2_;;; C+ P “] {“n-l}

1. o* . ) ,:r_ ;_"



= o -

..s,ppil Modal .

(7}

(8}

{9}

{1c)

(v

Co2)

113}



Tratamianto del Amortlquomiento _'

'[CI].'.: o[+ og[x] | oy

m|al+ ﬂ.iai "'"'llql :‘ifi[t] 3 |-=1.|2."'1m “5]

' 2. o
gy 26, d|‘+ i e fiit)

en donde &< ?J_ - s% Jo reloclon de omortiguamiento
- ml m; ’

y w;.¢slo frecuencia nalurol
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Melodo del Espectro de Respuesia,

- ]
q +2 g“nld{+1d?q;? ﬁ%—{ni}[m]{d }un
.

qftls _@M 'ﬁ;lpt ] exp [-§-imllt-r1]sen wy [t-r} dt

L my
v
! ..*! . N b ’ 1 '1 . R | I '
lT ¥ ,‘ 1‘_. ":._L:. . -fatlcl_ J_I.. . e
Sy = uiglt) exp[- Eiuy H-ﬂ] senw;lt-T)dr
0 - | ] max,
5 LS
dj wy %
Sﬂ*= {,IJI s.'i
; _{eiml{a} ¢
i lﬂlml
mas

(25 )

(28)

(2%)

(<28

(25)
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Estimacion de la respuesta maxime .
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PROBLEH 12.2 PIPE NETWORK RESPGSE SPECTRUN AWALYSIS 49
Pranﬂﬂ Ezfﬁniticn - SR P _— ‘

Ref: SAP I‘)‘ Manual, prabiem 4. . " 4 -

N ol /'_ T *I?.(ss?g -961, a;e;'-:o;
D=24.0" - .

T= 0°F T=D.EB'{'J/' T 7 i ~\,

E= zgxmﬁl—b»"Pulg . 6 '
NMe.0.3 - _ | o P

SD= 12,78
b T =, 0,400
. 00 . T . ‘ T . A
f ' / ' /"' (EE?.Q,-QG.:I,BB}F"UIQ. - '
" MODO” | FREC.CIRCULAR .. =~ FRECUENCIA PERIODO
(RAD/SEG) ‘ T ¢(cPs). - (SEG)
v .. eass . 1.458 « - 0.6879
e .- . @t 4.410 0.2268°
- ‘ T ’

7.997 - p.125%

3 . ' 50.24
.4 - .. 8495 . " 10.34 . . 0.0067

.5 J . 74,47. " " .. 11,85 . 0.0844
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EEISMIC BNALYSISIGF THE ELEVATED STRUCfURE FOR THE HEXICD CITY “"METRO"

& "Enrique del Valle (I} _
. . . _ . Manuel Diaz~Canales {II) .

Jorge Prince (III)
Blejandro Vazquez (IV)

Swmary. Seismic analysis of the eleﬁgted structure for the HExieu'City Me
tro is described. The structure was idealized as an inverted pendulum. --
Rotatory inertia and soil structure 1nteract10n effects were included in --
the dynamic analyses performed. A comparison with the results of the stat-
ic apalysis is made. Field tests to determine the actual dynamzc propenies
in zitu were carried ocut.

Introduction. An extansion of the Metropolitan Transportation System (Me--
tro} of Mexico City is under construction; it will have a new elevated line,
10 km lopng. Extensive atudies were performed to determine the best ‘type of
atructure, after which it was declded to use prestressed cencrete box-sec--
tion beams, 8 m wide, cast in place and pesten51ened,.w1th spans ranglng -
from 25 to 40m supported on 4 single line of columns with variable cross --
section (fig. 1). Tha foundation ceneists of spraad footings on f;ictien -
piles. o . '

Beam supports consist of neoprene and steel pads. Different thickne---
sses were used on each end in crder to have a hinged-simple supported bean,
Two pads on each side spaced 2.5m transversely to the bean take overturning
effects. BAn extenzicn of the end diaphragms enter a box left in the columns,
to transmit all lateral loads to them. To avoid collapse of beams due to -
excessive movement during strong earthquakes tle*hnrs were used joining the
onds of the two beams resting on each column.

Lina loads are of two types: passenger trains with axle leads of 13.9 -
ton including impact, and a naintenance train, with axle loads’ of 25.0 ton.
Diffarent arrangements were used in order to cbtain maximum effects. when --
these loads were combined with earthguake. . '

Seismic analysis. The structure was analyzed uging the Mexico City building
code which specifies, for the high compressibility clay depositc wheve most-—
af the line will be located, a seismic coefficlent of 0.24 g, which should-
be increased 30 per cent for the case of special structures. To compute --
forces, this coefficient may be reduced according to ductility characteris-
tics. For the Metro structure the reduction factor is 2; (ref.i).

The Code specifies that analyses may be static or dynamic. For the stat
ic analysis of inverted pendulum structures, defined as those having more --
than 50 per cent of the load concentrated at the top, with lateral forces --
resisted by a single aelement, rotatory inertia should be included using an -
expresslon given in the Cede. an additienal reduction of design forces is -
possible using 2 design spectrum and estimating the fundamental pericd of vi
bration. This reduction is generally possible in the case of very rigid --
structures on soft sedl or flexible structures on 8tiff scil. Dynamic anal-
ysis may be step by step using four different accelerograms with intensity -

I. Consultant, ICA Group. Research Professor, Mational University of Hexi
<o .

IT, Vicepresident, ICA Group

ITI. Subdirector, Instituts of Engineering, Mational University of Mexico

V. Head of Engineering, ISTME, ICA Group.
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compatible with the Code, or a modal analysis using a design spectrum,

To obtain seismic effects the Code specifies that the structure should
be analyzed in two orthogonal directions. For the case of inverted pendulum
structures, seismic effects in one direction and S0 per cent f8f the seismic
effects on the other direction are combined with gravity loads.

Static Aanalysis. According to the Code, seismic effects for inverted pen—-
dulum structures consist of a horizontal force and a moment applied at the-
top! The horizontal force 'is equal to the mass times the seismic coeffi---
cient reduced by ductility. An increment of 30% was applied due to the im—-
portance of the structure. The moment at the top due to rotatory inertia-
should be computed as . : :
. .. . -

M= 1.5 V,xr? 0/4 : -

where V, is the lateral force; r, the radius of gyration of the mass with -~

. respect-to a2 horizontal axis at the top of the structure, perpendicular to-

-

the direction of analysisf-ﬁq, the rotatien at the upper end due to ¥V, and-
g, the hnr1zuntal displacement of this point due aiso to ¥,-
) “BS it was montioned before, additional reductions might be obtained in
the case of rigid structures on soft soil, therefore,-the fundamental peried
. of'vibration was estimated using the following expression, which is a modi-
fication of that proposed in the Code to take into acccunt rotational ef-
fects: . At
i,‘ .- ' - 2
T = 6.3 [[m61+ Jﬁl}f{v‘,ﬁ] + HnErl__]‘] -

N " 4
) Here 4 amd B ‘are total displacements at the upper end due to ‘the £om
bined effect of' v, and M, m is the mass and J its polar moment of inertia.

Dynamic analysis. Three different models were considered for the dynamic -
analy51s cantilever column with mass concentrated at the top and perfec--
tly Fixed base, column with mass having retatory inertia at the top and --
perfectly fixed base and column with mass having rotatory inertia at the --
, top and secil-structure interaction at the base. Linecar behavior was assumed
u51ng the modols proposed in ref.2.

. For the first model the moment at the upper end is zero and frequency-
13 Equal to* the square root of m over k. For the second case, the fregquen-.
c1es are given by i _1)2 :

FokJ o+ mk kI + mk kk -uv
2 + r r

M7 2 kT _':EKmJ_ TR

where k is translatlonal stiffness; k rotational stiffness; K = 1-88; § is
the horlzuntal displacement at the tuE due to a moment k_: O is the rota—--
tion at the top due to a herizontal force k;y U=yYk k , ¥ fs the rotacion at-
the tﬂp due. te-a unit horizental load or the latera{ deformation due ta a -
unit moment applied at the top.

Table 1 susmarizes the above elastic properties of the column for both
directions of analysis; table 2 shows values of m and J corresponding to-
the most adverse arrangement of live load. ’

4 Modal configurations for the second case are given by

-
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where x and € are total displacements and rotations.
Tha spectrum used corresponds to the soft soil of the city and is de-

scribed by a ="{0.06 + 0,225 Th g for T T <0.8 sac;_ a = 0.24 g for  ~-=-——--

0.8 sec <T<3 J.gac; a w [(B.792/T) g for T »3.3 sec, Where a, the-apectral

. acceleration, may be reduced tc compute seismic forces dividing by a duc—

. tility reduction factor Q = 2 for T>0.8 sec or by Q' = 1 +1.25 T for ---

T<0.8 sec.

The fundanental perind of the structure is smaller than 0.8 sec, there-
fore any increase in it§ value due to sBoil- structure interaction would in-
crease the response and model 3 was necassary. 'As the structure i8 sup--
ported on friction piles the dynamic.properties of the foundation are dif-
ficult to evaluate. As mentioned before the model used is described in --
ref. 2, it does not include the mass of foundation and adjacent.soil. Stiff
nesses Iin translation and rotaticon of the group of piles were computed ---
using Hrennikef's method tref 1) Lateral stiffness computed is 21 000 ton/
cm and rotational“stiffness 3 200 D00 ton-m/rad. The mechanical elements -
cbtained by, the three, dynamic madelp are-presented 1n tahle 3 for the least
favorahle load combination. Lot

- -

Comparisnn of results. It may be observed in table 3 that.the moment com—-
puted by the static method-is larger than that abtained with dynamic mod—-
els Tor 2, however, lateral force is larger in the dynamic model with -——-
‘soil-structure  interaction and the moments at the base are ‘larger than -——
those computed statically. * Lo - -

Combination of effects in huth directions leads to similar results in
the static and dynamic analyses. ' "

fl

Research program and field tests. In order to evaluate the dynamic parame-
ters of the structure a research project is underway at the writing of this
paper. It includes free and forced vibration of beams and columns to mea-
sure effective modulus of elasticity, periods of wibration and soil-struc—
ture interaction effects, a5 well as theoretical studies to analyze mors -
sophisticated mpdels of soil-structure interaction and step by step analyscs
with typical accelerograms-recorded on the soft-scil of Mexico City. Fig 2
shows a general view of the tests. Due to space limitations results of this
research program may be described during the conference,

Feferences.
1. Mexieco City building code, 1976

2. Rascén, O.h. "Seismic effects on inverted pendulum structures™
(in spanish). Rev. Soc. Mex. Ing. Sism., 1965
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McGraw Hill Book, Co., 1968.
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EVALUATION OF ANALYTICAL PROCRDURCS
USED IN BRIDGE SGEISMEIC DESIGN PRACTICD

by

R. A. Imbsen, Vice President
Engineering Computer Corporatien
R. ¥, Mutt, Senlor Research Engincer
Engineering Computer Corperatlon
J. Peazlen, Professor
University rf California, Berkeley

) IHTHAGIGCTION

The accurate prediction of stresses and displacements induced in the
Zariovs conponents of a structure duving & strong motion earcthquake 1s the
key to {mproved earthquake resistant design. Predicting these stresses and
diypiccements in bridpe structurss miy-be divided into the fcllawing two
general rasks: . i - -

(1} puetermination of the saismic iwad.

. ({2) Determination of the effect of zhis load en the structure.

These two tasks are typleally redlecced In current seismic design pro-
cexsea such as the one used al the Offive of Structures, Califo-nia Deparc-’
ment of Transportation {(CALTRANS). This process Ig depicred In Fizure 1.
The gzipmic lozd to which a sirtueture will be subjected iz determined by
aclpcting the approrriate site dependent z2asign response spectram. ine
2ffect of this loading on the kridge structure is then determined by
pvedicting the elastic responaze of the scruocture by any one of zeveral
mathods, ard reduvecing the elastically determinad forces to account for the
effects of structure vielding., Elastic displacements are generally con-
sfdered ro he equal to the actual disrlacerents. '

“With the revolution In stiucturdl analysis brought on by the advent
tf wmodern digl-al computers, 1t may appear to bhe casual chserver unfamillar

" with structural dynsmics, that the secord task (1.e2., predicting the affect

ol 8 given seiemic loading) has evelyed to 2 state which approaches an
exAct science. However, this {5 rot the case. One of the primary raasona
fer this is the lack of fleld data on the actual magnitude of stresses and
displacaments occurring in bridges dering a major earthquake.

In an effort o avercote, at least partlally, this absence of daca,
a mode] structure was subjected re simulated earthquoke loading on Lhe
shaking table at che University of California Richmond Field Stacien, Data
galred from this experiment was correlated with regults from a sophiscicated
reseatch oriented computer program developed specifiically to predict scismic
regponge of bridge structures. This correlatien study resulted in a guh-
scantial improvemeat in the algorithms used to calculate nonlinear respensc,

Many bridge designera de not have access to computer faciliries and
those that do must use programs that are less sophisticated than the one
menwloned above. In practice, therefore, stressss and displacements are
deternined by more approxizate means which empley several simplifying

[
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gssumptions. With the prescnt absence of fleld data, evaluation of these
means can only be done by comparison with more sophisticated analytlcul
approaches which are known to better model realicy. :

This paper deals with an evaluation of rthe currently used methods for
predicting the respanse of bridge structures to a given selismic loading.
An evaluation of both the equivalenL static load and the responsc spectrun
techniques for determining selsmic effects on bridge structures is included.
The experiences af the authors in their association with the Universiry of
California at Berkeley and the California Department of Trnnspnrtatinn were
drawn on to make this evaluation. '

*

BACKGROUND

L]
L]

Prior to rhe San Ferpande earthquake of 1971, bridges were generally
designed for earthquake forces using an equivalent static force approach
known as the Lellipop Method. In other words, the bridge bents wers assumed
to act Iindependent of one ancther as single-degree-of-freedom cacillatars
with a lumped mass equivalent to the tributory deck mass as shown in Figure
2., Both structure peried and load distribution were determined using this
methed . '

L

/S Lf2 ;L!E

/ /’ P’ i

;"’i S

W
M G

STRULTURE STRUCTURE
IDEALIZATION . STIFFNESS

"Lallipop" Ildealization .
Figure '

Immediately following the earthquakc, CALTRANS recagnized the need- to
davelop a more rational earthquake design procedure for bridges. Effares
were initiated to develop new earthquake desipgn guidelines that would con-
pider seismiclty and the vibrational properties of both the bridge and the
underlying soil, There were two basic approaches that’evolved reparding
the methed that sheuld be used to perform the seismic analysis for hridge
design. Proponents of the first approach proposed that a sit'.:-plified teehnique
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for applying equivalent, static force bhe devised that would allow theldesipner
to use his present knowliedge of the static behavior of structurea to design
the bridge. Those who favored the second approach,. felt it was more desiv-
able to train the bridge designer tc perform more sophisticated analyses
which more realistically considered the dynamic behavior of the structure,

. : . : e t »

The firat approach required the development of an ‘improved aqulivalent.

atatic force approach. 'It became evident te the CALTRAKS enginccr that the
previously used Lollipop Method was ngr a realistic method of analysis.
Efforts to [ind a simple but realistic method of applying an equivalent
static force to a wide range of bridges resulted in che formulation.of a |+
unifore lateral load rechnique, known ag the Uniform Lead Merhaod. This
technique, which was the first attempt to revise the equivalent statie
force method, Is scill not torally satisfactory, hawever, i{n that it pro-
duces accurate results for only a limiced number of bridge types.

- »

At CALTRANS there were several factors that have made the second = -
approach involving more sophisticated analysis the mo st desirable, . Some -
of thess factors are as folluws+ . ER

!

{1) The unusual geometric alignments, support condltions, and -
restraints of many bridge structures on a modern highway -
gystem required more sophisticated three-dimensional mathe-
matical idealizations cto obtain realistic results,

. e -, . :

(2) _Saphiéiicﬁtcd in-house computer rapabilizies were available
with'the required mathematical idealizations o perform a
dynanic analysis.’

{3) It was necessary to uge the same computer program te perfarm a
space frame analysis to effectively apply the Uniform Load
Method as was required to perform z dynamic analysis. Thus
with modest additional training, a more sophisticated analysis
was possible at a relatively small additional effort and cost.

N F
{4) There was a combipation ef: 1} wllllngneac of managecment, I}

abilicy of bridge designers to learn new techuiques, and 3) an
availability of qualified personnel who werc assigned to provide
technical supporl on an ongoing basis.

Thig appreach, which has prowved successful at CALTRANS, resulred jn the
implemencation of three-dimensional response spectrum modal analyzis to
determine design seismic forces for bridges on a routine basis. -

The AASHTO Specificatien’ (1] for Bridges {1277) veflects the two
approathes by specifying that the cffect of selsmic forces on brldpes shall
be evaluated by cunsidering the dynamic response characteristics of the
total bridge using one of the following methods:

(1) Equivalent static force . .

{2} Response spectrum dynamic analysis ~ - : - . -
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For "special cases," the specifications recommended the use of dynamic
analysia techniques. Special cdgpg are considﬂred to be sgructures with one
or more of the following characreristics:

(1} Located adjacent to active fault{s) Lo

{2) anntgd in aren. with umpueunl geologic conditions

{3) Unusual geomerry, cost, importance, etc, . -7

,- (&) Structure period greater than 3 aeconds
vt -

These specifications were written following the San Fernande earthquake
of 1971. They are to a very lavrge degree the reacticn of CALTRANS bridge
desipn and research engineers to the failures that cccurred during that
earthguake.

1

The San Fernando sarthquake also stimulated’ s renewed snthusiaem for
.additional thepretlcal and experimental srudies intao the seismic behavior

of bridges. Ona of these studies, conducted at’'the Univergity of California
at Berkeley, was designed to investigate the effectiveness of existing bridpge
design methodology in providing adequate structural resistance to seismic
disturbances. This project extended over approximately six years and
included the following six.phases:

{1) A review of the world's ljterature relaring to seismic effects
on highvay bridges [2]

(2) An analytical investigation of the dynamic response of long,
multiple span highway ouer:rﬂsgings [31]

{3) An apnalytical investigation of the dynamic response of shorc,
single and multiple span highway overcrossings [4,5]

(4) Detailed model experiments on a shaking table to provide dynanic

' responae dat2 which could be used to verlfy theoretical response
predictions [6)

{3) Correlation of experimental and thecretical response, and modi-
fication of analytical procedures as necessary {7]

(6} Prgﬁaratinn of recommendations for changes in seismic design
gpecifications and methodology [8,9] -

This project made substantial contributions to the advancement of the
state of knowledge regarding the dynamic response analysis of bridpge sivuc-
tures subjected te selsmic loadings. As part of Phase 6 of thils praoject,
case studies were performed to evaluate the accuracy of results obtained
from currently available computer analysis techniques. Of primary concern
was the response spectrTum technigue that has pained wide use ln bridpe -
design. The results of these case studles provided the haais for the
evaluation of response spectrum analysis presented in this paper.
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 RQUIVALENT- STATIC 'FORCE HETHDDS .

L L

Introduction

- - b o

The development ef a renlistic elmplified ‘equivalent steti: load
apprnneh for the dynamie anelysis of %ridges that would suffice fer the
final design of simpln bridges and could: even he used Eur prcliminary design
on the mére complex brid;es..is desirable fur the fnllawing reasons:

. 1T
(1} Simple exteneiene nf what is eurrently used .and weuld he easy to
implement - *

(2) Does not reqiire a computer

(3) Quick and easy to apply * - e e
’ £ i - LT LR 1 e
The determinatien af seismie respunse by tha equiuelent stat1e forca
method basically invnlves three steps' ' . LRI
LN} -p -

{1} ﬂaleulating the periud ef the first mode of vibratie1 in thE LE

direction under considerat1un.

1 R
. o 4 v

(2) Dhtninlng the carresponding response coefficient "C*.

4wy,

(3} Dieéributing thé teaultlng equivalent stat1e enrthquake feree 4=
the substricture elements: IR .
Lollipop Matbod o . y “

In the paet' the determinatlun of Lhe peried and distribution of zthe
earthqunke force was aceomplished by simply apply;ng the foraulas in the
ende The idealization for the Lullipep Method 1ﬁp11ed the following
simplifying aSEUmptiuns about the dynamle behavier of a bridge:s

{1} Each bent vibrates in its own ﬁntural peried' 1ndependen£ of
Ehe cther bents. .o n

() The transverse bendlng and tarslunal ‘stiffness of the zuper-

.-

structire do not contribute to the stiffness of the system.
Tﬁe}e are several ebvinus ever-eiﬂplified assumptiuna in this approach.
Even fer hridges of Bimp1L geemetry, the assumptiuns weTe somewhat in crror.
The 1naceuraeies that perurred in the caleulatlen of struvtural period
#esﬁlted in unrealistie values fur the Equivalent statie earthquake force.
In additinn the distribution of this feree uas in, errur. The nain advantage
8f this technique was that $t #as simple and easy to apply.

T oae et , -

Uniferm Load Method

4.[;

(1 ¥ "

" h Yo

To nvercame the defieieneies {h the Lellipup Hethod An eaﬁi;ieil

e T

appreaeh ealled the Uniform Load Method! was devised with the fallowing
ohjE:tivEE* . -
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{1) Hlintain continuity of the superstructure in deteruining the
natural period of the system. |
1 -
(2) Distribute-the eatthquake force ro all uf the participating
‘alements of the bridge.

4

(¥) Allow for ease of application using ueismic design tneffitients
* amd atntic nnalyuia techniques. ;

P 1,

The ateps in the Unifurm Load Method npprnnch can be’ uummurized ag

follows: = - '
s

{1) Apply a uniform huri:ontll load {usually raken as unity) to the
. structure in the direction of vibration as shown in Figure 3.

-

-

STIFFNESS = Wi2L)

Uniform Load Ideslization
Figure 3

{2) Perform a static anslyris on the structure to determine the
resulting displacements und member forces dwe to che applied
unifnrm load. .

{3} Adjust the maximum displatement to'l inch. Osing this adjust-
ment factor,.adjust the uniform load’ o turrespund te a moximum
displa:emznt of 1 inch,

(4) mMultiply the adjuated uniform load by the Yength of the structure.

s This {s the value for sciffness which, aloog with the total dead
load of the structure, can be used Lo compere the fundamental
transverse period of the ntrutture Y

. .
. - . *
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(3) Having obtained the poriod, determine the response coefficient

el e . . . I s
£ from the response curves. LY I
= -

" (B) Detemine the rotal eatthquake force acting on the JStructure by
combining the response ecoefficlent with the, framing fnctar and
* .the total dead 1nad

: 1
{1} Convert the total earthquake furcn into an Equiualent unlfnrm
lead. - .

- - L

(8) To determine forces in the membors due to this uniform earthquake
loading, prorate the forces in the members from the original -
uniform loading applied to the structure. '

. i Y i - _

The desirability of using a 5imple approach employing a éﬁismic coeffi-
clent in a static analysis, rather than a complex dynamic analysis, has
provided the impetus for - implementing the Uniform Load ¥Method. Recentc
experlence has shown that this empirical approach gives accurate results
for ctertain types of simple-bridges, but it can require more efforc than a
response spectrum dynamic apalysis. This is because the Unifeorm Lecad Method
requires a2 space frame analysis.for all but very simple structures to pro-
perly analyze the' transverse stif‘nesa uf the columns interacting with the

superstructure. - ;

B "
- . I

Sevaral case studies [lﬂl were perfnrned to evaluate the accuracy ard
limitations of the Uniferm Load Method ,as cnnpared to a response spectrum
dynamic analysis, For cgmparisun. the Lollipop Method was also included in
these case studies. In selecting bridges for these case.studies, different
structural and geometric characteristics were considered in urder te evaluate,
the effect of the follnwing -parameters; -

» P

{1) Number of spans =
(2) Ratle of span lengths

{3) Number of columns per bent

(4) Curvature

(5} Skew

{6) Structure width ,

(7} Coluen length and fixity -

e 1 .

An attempl was que‘tn categorize the types of structures which could
be accurately analyzed by the Uniform Load Method. It was found that che
single most important criterion for categorizing the structure was the vela-
tive stiffness between the superstructute and substructure. 1In otder to
quantify rhis eritarion, a 5t1f£ness index was established. - ,

The Stiffness Index relates the relative contribution of the columns to
the transverse stiffness of the entire structure. As illustratéd in Figure
&, the Tndex is found by taking "the ratio ¢f the transverse stifiness af (he
entlre structure, including the ¢olumns, to the stiffness of the SUpersLruc-
ture alone, acting as a eimple beam.‘ . A

Baced on the cases considered, it wos ohserved thar the Uniform load
Method can yield accurate results for structures with cerrain charpcteristrics,
Contlpuous structures on a straight, non-skewed alignment could penerally

& . . o
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STIFFNESS INDEX = g . * g
Stiffness Index Definition T
. C A .. Figure‘& *

* ey

be analyzed using this apprnach prnvided the stif‘ness index was 2 or less,
However, for stryctures with a stiffness index greater than 2, only those
with balanced span lengths and equal colump stiffnesses could bhe accurately
analyzed. This method vas not satisfactory for structures with skewed
supports, intermediate hinges, or curved alignments.

Since there are several limitacions to the Cniform Load Method and
since it generally requires a space frame analysis, there is a need to
develop a simple but effective means for applyLng the equivalent static
force approach to bridge structuras,

o

In the development of an equivalent lateral force analysis procedure,
i1t 1s necessary to determine the peripd of a structure and the distribution
of the resulting latera]l farce. A reliahle methed for calculating the periad
must include the effective stiffness of the deck, restraining devices and
soil springs, and the discontinuity of expansion joints, in addition to the
individual column stiffnesses. In short, the true dynamic hehavior of the
bridse shouid be considered. The perioed should, if estimated, be an under-
estimated value to provide u conservative estimate of the equivalent lateral
force. It 1s unlikely all bridge types will lend themselves to simplified
techniques, but a large percentage of common Uypes of bridges should be
covered. Both longitudinal and transverse modes should be considered. Above,
all, the method should pot require the use of a computer. -

Generalized Coordinate Method

Another epquivalent atatic force approach, that shows promise, can also
be used to determine the perled and carthquake response of certaln types
of bridges by applying energy principles to a generalized single-degree-of-
freedon system, This mechod 1s based on the premisc that the shape of the
vibrating structure can be assumed and expressed mathematically in terms of
a single generalized coordinate. The longitudinal and transversc modes of
yibration can be separated into two classes of generalized single-degrec-of-
freedon gystems.

1

: ) ' i T - % - K
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For the lungitudinal mode of vibratiﬂn the structural displacement (s
characterized by the behavior of a rigid deck,.limiting all the columns Lo
equal longitudinal displacements as shown in l‘igur"i: ‘S. This 1s the classical
approach which has been used in the past to :]eternme the longitudlnal earch-
quake force for design -

+ ,.’." - =
d - : o T . L - 1"’1
GENERALIZED STIFFNESS ._./‘"‘\,
{SUM OF COLUMN SHEAR STIFFNESSES)
(N HIGID DECK Fil”
I : e T ke Tare L
¢ " F/.L;_L//f_" A A A ’7F/_r’_ff£7'ﬂ )

&5 . W
»/ / * GENERALIZED MASS -

' lHﬁ.SS‘ QF DEL“.?(]

e 1 I
' 'l

. L

-+ ASSUMED MODE SHAPE =~ GENERALIZED ‘
- SDOF SYSTEM .

" Generalized Coordinate Appruach
Longitudinal Mode+,
Yoo Figure 5

The trangverse mode of vibration 1s moTe complex in that the fransverse
displacement of the .columns are not all equal but rather-are functions of
their position along the' superstructurae as shown in Figures. & and 7. 1In
addition te this, the continuous superstructure will unpdergo bending and

will thus make a cnntributmn to the ."mten»ial enrrg}r of thE system. .,

4

The reliabillty of this method ‘depends on the a2hility to predier apd
define the structure's mode shape., The effective applicatien of this tech-
nigue alac requires that one mode dominate in each direction, fortunately,
many of the simpler bridges being designed mdm satlsfy both-0f these

requirements LI

The method may be appiled to girder deck bridge with no more th'ln one

intermediate hinge and having the fullouing characterls_.c:. ) -

{1 Tangenr. or nearly tangent nli_.gnmm *
" - r) "B L
‘(2) Deck length to width rntin 1ns§ than 15
L t e ¥

{3} 'Skew angles of the abutmunta and 5uppcrt5 less, than I‘.went:., degru..f-:

-

i

{4} Approximately unlform span lengths and column. stiffness

~10--
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DEFLECTED UNDEFORMED PCSITION QF -

. "GENERALIZED"
DEFLECTED SHAPE OF DECK MASS
{SINE WAVE)
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GENERALIZED
. SDOF SYSTEM

ASSUMED MODE SHAPE
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% Generalized Coordinate Approach -
Transverse Mode {Cnntinuuus Deck)
Figure s

DEFLECTED UHI‘JEFGRMED POSITION OF
COLUMNS /nscn (PLAN wEwl
e al
GENERALIZED

L

' STIFFNESS

DEFLECTED INTERMEDIATE HINGE
POSITION OF DECK- .+ GENERALIZED MASS”.

ASSUMED MODE SHAPE GENERALIZED
 SDOF SYSTEM

1
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Generalized Coordinate Approach 1
., Tranaverae Mode (Intermediate Hinge)
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The bagic approach of the method 1e outlined in the fulluwing SLens:

(1) Assume the predeminate mode of vibration and define a generalized
coordinate at the leocation of maximum displacement in the dirce-

tion under conslderation: - ST a , :

- - s
L Wb -

(2) Calculate’ virtuﬂl work dene by uxternal furrcs and internalmember
forces as the structure.vibrates through a-unit wirtual displaCE+
*ment at the assumed generalized cnurdinate. .
- . 0= - 1
(3)' Equate work to zero and solve for the structure period Bf the
predominate mode'in terms of tha "Generalized Hass" and, the
"Ceneralized Stiffneas". 1= AT .

oW i)
(4) Determine the seigmic coefficient from the apprnpriate response

‘spectrum chart. >

"'"i.r

"‘.-u;

i . S M s
(5) Determine the carthqunke excitntion factor and scaletthe seismic '
coefficlent, .

{6) Determine the maximum genaralized displacement.

(7) Determine the individual column-forces using the generalized dis-

-’

placement calculated. . | -+ | PSP S
P ) ;
(8) Calculate member forces, apply ductility factors and design the
member.

4

It should be noted that the first three steps glven above are used oaly
in the development of the formulas, The designer need not repeat these sreps |
for each dnsign since they are implied in. thE use of the furmulasl
- Cam [T

This npprnach was tested on several hridges which had previuuslv been
analyzed by the'responge spectrum technique. In most cases where-this "
approach.could be applied,. the results :nmpated well with those frcm the:
response speclrum analysis. In almpost all cases, the cnmparlsan wassbette
than wag obrtained using either the Uniform Load Methed or the Lﬂlllpﬂp etﬁnd.

Although the generalized coordinate approach to the equivalent'stati <’
force methed is not widely used, it nppears to be a definite’improvenent over
the other two methods.

., TME RESPOXSE SPECTRUM TECHNIQUE’ ‘.-

Introduction

The response spectrum dynamic analysis procedure is {ndeed an imprave-
ment over the equivalent statlic force method. There are limits te its
applicabilicy, however. te . - *

"o
"

" The first shottcoming of the response spectrum appreach iz that the time
-domain has been removed, Since maximum modal responses do not occur simul-
tanequsly, Lt ix neccssary to use a statlscical combloation of wodal responscs

-12- L
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guch as root mean squatre in order t0 obtain realistic design loads. The
actual combination of medal response depends on several factors related to
the type of structure and the noture of the actual ground metion. Therefere,
the use of a statistical approach to replace the effects of the removed time
domain may not yleld realistic results in certaim cases.

Another deficiency in the response spectrum {5 that the duration of
shaking Is not accounted for by the spectrum.  The major effect of duration
"will be on stiffness degradation and strength loss once the member begins
yielding. -

Since postelastic behavior i{s not apecifically accounted for in the
overall regponse analysis, & ductility facter or reduction factor is applied
to reduce the forces obtalned from a linear response spectrum analysis. This
factor is applied either directly to™the response spectrum or to the forces
obtained from an unreduced spectrum. BRecause little ia known about ducrile
behavior of bridgas, the ductility factors used to determine the magnitude
of reduction in bridge desipn have been extrapolated from research op build-
ing atructures. Furtherpore, the linear analysis does not account accurately
foer nonlinear behavior at expansion joint hinges, nor does it provide a means
for assessing the redistribution of stress as yielding occurs In the ductile
members., The analytical ¢apabilities which evolved through the various
phage of the University of California research project made it possible to
evaluate the nonlinear behavior in the calumns and expansion joint hinpges.
Recognizing both the limitationa inherent in using elastie analysis tech-
niques and the avai{lability of improved analytical capabilities developed and
refined during this research effort, case studies were conducted on three
bridges to evaluate the analytical approacheés currently used for seismic
design of highway bridges.

The purpose of these case studies were to compare the vesults of a time
history analysis that conaiders nonlinear behavior with results from both a
linear time history and response spectrum analysis. Based on this cooparison,
the effectiveness of the current response spectrum approach as shown in -
Figure 1 can be evaluated.

Properlies cf the Bridgzes

Thres bridges which were designed by the California Department of
Transportation were selected for this study. All three structures comsist
of curved concrete box girder decks cast monolithically with single column
bents. Because of the length of the bridges, ezch structure has one gr more
intermediate expansion jolnts to accommodate temperature movement.

This type of structure is common in California and is typlcally used in
freeway interchanges. During the San Fernando earthguake of 1971, some of
the most spectacular fallurés involved this type of bridge [2,11]. OCne of
the primary cause of fallure appeared to be the separation of expansion joint
hinges. As a result, all scructures of this type designed since the carth-
quake, ineluding the three used in thig study, have been [itted with
restrainers designed to prevent separation. -These restrainers must be
gapped to allow freedom of movement for temperature, etc. A typical expon-

4

sion joint hinge of this type is shown in Figure 8, . .



Pt . . -

GhP

SHEAR KEYT .} ‘“ -

BEARlNGJ - TIE BAR

- ) Typicnl Bridge Expansion Jotat
' . - Figure 8 v .
In order to obrain a better understanding of the behavior of this type
of bridge, each of the structures gselected had a different fundamental period
of vibration. A summary of some of the important properties of those bridpcs
is shoun in Table 1. . These bridges are shown in Figure 9, 10, and 117

Columnp » . | Periods of
Spans Curve Lengths Hinges . 1 the First 20 !
Bridge [Length Radius £t . - Span Hadeq {SLE] !
Ma. (fed Mo fELy  (Min. Max. Ko,/ Loeation Mio. !
. | =
1. | ses 6 600 J::.r..:l. 26.3 - 1. 3 ) 40 ] 07 |
. -d
X 1128 8 1075 '125.1 49 04 1 5 1,11 l -15 l
‘ 3 L4190 9 -l_ 1050 _Jﬁﬂ.? 35.56 I 2 37 -1l }

Basic Characteristics of Bridges Selecied
for Case Studles
Takle 1

Methods 6f Analysis

caa

The following three types.of analyses were perfnrned on each 0! the
three bridgns gselecred. P )

- L~
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{1} A response spectrum modal analysis, which is the approach that
was used at CALTRANS, and appeared. ta be the most desizable fur
general use in bridge desigﬁ, ;

f -‘ 'J( .
{2) A linear rime history modal analysis. which lneludes constderal ian
of the time dcmuin but not .the. effects of nonlinear behavior.

K ’ ’
{3} A ponlinear dynamic analysis. which cmplnycd a step=hy-slep inte-
gration technique and included the effects of both expansion
joint and cclumn nonlifearity.
. i f

-

The linear analysis capabii&ties of STRUDL (5TRUctural Desipn languaged
were used to perform the . regponse spectrum and linear time history analyaes
[12}. STRUDL is a well-known penaral purpose 'computer program [or statie
and dynamlc analysis uf*linear structural systems. The MCAUTQ proprictory

versinn was used IIBI IR,
L . - -

The nonlinear analysls was performed by the NEABS (Nonlinear; Earthauake
Analysis of Eridge §y5ten5] program [3,7]. This computer pIDRTAT Usts o 2
step—by stop ™ integration pracudure which assumes piecewise linear, heh1"1dr
over each 1ncrement of time. “The lipear acceleration mLtHnd was used for,
this study. Loading wasjinput as rigid support accelerations.' The ptohram
elemen*vlibrary has the tonventional*linear Elemcnts plus ‘the following
nonlingar clement ctypes: .

. §

{1] Elastc—plastlc stralght bean alezents

(2} Bi-iinear’ boundary Spring elements

(1)  Nonlinear expansiun jolnt elements

The Lwe nunlinear paramelers considered for this study were the viclding
of the single column bencs, and the nonlinecarity of the expansion joint
hinges. ~ o, . ) ;

. ]

The yielding of. columns was limited to axfal and {lexural yieldlng
along an interactinn;ﬁiﬂld surface., ,The vield surface for a wypical bridge
columpn is shown in Fipure 12. The ultimate capacity of the columm in shear
was considered to be ‘infinite.

L]

The nonlinear behavior of the expansion jeint hinpes wure modeled using
the expansion joint element showm in Flgure 13. In this expansion join:
hiuge idealization, the rescralners were assumed iractive until movemeat’
at the joint was sufifclent to cake up the gaps which are normpally placed
in the restrainer anchorages to allow-foT normal movemenzs of «the joint.
When the restrainers were actwe~ they. hehaved in an ideally wlastos= plastic
manner. Relacive movement at che dlnge was-limited by s{ifl izpact springs
which were activated upon clasure of a sear" RAP . This :cnrcqented banging
of the two adjacent superstructure sections. - The vertical and shear SLIVfw
nesses of the bearing pads were also included in the expansion jeint clement.

' Relative movemont of the pads at the pad-concrete interface when the Gonlomb

friction force is overcome was algo cnnsidcred M :
AT Y \ .
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Rigid support motion was used for all of the bridges. The SI B+ timo
history ground motion developed by Seed and Idress [14] for a sienlaced B+
Richter magnitude carthquake was used. " The reupcnse spectrum for this
motlon, shown in Flgure 14, was generatéd for 5 percent damping. This
ground motion was applied tn the bridges in-the\two orthogonal directions.
The longitudinal and transverse motions-werc directed parallel and perpendi-
. cular ta a line between the abutments. T

vy, )} - \ *

With threes types of analysié for sach of the three-bridges studicd and
ground motion in two directlons, the total number of cases examined amounted
to 1B - . ':‘ b -

. - ~

"The bridge decks and columns were modeled with space frame members,
Mamses 1n rthe deck were lumped at-the quarter points.~ Column,masses werc
lumped at the third points. For simplﬂcity, the bage’of eééhrcnlumn WaN
assunmed fixed at the footing. The abutments. were assumed to be free to move
in the loagitudinal divectien. A& typical structure ldealizarion showing the
location of lumped masses is shown for each bridge in Figures 15, 1% and 1?

-

The hinge idealization for the elastic anal;ses ‘was modeled by releasing
maln girder member axial Eorces, and superimposing transversely eccentric
space frame members between bath sections of rhe superstructure to account
for the restrainers. This idealizatrion assumes no gap and both tension and”
compression at the restrainers,

The expansion joint element used in the nonlinear analysis includes
several parameters which more realistically describes the boundary conditions
at the hinge. Design values showm on the plan drawings for tie and seat caps
were used.  Tn actuality, these values will vary depending on such factors
as temperature and shrinkage. Cable Testraiper stiffnesses were calculated
assuzing an effective Young's modulus of 13,800 kips per sguare inch. The
yicld force in a typical 3/4 inch restrainer was taken as 30.6 kips. The
shear stiffness of elastomeric bearing pads was calculated based on an
assumed shear modulus of 135 psi. The coefficient aof sliding friction for
elastomeric pads on concrete was.assumed to be 0.4. For lubricated sliding
steel plates, the shear stiffness was assumed to be very high and the Yrle-
tion very low. For the purposes of modeling inpacting of the supersirucizre,
the impac:t spring was gssumed to have the.axial stirfners of che shortest
adjacent section of supe:structure.

-

Honlinear column elements wcro used at locarions where column yvielding
might be expected. Nonlinear columns were modeled on NEABS hy mathematically
describing the yield surface as shown in Figure 12,

Results . _ .

Modal parcicipatioen factors indicared that all three structures had o
tendency to respond in more 'than one mode. Also. because of the curved
allgnnents, each of the bridges had some medes which lncluded high participa-
tion in mere than one global direction. This makes it likely that similar
internal resisting forces will result due to seismic excitacion in either
glebal direction. .

_20-
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Current bridge design practice 1= ro copsider scismic excitation in
each of the global directlons separately. Hawever, becouse of the possi-
biliry of simultaneous excltation in more than one global directign, and
the gensicivity of certain interral force components to cxcitation from
differeat directions, 1t would appear that earthquake resistant desipn would
be improved by considering some simultancous ¢ontribution from seismic load-
ing {n each of the global directions.

In the case of Bridge 1, the modal periods of the first few modes were
very close, and occurred near the peak on the regponse spectrum for the
ground motion used. This tresulted in the in-phase medzl contriburicns in
the direction of ground motion. In the horizentsl direction perpendicular
to the ground motion, however, the tendency was for the modes to respond
almoat exactly ocut of phase. This was accounted for in both the linear and
nonlinear time history analysis. The response spectrum analysis, however,
whith was baged on a rovt-mean-syuare combination of modal reaponse, vielded
results that did not agree well with the time histories. This was more
proncunced as indicated by forces resulting in the direction perpendicular
to the ground motion. ) - 1

L

Because af the high response of several modes in each of the bridges
studied, it was found thar a combination of modes that ipcluded the peak
response plus the RMS of the remaining respaonses yielded results more in
agreement with the linear time history in most cases.

The nonlinear time history analysis results i{ndicated that sipnificant
column yilelding could be expected ‘in Bridges 1 and 2 while Bridge 3 would
have experienced very little yielding. Since these brldges were deslgned
to resist diffarent inteansity loadings, this wias not congldered to ba
significant. )

. . '
Bridge 1, because of its lower fundamental pericd, was subjecced to a
conaiderable pumber of srress reversals that resulted in ‘substancial vield-
ing of the columns. Intuitively, from observing the time hlstory of yielding
far these columns, it would appear that a preat deal of column degpradation
would have occurred. Yet the ducrility demands, which were based on the
maximum nonlinear ¢olumn deformations, were well below the values considered
to be available based on monoteonic loading experiments. This poiats up an
intereating deficiency In the current method of designing bridge columns.
Based on the above obgervation, it would appear that short period structures
would have a reduced available ductility in the columns due to the increased
calumn degradation that would ceeur during the larger number of excursions
into the nonlinear range. lot only is this not considered in applying a
ductility reduction factor to calumn forces derived from an elastic analysis,
but 1t is common practice to further reduce the forces in shott period siruc-
tures by a risk facter of 2. It would appear that this is jusL opposite to
what ghould he done. Lot . ..
The nonlinear results for Bridge 2 ylelded the highest single maximum
coluon ductility demand of all three structures. The ductility demands in
the remaining columns were not as high. It was.interesting to note that the
elastic moments from this earthquake were approximately double the yi{eld
moments., Therefore, had the normal ductility reduction factor becn used to
deaign the column for this aeismic luading, the ductility demands would have
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heen even higher. . The reason for the high ductility demands in this slpgle
column, wag the ponuniformity of column stiffness and yicld soments whirh
resulted In notuniform yielding. The current practice of approximating non-
"linez2r behavior hy applying a constant ductility réduction facror 10 an g
elaatic anelysis cannot predict this type of behavlor

r’

. The effect of large deadload mements was demonstrated fa the nonlinear
results for Bridge 2. Column yielding was more proncunced in the direction
of high deadload moments. This tesulted in a bilased response that cesulted
in-a tendency to 'relieve the deadload moments due to yielding., Sinco this
would effect.the distribution of normal service load moments and shears
following an earthquake, this should be considered during design.

v
'

In all the transverse loading cases where column yielding oceurred, the
nonlinear analysis.ylelded geismic shear forces at the zbutments that were
greater than the linear time history analysis results, This {s burause’the
columns were incapable of carrying all the shear forces determined in the
elastic analysis, and the excess was transferred through the deck to the
abutments, This same phenominon was observed at the hinge in Bridge 2, This
particular hinge was located near a stiff column that behaved similar ro an
abutment during an earthquake. In general, however, hinge shear key forces
were alightly less in the nonlinear analysis.

The maximum deck displacements from the nonlinear analysis were almzost
always less than those from the elastic time history amalysiz, The excep-
tions to this were when localized maximum yielding oteurred early in tha
earthquake, and when rthe deadload moments caused biased yielding As nentioned
erarlier. Classjcal-methods of predicting nonlinear displacements hased on
equating strain energy from an elastie analysis to the sum of strain ynergy
and enevgy dissipated in a yielded structure did not apply for these bridges,
4 It was obvious that hecause of reduced deck displacements and the normal
gaps that-are placed at the hinges to allow for free movement, that hinge
restrainers were not stressed {n the single hinge bridges. Stresses were
developed in the restrainers in the two hinge bridge. The bapging action
that occurred between the adjacent sections of superstructure caused these.
forces'te vary considerably from the elastic annlysis, however. Currently,
there appears'to be no way of accurately predicting reéstrainer forces¥irom
an elastic anslysis. The methods currently used seem to, at lesst for these
bridges, yield conservative results. '

CONCLUSIONS AND RECOMMENDATIONS

L] - L - L] -

. L
Based on the evaluation of the current methudu for detarminlng dinamic
response to seismic-loading, the following gencral reedmmondations can be
wade relative to the ioprovement of selsmic design methodology for biidpes:
{1) The Uniform Load Method for applying the eguivalent statie force
" approach to seismic design of bridges is not totally satisfacrory.
' An improved method ugping energy principles should be further
developed and implemented into the Priﬂgc design process. -

. P ! .
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- . .
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.31

The response spectra currently used {n the AASHTO specifications
should be revised so as not to include the reducticn for ductilicy.
Ductilicy reductions should be made on an individual component
basls, '

"

|
s

- L4
L]

Seiamic design provisions should consider the simultaneous appli-
cation of earthquake motlon in the three component directiens
since there 15 in many types of bridpges coupling between the
component directions within each mode of vibracion.

The PRMS (i1.e., peak plus RMS of the remaining) combination of
modal conttibutions resulting from a Tesponse spectrum analysls is
an improvement for certain bridges analyzed by the response spectrum
technique and may potentially be used for bridges having two medes
of vibration with approximately equal pericds,

L}
Seismic design provisions should establish some threshoeld of

- yielding for moderate earthquakes expected to occur several times

during the expected 1ife of the bridge. The need for this aspect
of seismic design becomes more prevalent when consideration is
given ro the unequal distribution of dyctility demands in a struc-
ture having non-uniform column stiffnesaes.

The number and levels of inelastic excursions which take place ir
reinforced concrete columns during a maximum credible earthguake
should be such rthat stiffness and strepgth degradations are =mininal.
This control is accemplished by proper design and detailing of
reinforcenent. '

The selsmic design should provide for ‘an increase of approximacely
1.5 to 2 in the forces at the abutments derived 'from an clastic
analysis 1f yielding in the columns 1s anticipated.

Design provision for combining girder moment-due to dead and live-
loads should include the effects of deadload moment redistribution
due to pessible tellef of deadload moments at the location of a
plastic hinpe in the column during an earthquake.

The use of {ntermediate hinges should be aveided if possible in
bridgas located in areas of high seisaiecity.

Monlinear computer capabilities should be madec more user oriented
for the pracricing enpgineer and should be disseminated io the
englneering profession so that they can be uged to:

(a) Make parameter studles of the seismic nonlinear behavior
of bridges . .

(k) Develop more realistic selsmie desipn ¢ode provisions

{c) Apply nonlinear analysis as a design tool for complex
bridges . '

+
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The quest lons raised during® the coyrse of this evaluation indicate the
need for furure studies ta perfect analytical capabilities for prodicting
selsmic response, Some of the areas that need particular attention are as
follows: ) . *

. -

{1} Stiffness and Strength Degradation - The possibility of oceurrence
and the effects of stiffness and strength depradatiens in rein-
forced concrete columns on nonlinear dynamic response should he
conaidered,

(2) Energy Absorption - The important role of inelastic energy absorp-
' tion in the columns and expansion joint restrainers should be
studled further.. Special attention should ke given: te developing
a clearer understanding of the concept of ductiliry and how it
relates to bridge design so that elastic’analysis technigues may
be used with a greater degree of confidence by the bridge engincer.

(3} Restrainer Units - Non-uniform yielding and ductilitv demands. in
- columns Tesult in larger forces at the restrainer units for bridees
with more than one intermedlate hinge. These effects should ke
studied further to investigate the current minimum speci{ficatian
in the code and to determine if elastic analysis techniques cur- -
rently used can predict these re:trainer forces.
[
{4#) Response Spectrum Analysis - Special studies to impr:ve the results
! .gailned from a vesponse spectrim analysis are needed. The determi-
nation of the most effective means of combining modal results for
a particular bridge is especially needed. N

{5) Egquivalent Statie Force - Addirional studies should he Lade to
better define the degree of applicabilicy of the’ generallzed
coprdinate approach to the simplified equivalent sratic .urcc

method for .the seiamic analysls of bridges. S .

A computer capability such as RLEABS represents a powerful research tool.
It may he effectively used for sctudylng speclal problens related to bridge
design and analysis, and for analyzing bridge responsc due to past and Ffuture
carthquakes. Because of its porential for advancing the state of knowledge,
these computer capabilities should be made more user oriented to provide
researchers and engineers with effective means fnr analytically studyving
bridge seismic behavier. :
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1. INTRODUCTION

This £2 an aligeey romph by tevised vorsion of “Eactlepuake Engimeering of 5ridaes'
rongained] b e foaeth gl of ez ek pbili-deed an 1973, Tlae porgaosat I i« o
bwriefly summarize the current carllepuake gprowicdoe bor e sdesign of Lreloe sirictoee
in Japan aml b show sonee ol the Vypival esarsgehes of Uie cart ek gesdatint g of
Japanese Lriges,

1here have hetn a nogmlet ol ooy ek lor (e ITRERXE ]mn'i-uiun- for glue e
of Lridges, whicly can Do clessr ]y seew inthe st o sditions of Wi Teek [EB0 1561,
1568 :ndfl'j'.iﬂ-']. At the eomrrpt of the aseiva desfm ol ek becare ovene <leat in
recend years. Lwre has been an effart v etaldizh & wnifusd eartbquabke esistant s,
The cstallishment ol the "Sparifications fur 1he Eas auabe Besictant Ta <en oL Thighe
way Kridges'™ i 1971 i one ol e resabts nf el bt Ve content ol this edigam o=

*anlepded Lo e mere coneively aped avatenuitically proten el s orompace? with Ui ol

the carlier editinns whicl had ta ineyiably include Jillerent clage oo -Bricyetl conle-
't;e".anging Lo a Aamber of orramizalions.  Adwr fu this ellion enpsideraloe junt al "es-
amples™ of earliquake redistant desiyn was eptacsd by mert iecent ones,

1t may be wolth noting ez that a pmlmrll&q'l.mhu-tﬁittrtnt cosign nl w Dyiclee 4 not
that of super-struetate ar seb-serucince alune, Tl wost eeonowical anl tabisnal aseismic
dexign as a whole bridze svstem 5 only achivved when due onsderaton is paid for
topographical, geological and sl condstions of the site.

2 PROVISIONS TOW EARTHQUAKE-RESISTANT DEGN OF BIIDGES

21 SYSTEM OF CURRLNT SPECIFICATIONS, .

1

Ther used 18 be a pwnber of differeet ':-.'ul:luiurlkt paancisl s dpexnficd 1 vagions
copcerned orpanizalions such as e Japame-—- Highmay Poblic Corporating snd the
Tokyo Exprossway Mublic Corporation. Hsseser, since 1951 wohen the ' Bprecificanine:
i the Earthquake-Resislant Thesign of Highway Brides" was istaed by the Japas
Reoad Acaciatin, thid snporaaled the providions previasdy looed g J2lennt codes o3
fac as the gaciamic designe of Yoy bricdns bs convermed, This specizabions wag e
taldidied in erder 0 gove a g Basds be he desgo mefhodolomy aned, thenc-fos.
pl:u.'rs'cnl.p!u.tl'* wn the methned ol oahliver scamie foeees, Lhe Disie prineipies L s
exereized Inr treating s d) conelitions ab e site, Al the gremenal poevisions Wb oleerved
for structaral detads o Lee carilupua keresistant Ge-ign ol iglway bpidoes Hodnes mes
i hele vlawses cxplicitly sbscrilang the design praeslores Tor salvaligesunes, of By
bmtgﬁ which are currently h=ignesd acvooding b Lhe “Sqnvifieations tor e Desipn o
Bule-Struntores of Highaay Thilge="" aler fwsaed by the Japan Biw] Seson bt

Taralel with the spevifiratinns Tor Wglwoay lnidres wentoed alewe, e ipanee
Walkonal Waitways It (e ownt sv~ien of sk spovilicatians o tha sprwctines ke r the
jurisdiction of I There alas are cases docw Lichapeecial wpecilic e e cresged for the
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22 SLISMIC CuF FFICIENT METHOnD.

Tar the Apsio i B |7 :
' CERIEN D ligtway Tridges. $I2140 spesifies tie seismic coctlicient methed i
ia

lendament. Ti T |
mantal waiumt | wrig =hotter Lhan 0.5 sevands, The herizantal

ik £uin this case i< olainged by the fallowing formula
Aararyv, v, by . .
Where b Iesizanga higa wismic corMicient
A Rgmdag borizonng! VeI s mie c'fu':ﬁﬁ::nt =0
Y3 SEemie guae Tactr, o
! Gransd rondition Laztor, and
"y Imisrtanen factor.
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23 MODIFIED  SEMMIC COEFFICIEAT !'-IETHE‘ID COXSIDERING D'a'f*:iAMI[l
STRULTURAL RESPONSE. .

VWhen a Brudee is suppericd on tall amd fesilde piers ard dts Bendanwntal natoeal
frooivd iv rolatisely duog, the conyentiomal scisovie cecficient methad wunlly breomes
itpdequate.  For & highovay beidge with the fandamrental patotal period of the super-
ard sub structuce svstern Jonger han 0.3 seconds, SEHEB spoecides that the stismic co-
efirient be mndified By considering Ji pamic atruclural reiponse:

ham = 6 D)

where ki ia the rlesign Lorizuntal scismic coeficient, &4 is Ihe quantity as discribed in

T
e guad
Candihipny
° L Greup 1
w IH RL AT ]
E 10— | ~Cradp 1
N _,_I. LGt 1
! !.'Ill -—
3 I—
a - I
= (o]
+.3;
(5] (R L | [N N |
Wotwrad Urraad T lumah
v Fig. 2, Mudificating Voctee i [refer 1¢ Tahle d).
. a —ilE—= o« .




L-l:’(l[nn 22, andt the Secation fuctor @ wlich depemds om the Toadamendal patureat

'"]-.:rir.t anvl the pround eondiion of the site i bo be aldtaied lom g 2 awd Falile 1,

iThe valoe 6! ke is abo roombal o G decinmls aned the toininag yabo: i 005

I .

shoukd be mikiad that e satural petiont lue s thiat of U whale eidpr syslem ansisling ’
|'or super- and subestiuctures amd that U madifical scisin venelfivient Bae sl wot
e used for the design of Wip sopeer-sirciieess o sospeension pidges, srch-typse or
antilever-type bridges in winch fexible super-siroctures fewlt in oy saeal s

L
i’ Table &, ¥olue of Modillcalion Facior X,
—— ——
i m“-‘;ﬂm;?.u' tlane - Walad o F [ur Fundzmenial Peekeod T fxec}
l . i LR ] A=t oy Jepta
! ) TR RLYEAN [ REFSs S]] far 1213
i . puls pm L TT P
} N b BALTE] ¢ far 144T€3 9 for T23 5
R ) . sl F=tINT (X
i Bt 23T T br 1.TEFEL Y far T2d 2 H
- : " ; PIK . A= T a—ym '
r - ) fer A SET 50 tor 0L TZ1 A I TS0
) - s
k - i
Tablr b. Formolun for Fundamenta! Periads of Mrideen Suepported by ' “
. r fipresd Foyndations or Mile Fonndatione ' .
e
Forwmlian bt Fusdamenial Fathnds .
Trre o Sirnctwr ol Ao Do et . Pt Macerial
- Kebnforerd Conerres Beel
LN EP [y Ve TR,
kT wres a1 ol Fate for P L0k Tudupf e o7 s ik
::.-ﬁ-* |1,-|-'":.:l‘ pred Anpe b Tramarirne '\"‘J T . Ty .
roaeped o Gem
B e e VA At :
wwd BPE spaiplltl, Mo ukie Run- .
W win ndy e ptasE A nt el . —
Ah wlutpppsgy Bio digin and w1 a '.Illl"“-' N ,
wau nnr fad al Ikt hoinler hat . T-.— T Lk
Badd 3uprsee i rilbey ol Lhaem, | Loapicadinsl .- . ¥
. MET LRI T
, . 1A-3 .
tber Than the stumd®. Fur rr —— ﬂil' LT .
" amplc, |_“hrul“ fﬂl\.irl:ﬂt wl L""‘.'I':d""ﬂ Folr T A
:;r‘tli. u.llh. (UL IR TR N LA ety ,
e T T Fosmjsmruid prred m mul-d o thr afWem ekl o § odab O ey e Wb areieon of

Sy il bl ra ppmred oy W,

Wy W™l o The pivr s L
- Wt

E & Yuweps sunpbaof e pper nenterlsg oo 1£iaT,
I«

- tawt TEFNE Wk b,

B Dt ol e s o, el

F 1 Agerirpthes of gresby Oo $d miaexTy,

-

—-111-

Wrirhl of U eociinl f i HIWCHIres b 1 SGEerird By Thie sull ANeC gre glehet cumelderat i .

Kluwmral o Lnercea oF IRE pirr b sid g ale lbrerijon comanlored LavErane wobue Whioo oo,

o A 30 phall o wrerdd w st g 7oalin a1 R e e, | o R el Y
Ihr mbiah, b, Wrigres spteei phodirs b b han spgacesimschy ‘al Leor Fie, 15,

sidcting @ik pard of sl brilze consisting of 2 [der aml Uhe super-slig tures u el
Mhereloae, il Uwe Tnilpe is st Rl Yy priera wille didlerent fndebts, thy paduliod A

Hemig i s i< gowe ewnt i Lor ey pricr.

Ly i1,

Inirlae sugrmartid by sprewd on b [oedations 5 odtagne] b e h

the Bording is bl the suelaoe of e land sapgoriing ground (Hhe design grownl sur.
faw v logrilunl by S tiog 2.4l 2 e clastisc defonmation of the pier whewes the {o-
wing Dias the riniary efioct on Ow overall defomagion of the sub-stractun, ther Hronkl
vl et sl i e Teane of e luating ’

Take & Fermualas for Fundamrstal FPerisds of Prid pey Swppiited b7 Cpiman Focsdallans

Tl o lwipenad o

15 above Lhe desipn growm! surfage,

. |‘-.‘riu|| ol e
wenlihee grven m
Fabde 5 amd Ut af Lhee Lailee s i I cabeeny Dwuwlabion ba the I
Tabb G Simew le: daiwg e it Lible 5

Tree of Mrwtersd Spsiem B Forrsulat fw Fundamt sl Pericds
Tramuerse LY J T Y B R T R A o ¥
' Teor | ke Tabia § largenl volma of §
Lamgimucinal Eq (A-H1
Tiamaverse
T Tret ¥ ln Tanke & 3!\; of Eqn (A1) smd LAEF Ahay v es tee largedt vadunr
Loagliyding

" Ch B e ey

whrre

r-:-.JE’M:E{-”*

—
. ﬂ}ll',i :’iﬂ

[l A
L] K.T'K'—I—* K-f!n}

Fusdimertil mrad o wpemad ml i Lpshim cossntishy wl & sl pygetare b TRy wréten ol fhr

Aamfe el e el by W,
et ol e s mon,

-k}

Wreht i che part of peprs MTEEIArey @M suBp ATeS by Che el al riure wnbey oo atien.

Wizl wf (ke cdinatny Topndaduss La o,
Heighl «F pier 14 m,

Croma we pjpunnh mfra ig Hl b 1o hawe ol 136§ gjnpmn B dimnm,
Aloewss o imirrhs 1 et wl INE b of UM paitvm [oupadate nl W lir dreceissh seennidored,

Homnr el st suriecir ot oof g0 388 reactiosm im o im® 30 1 brop ool UBF Bave of Dy £ ar sl faesmdedmele

Venw s powlbruan of cuberadd Fincians it Ll o 1T baer o VS e wet Dl gk, Ll

Hewigiemg] goarfeciont of suligrede srpctmm 0 4 2m® Dot dinesr delormp mm ol The baur o T ¢ alien

T mi Ll

¥ig, A

—_—Il—

Lid

I sfaed Sargml
M DMy iy Deppiel .
U THa g T

o

An [xample of Trpe 1 Structural Spaiemn in Tabla 5, =3

[T ITER 1 DT
Are abtained I daanbing thait Ly the Taee o



r

& N

NESGIN GROUND SURFACE.

SEMI =pecilion the sl Il'-ij‘l;ﬂ el Losdun fp v s are neprbee b i wirtbapskes

resictant doevdzn, Ve heizn provaed s face T debned s gl kv of e lowes Ik v

ol 1l

neghetod layer i L extomd continnmpdy Tebo L actual groaml sarbwe. 1

neglocted Rayer i ststined 1o lave sere eodiesjonn and aene angle of mibernal Gietion Tt
.

ity surcharge offeet slowld b taken it acomiel dor fles csumivalion al e leaiing

Gapacity of the pail lvlew the fonling. 1t is bob ircesary 1aapgly seisonic v L U

T sirmeiural partx, mals amel waler Iekhow Une e poaed saufare g 1o consinhr the

sefauic carth preedsure L e sobesiraciuee frome the megleoeied Tayer,

- T'ht. il layres o he neglectnd in |:'.lT1|I-r]ll..'lkf-ri_':.'i:hiil.||1"|h'-.i:gi'| arie:

.

Sandy soil lyers voluoiabhe te lipueluctivan —Satarated sapby weif bovers within

10 m ol the actual ground surface with 2 stymlard penciration (et Xovalee less than

10, a covlaciont of uaTemmty les than 6 angl g 11, ,-vudue of e pradie sie aooenm -

Gen eurte between D.0bmm and G35 men I0 the Lggevalue is Letweon 00 mm Al
- D.DF mm ot between 0.5 mm and 1.2 mm, sywcid constisleration should be paid beeause
"ol moderate liquefaction putenlial.

o

FExtremely soft colesive sail Livers— Calcsive ar siley soil kavers within 3 of

the actpal pround serface with o oeonpresive stronglh as :!ctc*:rrnincu]. by wtiennfied
by
comfiression teat of Aekd tosl Jean than 0.2 kgom®. :
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SETSMIC BARYTH PRESSURE.

For the dosipn of structures tooresieb vl paedaure, aedive cartll pressiooe, passive

vearth prossuze or Carth pressare al =t i copsidensd acconling to Cse oravdition nf the

relative displacement between structure and seil.  Ihwign fimmulas are based on the

Coutamb's earth pressure theory, Trom which the Mononobe-Okale's Lomulas ber e

calrialation of seismic eant ] prossuee are derived, Tlegl there 210 some winor didféremoes
Betecen'the furmulas specificd jr SR aul SRS, ey ate losically the wme. Table 3
sumnznizes the jormulis wwed Jor e mhu:l_—,.th-" sl presure spaciiiod in SRS

" which i

i usﬁ] fet the tlrhl,..:l'l of structares ey the jooadin e af Qe Japanese Wational

Rzﬂuats

26 UYDRODYNAMIC PRESSURE DURING EARTHQUAKLS.

Armn!mg ba BRE, Iyuloalyn: lnillc pirssare gluging an vartlopiake acting o a vulunie-

]|Lc slructure is calculated by cither of the ihl.nmrih funmlias:
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¢ By 6 F e pye bnd #br SR Erp. |3) i dberived from the wollkeown Wielergaand's Dirnla, andd the puing of appidica
FiE.
- ! dion ol the' hydrodsnainic Tutee is taken as a Tiali ol the deptle of water loc the pupoee
[, S TS— U TP — - of simglicity aml the moeased salety wacgine Lo (7] i obtaieed from Eq. (3 1o
mimhmt P R A Y YT B L . . . . ] N
- e-d-F {1 N e Ti Frrortacs) } jatting xal and (Le B s by integrating over the datance © rom reca to 7. EaL (8
“ Mot wpplicatbe iF pA-0cg J simply sbates that the Tydrodynanic horee fa Hlfh:}Z  assymcd to be equal to ta
. loe BIFEey sivee this torce decreases with e incecase in BUH as bplicaled by Eq. 44,
Frt "Favisr canh wesare during rathuakes. The paivt of appdication of the force iv again dasumesd o e B3 I lfom the botto
= =Earth vrriwrr actiag 18 dmeharvatle wall Auring enr b uake i | .
£a "::Iiu Yarih presvare coethelen. - Docarze of the saine reasims desrribel aliave, P .
Ko = Fassdar 2rth premrure o . . Far Lhe ~ ismic stabifiny analysis of o wall-type structare as showen in Tip, "ltﬂ'i bk

statie aed Lhroudy tamie [ostres and e inerlia feeee of e strucluse are concurrent!
taken inta account i the Jdirection of the hydrostatic pressare, and only the neet
lutce andd carth pressute ae consideed in the oppocite dircction,  Lu the Jater case, tl
effect ol hydroslatic and hydradynamie presuses is nol cansidered for the purpewe
inwpessed gabely margin.  The hydredynamie pretsure in one dicection alone is consider |
in the dosign of & colummelike stouctuce surrounded by walter sinve lyslrestalic pe

sure in Lhis case A well-oruilitwating.

- 0

b} Culumntype Siruclure,

(3] Wall-Lyju: Sructurne
Fig. 4. Syinhols Used in Fqa. {31 =—(3).
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u FALLOWABLE STRESSES.

l;j.‘l.'hrn. carllwquake [vices I.rl:-fhlulllil'ln! will |l|i|n.:l v doanle for el Yoy, Sfbeas bl
1E:-'I.u-w'-i ane mercased leeauss the oevurpmnoe of wn b o combinatimn is Hes g,
TI'-hl: B summgrines l.'|||.. factors wasl bep credasigge allowalde sl csos ol sfeel ol ae-
m.'lortul roerele membas in brkdpe situctoton. Table 8 gives slhwealle tonsile stiveas
nf rgncrc[c and fartors wsed b e peasing alhma e O Hessve sl ul prrceL ey
Mﬂe members Por the exavination ol e eart lnpiake fosisbaneg 00 presbi saed
lmnq:nu: b dgrs against faitore, a factor of safely of mt lows than 1.3 should be ol ayraed
][ur (e Mgt wnlavorable combimation of dead Toal and c-rtlu1u1lu lotews.

1 : - Takblu 3. Factor (or Incecasing Ao aile Sirese (o Come
- © binatlpn of Farthquake BiTock snd Primary Loade
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28 GENRRAL MIOAISLONS FOR THSIGN 0F STRCCTURAL DEITAILS.

Thie wonn ik th oy peaganany themipn clomthl perovile si i et sbilibly ppainey PO HE
Mist b s Do o e e sl ol Tor it a6l voanpe st ot L s esecnttial for 2
Tz B wadibanite s wtine fral inbegeity cven ju Upe ovenl ol o LA TPVt N TR Y
For Wi pauprre, e importanee of e ez of sboactiead delails canuet e ovee-
vm il .

SREELE sl bt speaia] wbbeplion slmhd (e pib] b bl Bullwing Fempcts)

1] Whey alwbiats are awshigered sy st oo, the bty of {ailace of
fhe s roiaing sl shoatkel Te examiind.

JA O Wiren the sobestinetyees of & Lyiege ane Lol o dilfemcat Ly af growoul, np of
Mdbreng sbnw vl Ly or of dillerent diwenadons, $he sitgerarad oo tails shoubd
thesiginnd Tay ll.1~~l-n|.,I wilu areannt thiat Ue swbes brm Lures may l'n.p-u'ul differently during
TR I ITF TN -

4 Jeinble bt snpror- agnl suls <l qures, oo tans, In:-w.-n-n pricrs an ) brpnda-
Vians, s Telaven Swtings g pakes im pike loundutions ace olien salmcralide 1 sci=mie
distuthanci, Ehesiggn o suely stonetuead sletails shoulid e made by connaider, 12 acCutacy
ol cvaluativn: ol gramiul curelitpns, cu-luwc ol vol-lruction joiuts, accuricy ol cui:
Shuclion, cte. b -

There are (g possille methds applicable ta the design of Luige” supparts with
special relerence Lo preventing snans from faiting oll their sopports during eartlnuakes.
‘]'hc}" 1 Jml.ulhtirm rl g leguate sty at expaiaion budrings Lo 1e-trict eacessive
ﬂu-tﬂiwnl, 7t widhening brilge seutx, and 3p conoevling adjacent girders or girdor ainl
L AR PRI TR L E e ) (3 tnl SLHER, an expansin boaring shoubl be pravishod « il
e lepuate stepped, awl i wlbdetion either of 25 e 3 mentioned alwave shaubl Le jn-
mp:xa.tnl. A oslopper miay be an integraus] part of & beariyg of may b s b2l indde pen -
viently e the bearing. The Torigzeal desipm selanne cocfficient wwsd far e design of
sach stopiors i 6.5 tines greater than that ebloined by Lo (1) oz {2}, SEWD specilics
that the lengih 5 [inciay Intween e el of Lhe Beating 2w the cedge nf Lhe sub.structure
fas shpwa in Pl Hal) b pot lew than l.'Iu-_ falhmmg values; . !

- EENT| [:.:I-n 1M m . d * .

WAL Sor b= 10 m '
i which s e st Loty b qwcters, These valwes were sbeteuntitnsd T (SN e
evce winl ave com-idenad sefiienn b prevent collapes of pivders aml b proint spatling
af woptt pate i the pornpshenad region of the scadeslraelune’s gt during ~teong eartleus ke
cliskyitTances, e Lhe sbnddar comsibenagions, the mininuam lengtl Tetwetn (e cpets
of pinelers wt 3 sasperebal gint (an sbeavn i Vi, 3 (1)) o squecilond as Gem, For partis
cubuly Impatant biblees constraetel an ssit goound (Groap 4 zmued in Table 2), i is
Aedealile o Do e bt 5 Lrnltf‘l 1||1|: Irewm wnl e 1(‘i]nHI WL a \u.]a.nd.:n:l it
gerater Ve 70 o, . . N -

CiapbincUimes b bar v st e 3ol sl stoacbianes ~lemibl b st designued ac i soliably
transinid Wi artsoin, diesg L Gances T e formee to e Gilter, Var ghis purec, SEIE

sy Mk Llne [rlliosingg |.|||'l.1:u.q.],.'i‘.
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1]' For cast-in- }:Iace rm-n!urml conerele bridges, seismic toroes shoald e Eramsmig led
by the boaring of the rilm on Uhe anderside of the aloe. The concrete near Uie show- shioald
be 50 gonstructed s (o rosist sujwnie lores as an integroted pare of tle pier ar Lhe alwt-

.ment. The transmission of seignic forces lrem Ue upper bearing ascrully o e ginder

is made by the anchors hxsd an e upper bearing assemibly.
In ¢ase that the Ak of Lie shoe Lecume wnable 1o effectively transmit fofees frum

" the picr or the abutment, it is desirable ta design the anchor bolts Letween the slue and

the sub-struclure o transmic Lo tolal seismic barce alone.
This melhod is recomerebed not only for cast-in-place mn[q.-rmd tuncrete Lridges

bt il powsitile, for prefabrieated concrete by wdger aml aicel Tridpes,

2} When oo bearing resiclance ?I concercic s expected, anchor bolts alune shoukd
be albe to tranzril the total seismic orce, In this came, cither of Uie fullowing nielleds
i to be wied:

{3} A strel plate i firmly' Ggltenod tu U anchor botts which are buried i 1l sub-

struceure during its construction, and the shoc is weleded 1w the steel plate after
the erection of girders.

{b] A bok is preparce! dming the constiuclion of sub-structure, e shoe with anchoer

bulls is placed on it and the fole it Bkl witl coment mottar. Or anchor bolts
alone are first buried o coment ootat and the s is fixed o the bolts,
3 The diamwice of anchot bults sbold L ot s than 25 mm, s the kgl within
cortePele mol Jess than 10 Umes Ui dinnpeter,

2’9 INERTIA FOROLS OF SUPER-STHUCTURES ACTING T SUL-STRUCTUMES.

. Ot of tle mussd fropestant kiadings e the cafUepakenaistant dodgn of sub-stine
turnes in dhe inertin furce of sapeestructures acbing to the salestroctnres tliroug e Ina rugs.
In ZELLD, these bitia lotees are ablaite! as fulbwes (refer e Fig. 6 far the ymlads

© used):

-

{i) Mordrontal wismbe Toree Hae acling to belt slmtoent;
Sinaliat of Ragfas il 12 £albu.

- —_— 12—
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(i) Dhorizonlal wrismie Torce [ ae | Has) actiog Lo pagr:
ILENRT A U T ] Fe N PR, P
Whete Karfmcns 12 b 1F'a,
0] ||irllii.f.lll-ln‘till_-|.'i-l'l.l.i|‘ Fimens M s Eings 4w gt aliianent s
LT
I e S ol sulestrctens, e inrtia laces cacrtad (nan sopursinwcbipes 47
issldmal Lu ack ul e bevel of the e of beapings Of the Tongitmilinal elireeiinge, wn | Al
the kewvul of thee renter of gravity of the coperstmeotnees jn e transyer<e diregtion.

L shlr ~ Faerd aablr Fined
."hl-un-rl. .'hf;—ﬂ St Rwpprry
r A

Forder * i, ]__’ Crvdrr B EWLH \j

LY} L

Ba s Thr sk sl (Wi SrrHesr cro®orarms, Y B (1) ar (1]
My = Errad bond of gy ow virms e A, N
A s 1002] Bst] ] e[t e bl Caps B, .
N v vt el gt Leln abuswrml dogs 1o W . hh
opa = Hrarism g1 oy dhoe b T, H
B Tew it gy prep idne 0 40, '
Faa 4 Meacium ap puplor sbad ke g bt Lo 070

Fag =GB mr ol natn I P o o s iy i e et
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Fig. 6. Scimic Forces Acting 19 Sub-Struclures {tom Suptr-Siruciar.

A0, SAFETY FACTORS FOR FOUNDATION DESIGN,

As was mentiaued in Section 2.4, the bearing caparitities af the soils above e dh-ign
ground ~rface are nc_:k;mtl in the carthquake resiclant design of fegndatias str 1UF5s.
This evncepl @4 als adopled in SRS, on whicl the cridents of Socoons 2011, 2212 and
2.1% arc Lasl.

Far e evabmatinn oof the verticad hearing capacity of the soil beneath the b ot 2
spesnl Bimstiny foumlation, it i walul Lo intiwloce the concept of the increasal I,
whieh i alclined as :

{locieend Lnadfe-{Verlivcad Lead Dy Seomlation}
— {Weighl of Preuxisting Seil)
N —yheat . - {in
wlw-rr ¥ is W unit woight of =il J'Jr is Lhe depth 16 e hase of the [auting, ami A" is
th e ive Beariog v ol the !uulmh Tlhen, Iy demrting the ultimate bearing cipaes ity
by @ aml the lariar of safety by J, e fnlluwing cuml..t.un must be satishicd hw Ehe
foumbitian toe e slable;
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J1, DBESIGN OF SPREAD FOOTING FOLNDATIONS.

The stability of a spread fooing foundation is examined fot e vertical and hocizontal
caring capacitics of the surrsamcling soils and the D'n.'l:l!tl.;l'llli.llig ol the fowndation.
The witimate vertical Tearing capacity for the increased load b calewlated by
QGmA' TexeNer Doy BN+ Ly, BTy © . 02
nd the 'ﬂlcm alile Learing capacity h obtajngd by :

S --';.:—!?‘l y}ﬂf'{ - . N -r|+--{:31

y whith 1he lollowing nolations are used (alsa tclf_r to Fig. I] . -

Al 5 I e Effoctive arca of looling.

LB wr B —Jee=E ffective widih of footing.
L m L —2cy=Efleetive lengih of fooring,
tn -Eccchtriui:j" of resultant in X-direction.
fr m Yreeniricity of resaliant in y-direction.
Dow Mininmuim of B° and L°,
Fo L. Lum Modification actors for inclined Joads,

T

. domld, ={1—200) . ,
Lo [1=4¢)" where ﬂﬁt-—ﬁﬁ . ’ - v : T4 -1
deatan=1(H{N) el I #ixya _‘:ﬁrq“
H e=Horizanlal force acting to looting. . 1
" N Effective vertical force at the basc ol I:mtmg . H_l,
T

#mlntcml:ﬂ friction of the soil belaw fnating.
a f=Shape Tariors ol the bate of lowting (reler e
Talde 11}, .
£=Colu=don of L sid] bolow foiting.
" yy=bflective unit weight of the sol] ndow I'unli-ng
yy=LMective unit weighl of the sail ateve He Base of Tooting.
Ko XNoNo=Dvaring cupacity factort of the sol Lelow fusting [refer 1o Tuhle ['2].
Fi=Facler of salely a3 given in Table . .
The ultimate horizontal branng eapocity al the base of luﬂtlng is r.nluatcfl h}r

Flg- 7. Efcetive Width
and Arcy ol Reclango-
lar Fouling.
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I-nd that dm to garth pressuses at the front face uf Touting is ohtained by
RymaLlip, 14— LIZpA8) ceeena(18)
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Hy wsing the quantitics calculatod'above, the allowable horizontal bearing capacitics
fir e peneral case and for e design of retnining walls are ev a!uated by Eq. (L7} and ~
(15 nlmwn bedivor, ropoc tively:
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Fooling af Eq, {15} IH the denign ol paile Toundalions, consitcrations should be pail for l} the mtu[ ’;

The ﬂﬂmgty of a spread looting a‘ﬁn;l vt turng i examined by the amgunt of
ceentricity, of the pownt of apphication of the koad resultant scling 1o the base of the
ou.nd:tum Acrording to SRS, the et:mtmh:, s.hm!d not exceed the values slown

carrving rapacity of the pile, 2} the overtuining of the pilesupported structare, and 3], ;..

the whaplacoment of ihe Struclure umber the sction of Jdesign I-nd.i.np Duphcml- ~

here inchules settlement, relotion syl horizontsl rl“pht'erncnl. Sl et Ter g ,;‘* -
T The vompnssive Inad on 2 ke should not excecd the alln'wlbl-c u-rha.l :a.n}'sn‘
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N ' . 1 .
(i) For primary plus ltmp-r.lrlrylnld!. ’ . : in which - - Tei I S -_',fl .J i
* "+dl," wr . - 1. - . r o it 1 [
Foc cartliuake hl-d. P N faz= Alwwalile carrying n'ql'mn.t}r at "Ic t“i' “,1 the pile, - . gV Mo T T
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The stablity agadiest oscrioteing daing an cotlumake i Casiinud as lalluss:
{i] Thre r_,uir._t i al'lrl-;f;_{'hln v the I\:‘hu“.ll-ll whivuhy Lar b gl pdele L.I'L”H-' iunber

of the exierior pile i U pole prog
When e Lensile toad on o seme jales §+ s Lo eaeetil the allimnl e qadlout

i}
: reaislance, M masimtan cortpiessive b rorabeulilod D danonigg these teomide
pites should be less tham tle allusalde veprie st carrying coparite,
fid When ondy the sertival carm fng capacity i examine] dariug desipn T s ol
rappatently favirable enmlitions, any ke it the pile grogesbonld i Lo sl gected
tu tenmle fugd, -7
Alhwalfe disphiv cenends are not speeafied cxplicitly, but they are delermingd Ly con-

deping thie serviceability of e wiracioie wnder cunsiileration,
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13. DERIGY OF CAIRS0XN TOUNDATIONS, .
" . . an e . -
Design of caicon foundations is petinrmed by tabbng inte ascamt the vertivab wating
S

apacitics at the lop and at the La of the cofetn, the horizintal batng capacity, the _

vertuiping raoment and the dipdacamenrs cated by the detign boadings,

The allowable sertical beasing capacity {m e incTeassl Tl (ol Secliown 2,007 m
he bawe of 2 caitson it obrained Dy diviching vl wltimate vaticad bearing eapeeny cal-
wlated by on espression almost identicat 1o . (12) by an apprapriate actor of saloly
dven in Table 100 The vertical camyang capacid al the gy ol the cnisann i ludes the
Fiect of shin friction, acd the Albaable capacity s calculated by wsing a formaly sinvilar
o oo (1%, For Uw purpose of itcreased margin of safety, L efleet of <kin Iriction is
wually peglectad when examining 1he stabilicy danng eanthnuakes. The wimate hori.
pamtad Learing capacily is abtaincd bv wing equativs simdlar to s, {34 amd (13), and
the allwalle capacity s evaleated b Fa. (17 Pl allvwalde vesisting tammein s silsa
ohtained by diviling the ultimate redsting mment by an apprapriate facior of wiche
The ek aloptydin BI85 g0 evaluate vachsts hols acting v U e axl Lhe
ulimate et Mmoment ane bon complicated 10 be ichad! Leoree. :
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The Vomdu-Shikakn Dnje e amder wans o Jupadn i s Large wized parajeet (oooon-
necl Honedue awd Shikoka Tdaods by threr indepembent rontes of bridgs: poes Uie Seto-
Tnland Sea, Tiough all of the porject has not been fialised yob, Oere will le coven
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1945, wetigats Wwave been cosmbinped Ly Uw }l.'l.i.l.ﬁ:;tr}r uf [‘m_htru-n"l.iuu_ the Japaa
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X nn;Ip[x Ty the mue <ivad dntepration methis] is veguirol b the result olibaised by e
spec e ies oy i)

‘*_-‘]II e wrmlifica sgisenie coweMicicnt nwthoel o stractine o ifeadized asoo omeabegproe-of
Itednam swrlemn, in whivh the prodosrieant perised = ochlies] as (bl porisl s lich o
lhlf-ﬁ U sl tnlanvi: :hk sthess of defonmatia o the obandaers of U edie st rgcbirad
F}.‘Shlﬂ wigley vonsnleralion, Tl beosie reponse accehorabion i oo ol g [ = aceehra-
tion of gravity) is obtaimd Dioan Fig. 12 lhw--l the cursas faj={dj i soloctal Tram g,
12 armrclm_;, b tlw e of shrnclure, nanwly

= Curve {a) :  Fowr toumlalim sirurtone having larpe (oms-sortional arcas with sullici-
—— ent-embxsbled bengthe inowhich dissipation damping s oxpetind tn he

TEe more prosiounoeed Lhan streetural damping,

‘:‘:_ Corve (b} TFor loundation straciwes which do ool corresprnd 1o either Cure (7)

'-f : ar {t]. *

-Carve ey = For feunddion (or sub- siraciuies, mostly of steei miembers, with ol
- - tj\?l}‘ lopg, pretruded length atove the ground sorface, in which nwst
. damping i dee tnosiouctaral danigsing,

Fﬁl ve (@) : For main towers, suspended strictures and main cables of susponsion

bridpes.

" For the spectrem response beclindgue, o sofficiest nuniber of mocdes shoald e taken

-I'Mu acritint a0 that masinem repotees of varous packs of the sbrocfute can be dele-
winel “Jlll iy rtqul:r{l aceniaey. The tolal respemse Seeelernd jon spectrd are repirescateed
by Corve 111 in ig. 12 for a damiping factor of 1. Curve [b) For a davaping Tacler of

8%5, ad flurir {rlij for & :1a:h|'ri~rlg lactor or 297,

In the dynamic resprnse analysis, time histories of vatiaus ceymnses of a structure,
gcnwall}' idralized as a mwlti-deg ee-of-Treedom sadem, are calenlated frmn e erpa-
vion o mation by wsing recorded carthgoake molions as isput. The vartliguake motions
1o be uust for anadyviis ate 1) repaesenlative ground motivns recorded near the construe-
tion site, and 2) the 1940 Il Contra recnrds. For Luth cases, the maximum acceleralion
s normializod 1o 180 gal. The Latter was chesen borause ere are a npmber of results
evaitabde fraum past analysis elitained by wing e Bl Contne recoccls.
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e 3. ENAMILES OF EARTIIQUAKE RES{STANT
) DESIGN OF BRIDGES
31 INTRODLUCTION, '

There are varias ways tu desien sub-strweiunes of 2 bridge Lo ceist eartlouakes. Some

cexamples are slwwen lere in whivh special devices have boen decelopne.
- :

a1 Ek.{ﬂrl.ﬁﬁ OF DESIGSING SUNLSTHRUCTURLE AND SUFERSTRUCTURL.
X1, An Abuuuent Carrying A0 e Meonisondal Seisinic Faree in Longitlingl Hi.ﬂ."l.‘liﬂl!,
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selimic force, spwedial alutnwnts which ciery Lhe horizontal fores e necdial,

—_—
L3

e

cirders ol The Wbl zawoy Hailway I!-ri-lb-r" shernn i g 1,

15w Ale comnbinnmmmin
RN AN il fixedd absiment

e bl inboomgndiabe wers wens el eaies al Pl alen g e .

wi runlenbnd abl tlwe righ Auaul wphe b supmsn ] thee leaieonl 3 Lo e g0 2 earth-

uake, . e
The swmdmsb 3 Fawd 1 kit vl sl vl sloes e Lanpe, reshey L ely S

ginliers placad betwaen O rontitedts giders al e Jiwnl aluilment e crtnecled 10

Usetnn by Briam bl cosmes g mouls sloun in the tigare oo By transdenit the ke izonlal

foree rameed Ly an carthepuake to e freed abataent,
af thee Nakagawa Railway Weidye alas the oo izt 1l seivmic i'}”f i learged

by the alastow il sitpatinl at lhc right-hand
Ll

T Al case

'
tudinal Giree Lion i+ nittin't L e carzicd

L5 1

) , "-: Fpoa T A TV rubM ey bk ) L ar 'II'!H
hm'“ﬂ- - r-“-w'"-'l"-—'“f Tt T | Tor Wl T .um-mu r. _‘_" ~ l.-l
) : l
"-1&/ & "l o ;
Tor tus? ¥

Flr atina

.
—
11y

Fig. 1. Wasinctugawa Railway Hridge.

ap



":I.

- -
—_— e .

M ——TEA M R i — T ginder ol e Sommingaws Waibway Bridge?® is cigify eonnsted Do e cont el prier
baala’ LN el -}m?‘-ﬁ, TT{?E!:: -,‘-V— ks "T*_\E‘T"i? an Elal W Taona b vowemment of Hms igbel e T ale Tre sid -t frorue s ut dhowr: alwant
“\”‘Jv?r EF U er e The Jesigit was exaindius] Py ey ealysis, - )

i . .IE - s 323 Deulges wn S0 4ol -
=, . B - 3 - X o Wl D0k Wailwine Hgindze ™ <luaw o 0. s ann ebevateed o isberel comerete eyl ge
e ] of snlti-speuy coantiomar, rizdl- frane siroctuee, Thee briciie wxy iheiziwesl ta eaiey Lhe
- n ¥ ! oo ’ ' lowiromta! T al abaod iaents b 15 and € Bailt dircrthy o Ll Bt Tt ot Lhe places
- , whame the il Tover was tThin. Mat of the Iramssrrse boritontal fome is ramiol b 1l
i = Alnimertd ot Bl balb s thaagt e Temabing rigidiey of the wpgaes zol Jower slube
g . . E—Il- spuimving W m Te-twen abutowents 4 aml B, aml #0n Inct vy abaabnenty 18 amed O,
| 1 L
.. . —-i- - ELFYaTIe SLETKS
. . L) . —t wrm
g S soemncin ATwh
. E‘ e e
a !!
. , \ ] hig—*

Flg. 3. Sakaipiwa Mridge. ! ' L
sde. ;Iﬁmgrr Tingrs with Jeanl plates ot 50 i thickness are applasd to e intermutiate ';:ﬁ:_:f“
. F_ﬁc“- of the coptral -_!_“w.,:'ﬂ.ntinw-n-\ ginler. _ iij’B_LF.
T Lles h;;t of the Sakaigan l'lpiul.g:r’l on the Chig I'I.xl'r|'|."i.'ﬂ.'l.':l._'." shurweyy i P 3, Thers :;2[_“"‘
2 andl 3 are connecteed by an nelereround e beam as ithastiated in the haure. They ane L
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« Thete are cases whiere the heads of the pites driven throogh solt 504l laxers to the Ieanng
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' In (he exme of Lhe Suzokivuma Raibway Tridge®” ~howo in Fig 8 awd in Mo, 1 & 2.
e beadi of »teel gape piles, 1 m in diameter, were rigidly conmrer Led Lo the cuncrele girders
tu form rigid frame structuics. In the de -uE,n culewtations, the soft stratum was robsidered
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eviileactivn af the ginkers due to temyperature vaiation. .
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iz 15 \ ’ - .
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The tearing shis of the Shin-duvagi Rridge shown in Figo 15 - one ol the meeable
slaows s ially thaigiesd fur Sospan cunlinnous steel girders. Seiaelc [occes ae et
by the bearing strenzih of bed oomcrete ar Lhe rils on the undvizile ol a sme 1% the
slyearing remislasice af «feel anchor bults. Stoppers are poovided f- preverting e ialls
down ol a girder, and o distance ¢f 50 ¢M s provickal between the seoport of 2 girdi; and
the frenl edge of a pier. v ) '

317 Tox Stoppers. :

~ The Abukumagaw 2 Railway Bridge shoun iT; Iig. 16 i» & Z2pattce LR sim aresd ool
conerete railway Loidae oo the New Talinka Line. U diectiviad B o stappers ay 22w
in Lig. 17 ate provihod Tere. They coisiat of a prismiatic bsr el iod inte Lhe ooz tole
of thr supwesbood burg gl of a Do cenbedhdiod nto that of tle suledre:ure,  The Mita bues
twera then is Allad witle siveoms waalerial, which has reshbaney agiinst fa.t mov St
during an cartinjuaty, bat bas i resisbance against suh o e covament wd cloopa-

Livm or contrwctiam ol 1w bridge st 10 temperature dange. The Gereney of resiaance

Lelwren fast s cnment 3l sdow e 5 geljuabel By (e anwanl of e Lctwon e wdly,

Foroally the wlobe borisental fnce b resistal ouly ty the lised pler whese stopper is

provided nith strong springs. When 2 sciwmic Toree hils the brigeits herizontal e
poneats ate cfckenily diztributed o ool et by b viseons action of the fuil,

The Fajmwa Hatlway Bridge shewn in Fig, 18 is crpipped wilh two diteetinna o
stopert which distilabe ot enly the hggstailinal Tad alae the traasverse borirontal
seizmic focee. Tlere thwe principle of tw e Uirvrtional bux stopaer i deabdy appdied_ o
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In the Sleimvosineana Railway Boidipe on the Tékaida Main Line, shown in Fig. 24,
simnple Irwses of BL2 i 2re oomnmuted with one anollwer <o (hat oven when coe pier
bk logings e et tlo ke, e Brusses swoaled repain intack as canbilevers.
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Theie are raws where ronmerting imstallations are wwsl to trangmil fhe In;:ituc&i.nal
beierntal foree e baoamoearthemake, -
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SEISMIC RESPONSE OF MULTI-SUPPORT STRUCTURES
L. Esteval, 5. E. RuizII end A. Reyesl

SIMMARY .

Probabilistic models are proposed fer determination of design responses in
structures sensitive to phase differences awong ground motion histories at their
Buppores. Selection of design values is based on approximate proporticonalities
between responses corresponding to given probabilities of .exceedance and standard
deviations of those Tesponses at the end of a segwent of random neise taken as
e€quivalent to earthquake excitation. Detailed practical rules are proposed for
mode and component superposition as well as for definition of internal-losd

‘cocbinations to be used when checking safety conditions at given critical sections.

INTROTUCTTON

Design values of internal forces produced by earthquakes are usually taken
a8 theose provided by an envelepe to the values of those variables caused by the
individual ground cotion components, one at & time, When dealing with structures
having small dimensiunms in plan, reasonable appreximations Lo maximum respoase for
the superposition of the variosuz'ground motion ¢omponents can be obtained from a
lincar copbination of paxipum responses to each ipdividual tomponent at a given
point of the sround-structure intevrface, provided modal responzes can be taken as
atochastically independent (1),

For structures extended im plan, such as long bridges, or founded on
heterogencous formations er irregulat topography, such as dams, differences in

: ground motion among different supports or zones of the ground-structure interface

may give Place to quantirative and qualitative differencea in internal acticns

_as compared with these produced by in-rhase motion of all supports. In additiem,

)

stvong correlation may exist between pairs of parallel ground motion components
at different points, and the correlation agong che responses of a given wmode to

. several {correlated) ground morion componenls can no longer be neglécted.

The present paper explores several criteria for determining design responses,
'on the basis of the variance of the response to the various ground motien
components. for a given assumptlun cencerning the covariance sttusture of the

.generalized excitationlll, Simplified rules for practical application are alsec
lﬁisCussed. < -

1

i1

1 .
J latlcna‘ VUniversity of Hoxico
I

1

DYNAMICS OF LINEAR SYSTEMS SUBJECTED TO GUT-0F-PHASE SUPPORT DISPLACEMENTS

Let the excitarion acting on a mulel- -suppart system be described by vector
x(r) = { X j, of support’ displacesments. Suppose the system is' discretized and
representes by the mass, . stiffness and damping matrices M, K and € respectively,
where support Jisplacements are not taken as deprees of "freedom. The vecter Y(t)
of strurturnl response components {d1Qp1ncrmenta, stresses) can be obtained as
follows (2, ¢

: . n ' ' -
L Y(uy »Z x () Y +U(0) : (s.
" q q q *
Institute of Engineecting, National University of Hexicn
I Proyectes Marines, § C ., Mevico Clty,\turmnrly at’ Institute of Engineering,

IT More hanr11 assumprLions are covared in. Ref 2.
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In this equatinn.'{— is taken to all the supports, Yy is the vector of static
response components produced by a unit displacement X4 , and U is the vector of
dynamic response components, i.e. those measured at anty given instant with
Tespect to the superposition of the static configurations associated with support

displacements Xq at the same instant. U can be expressed in terms of modal

vectors Z, = |z .|
] 1] ) ]
u(e) - ‘E.Bt K (2) Za, zj'hjct‘.-c}dz , )
] ' " .- . -
Here a; is the participation factor of mode j that carrespﬂnds Lo

displacements of suppurt q, and" h: (£ }.is the unit 1mpulse rasponse functlon for
the mentioned mode. This factor can be determined from conditions Y = Q, ¥ = 0,
at t = U*, inmediately afrer. application of a concentrated unit-area acceleratien
pulse x - S{t} Thus {2,3),
) 1, * _ L. = LI i
8 .__ﬁfiﬂi.ﬁﬁ__ . - , (3)
.. Tuz -

k k k ’ 4

H .

where Ih is the external reaction at sUppott g when the system vibrates freely in
its k’th mode having shape Z 'and natural frequency @}, . From Eqs., ! and 2, &
given element Y{ of rhe response vector of the system can ke expressed as follows

. RACEE 4% O, + 2T 2. ( <y (T (t-2)az @)
iq 9 J J9,1) 20 q

ot
In this equation, Y., and Z; denote the {time independent) values of Y associated
with vectors Y1 and 2: |, “respectively.

J
DYNAMIC RESPOMSE ANALYSIS FOR STOCHASTIC GROLNWD MOTION

f N \ . f
It will be assumed that X.can .be represented as the product of a Gaussian
Btationary process H1 {t) with'spectral density. G {u3) by a determinigtic envelope
h {c): ) . : .
1 : "

" _ 5
xq(t} .Aq{t) Eh(t} {3}

i W : & *

o L e s ..

In order to determine the parameters that define Y[ {t) in probabilistic
terms, it is advantageous to express that function independently of x, (t), b
means of an integral expressed exclusively in terms nf.f1 (t) and of J response
funceion g, (t) wich takes into account both-static and dynamic components. Tor
an elenent1rv accelerogram defined by a concentrated impulse x4 (t) =4 (&), one
obtains xq (t) = H{t} and x4 {t) = tH(t}, where £(.) and H{.} are Dirac delta
function and Heaviside step function, respectively. YL iz then the unic impulse
responge funetion for a:celeratlun of suppott q, 'and is given by the following
equation, obtained from Eq., 4:

ot
g, (1) =tH{y) Y + F.a I ,h {0} . - (6}
-oq g "y 19 311 . .
- ."'l" - i’\. *
If the complete accelersgram at a given support is tzken inta accoont by

integration of eq. & with respect to time, and if>the contrvibutions from all
supports are added togethor,.the*following alternative to Eq..4 is ?btained:

L

a o mn F b ' ' .
Y, 0= EUR (D) g (s-Tae o

* . . -
. F ' LY A L TN T L *
f - - -t 13
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Taking into acmunt Eq 5, the lant Equatlcn becomcs

ORI Gu©O CHE 1. ®

Hence, the variance of Yi(t} is ) ) _ -

[ 3 A _ 1 - .
war T;&}'I‘_f;.ig.gfq(f-mr(‘:-’.] ,(:“z gu!(t 5}3 -z )% .4-.-_-, (9

oA T
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From Egs. 5 and 8 and the apprnx1mate theory of Ref 4 ic is possible to
determine the probability distributicn of the maxicun absolute value of’Yi_ {(t)
during an earthiquake, but the amount of computations involved makes application
of that theory impractical; adoption of simpler critevia is advantageous. Herein
it is assumed that the values of responses which correspond to a given probability
of exceedance during an earthquake of given intensity are proportional to the

. maximum values reached .by the respective standard deviations while ground motien

lasts. Thus, if ﬂ' is the maximum variance of graund accelLratlnn during the
eurthquake and x.,(p} is the value of thal: acceleration which r_nrrespunds to
prnbahlllty p of being exceeded, and If{%Land xlh{P} are the corresponding values
associated with a response variable R, the assumption.proposed implies that if the
deslgn,crxterlmn adopted is based an equal excecdance probabilities for all design
responses, then the ratio of the design wvalue of R to the specified peaw ground
acceleration should equal ﬂkf EG' -

. L. - N .
- ) LA ' -

Ref. 2 contains expressions for the variance of a response variable for
several alternative assumptions concerning the. covariance structure of the
excitation. Only one particular case is discussed here: that where ground
accelerations at the various supporis are-~represented by segments of stationary

white noige travelling, undistorted along the:ground surface:

]

%(t).—-wﬂ,({.-zﬂ) , 9 =lj...IJH - | (10)

. - . .1 . o he it i . . . .
In this equation, W, is white nolse with spectral density G, . The white-noeise
assumption is noet restrictive, and the ecriterion derived from it can be applied
t¢ more general spectral shapes of excitation. '

i PR T >
If the natural periods. nf the systams- analyzed;are short as compared with
the duration of strong ground motion, maximum variances will be reached at the

end of the Excitaticn i.e. for t-s'

-wr“f;lcs}-‘%‘.z;‘f.‘f 1 (s} ?.E.I‘Eqw § ¢k {sH‘ZI'ZZQ,! n” ; I_rtqr(_) an
where, for the case deflned by Eg. 10, makmg gity = td(z),
s e S . . .
T (PG 967y algGsomdi < (12a)
qu,.(ﬂz u‘&s‘s(; z, -TYh h-lz,-t,‘l:’ . . :izb;
Liepe O 76,§ Wls 4 ooz, Thans T o s T

Analytic expressione for these mtegrals are, gwen in the Appendix.
SUPERPGSITIOH CRITERIA . i

) LYEI
»! . Jai], ' .
5 Tht graund nntlun models given by Fg. > ave 'ndncﬁn?]e reprenentations of

I ot
1
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earthquake accelerograms, in spite,of the fact that they ignere frequency-
cantent variations during a given event. These models lead to sufficiently
accurate estimates of the variances of ground scceleratioms and of responses
which are determined mainly bYy.those acceleratinns; however, they do not lead
to accurate estimates of variances of quanti:iea sensitive to ground velocities
ar displacements  (such as the dynamie response of Structures possessing moderate
or long natural periods,’or the stresses produced by phase differences among
support displacements), unless the spectral density of ground displacements (and
ot only of ground mccelerations) is closely represented or base-line correctians
are applied tulpccelerugrams given by Pq. 5 go as to produce zero final ground
velocities. As a consequence, the proportionality of design responses with square
roots of variances described above cannot always be directly applied, particularly
in those instances in which the proportionality refers simultaneously to quantities
sensitive te ground accelerations, velocities and displacements. This difficulry
can be overcome if the proportionality assumprion is applied individually to each
term in Eq. 11: although the displacement variances predicted on the basis of Eq.
5 may be excessive the ratios of the variances of responses proportional to
displacements predicted on the same basis will be good estimates of 'the ratios of
the actual variances. Thus, the following equation resu%ts:

Qt‘II.[ Qc'mf Yoo Bt ‘lEqqu.rz “i:qr oqbkf*r'z'q “urZJZ.,“Juq.- (G K"J {13)

‘In this equat1on, Q@ is the design response, D, and Dﬂf sre the peak ground
displacements at supports ¢ and v, respectively; Qﬂ and D, are the displacezent
spectral ordinates at the same supports for modes j and k; Q1 is the static
response to a upit displacement of support q, and uﬂ are
proportionality factors obtained as follows:

r* qqu ’“_].k.q.r

L] ) il

rf . ! a
R TICVAC AR M am
mr Ik_ (")/(‘T‘I“TrJ i - LT (o)
. - e IJWU/(J" Tie)* ' e

and J. . are the values of 1 q {g) and 1T rr(s] wvhen time iz measured from the
1n;¥ant when ground motion starts at supports q and r, respectively, and JY, - ,
Jl; arc the corresponding wvalues of I':,.  and Fikrr,far the same time grigins.
In other words, the contributions to dealln regponses are expressed in terms of
peak ground displacements at all suppoerts as well as of the modal responses o
each pround motion component taken as acting simultaneously at all SUppoTLS.

Figs. 1-4 illustrate the variation of ﬁfcﬁ and ¥ (determined with Eqs. Al-
AJ) for several combinations of natural frequan1es and time-lags. The latter
are expressed as fractions of the duration s of the white noise segment used to
tepreésent the excitation., On firm ground, s can be'taken as 20 sec.

. DESIGH CRITERIA

* o x

It is assumed that degign consists in determining probable cowbinations of
internal forces at critica) sections and verifying if those combinations lie within
the specified safe regions. The criterion advecated herein for the determination
of the mentioned combinationa is based on the same concepts as that recommended in
Ref. 1, but unlike the latter it takes into account the statistical correlation
among support displacements Both criteria assume that the joint probability
distribution of the internal forces which determine the meat unfavorable comdition
at a critical section is Gaussian multi-diwvensional, and that a set ,of
multidimensional cllipsoids can be built with centers at the Expectud values of
the internal farcdu and prlnclpal axes in dlrections whlch are functions nf the

. . \
-"l. L, omh ..!- N [ o - N "
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correlation coefficients, s0 that to each ellipsoid corresponds a nimber of
standard deviations of each internal force from its .expected value and hence a

. given probability of containing the load combination of interest. A given desig
ia adeqguate if the ellipscid vhich corresponds to a specified probability lies
within the safe region and is tangent to its boundery (l}. Because contructing
the zenticned ellipsoid would be excessively difficule fur practical densign, ic.
is propnaed to substitute theallipseid with a set of 2N N points (combinations)
vhere N is the number of cartesian comporents in each combinacion (IV). The
design value of component Y, in the j-th combination would equal Yy, s+ vhere
¥ ia the design value which would be assumed for ¥, if design werel'gased
exclusively on it, 3, equals * 1 for k = j and Yo, =o30-61)) 7 fork 4 3,

and . is the currelat1nn coefficient between Yh.?;} and Y, {QB An, expression
for cov (Y, {s), Yi.(a)) of the type of Eq. 13 can readily be derived starting
frum Eq. 4. . . . —_

— e TR T EE———— e P T T Er—— ———

Take for instance the case illustrated in Fig. 5 for thﬁ cross nthian of a
reinforced concrete column subjected to axial load P and bending moment M with
- respect to one of its principal axes of inertia., The cases when the correlation
- coefficient Puse equalas 0 and 0.5 will be considered. Assume also that the dorted
line represents the section's interaction diagram, and that p and m are the design
values of M and P should each of them.be considered separately. For each value of
fér » N = 2. and the number nf internal-forces combinations to be considered equals
2.8 For{ =0, Y =10.3, amd fore, -ﬂ&,'a =¥ (0.5% 0,225 ; hence
. -Flgs. 53 b r e

-ms s mn !

 APPLICATIONS . S ,

Fig & shows sorme results of applying Eq. !3 to define the design responses
of a fixed~end arch when both supports move out of phase. Responses to vertical
and herizontal ground displacements are analyzed separately. In each case,
results are expressed in terms of both the ratic E,/s of the time-lag between’
support displacements to the duration of the white-noise sepwent and the apparent
wave propagation velocity along the ground surface. Both qualitative and quan~
titative deviations with respe:t to the case of in-phasesupport motjon are
evidenr, - . .

- [ b '
Annther cage of 1nterest ig ghown in Fig. 7, which represents a br1dge

built of simply supported spans resting on columns with ends fixed on the ground

surface, Variables studied include bending moments at columm bases and tensions

on tie-bars cunnea;iné beam spans. 4gain, the sensitivity of design responses

to phase differences is obvious.

- . CONCLUSIONS

The seismic response of extended-in-plan structures can be very sensitive to
phase differences among the motions of different points in the foundarion. Under
the assumption of linear behawvior it is possikle to formulate approximace
¢riteria to obtain design values and response superpesition models which account
for all ground motion components. The resulting expressions are determined by
" the covariance structure of the grownd motion histeries ar the different supports.
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APPENDIX, VARLANCE INTEGRALS FOR SHIFTED IDENTI(:AL'IJHI_TE NCISE COMPONENTS

hnal]rucal expressiona 'for Ier o :‘1'* . 1"11:1r . according to E.qs 123 - ¢:
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INFLUENCIA EN LA RESPUESTA SISMICA DEL -PUENTE COATZACOALCOS II « -
DE LAS DIFERENCIAS DE-FASE EN LOS MOVIMIENTOS DE SUS APOYOS

- ' I o~ - - .,
TP ) - : v o
: - . L - ,.: . PR b .
S .+ .. .. . S, E. Ryif, L. Esteva y D. De LeSn*
TR A r R W ' = L Yot : )
INTRODUCCION
* e 4 -

La Secretaria de Asentamientos Humanos y Obras Piblicas proyecta construir un

puente de 772 m de largo total -sobre varios' apoyos), scbre el rfo Coatzaccal-

. ) . N _ i« -, “, A . -
€Os, en ia carretera Nuevo Teapa-Minatitlin en'el Estado de Veracruz. "Las c3d

racteristicas geométricas mis importantes del’ puente se extrajercn del plano

: 4775 pruporcionadﬁ por SAHOP modificando las'longitudes del claro central ‘a
. 288m, y de los dos adyacentes’a 98:35m cada uno. Estos-tres claros est3n sus

" pendidos .de las dos torres centrales'mediante sendos sistemas de cables ati-

-rantados colocados en el plano longitudinal de simetria del pﬁéhtel"Los apo~

yos se desplantan schre zhpatas y pilas que atraviesan jas farmaciones Sedimﬂn
tarias del fondo de) cauce, y que se apoyan a su ‘vez snbrc tarreno: fjrme’ a pro
fundidades que fluctiian entre 6.6 y 30 . S .

* o N I' ¥
La configuracidn hél ﬁuente y los valores-de tas distancias entre aﬁoy&a hacen
ﬁensar en la ﬁoiibilidad de gue Tas diferencias de fase encre los movimientos

de dichos apoyos afecten en'forma importante las‘reshuestqg sismicas ‘de dise-

o en algunas secciones criticas, en'relacidn con las que se obtendrian bajo

la hipStesis de que los movimientos de tas bases ocurren en fase. La impor-
tancia del efecto se acentia si‘§9 tiene en cuenta que en e) sitio de interés
el riesgo sismico depcnde'en grén parte de temblores de gran magnitud a dis-
tancias hipocentrales grandeﬁ, Y que poF tanto las ondas superficiales contri
buirdn de manera importante a la excitacién sTsm:ca Aden&s tEniendo en éuen
ta que los elementos de apoyn de los claros centrales atravlesan formaciones
sedimentarias, las velacldﬂdes de prop;;ac:ﬁn de las nndas superftﬁialeE se-

rén relativamente bajas, lo quehabride traducirse en mayares dlefcﬁCIES de

- : N * <k L - M1 F. ow 1

 fase, -

i .
* Instituto de Ingenierfa, UNAM
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El criterio que en este estudio se adopta se basa en i3 ref 1; es de tipo
prababiifstico y supone que-los.movimientos 'de los distintos apoyos son
lguales en forma; pero difieren‘en los tiempos'de ﬁ;sfésamientn} es decir,
que se deben a un téen de ondas que viaja sin dlstorsionarse a lo largo de
1a sqperficie del terreno, Se adbbta este medelo en ausencia de informa-
clon experimental {registros de temblores reales) sobre las relaciones en-
tre las caracterfsticas-del movimientos de) ‘terreno en sitios gerc?nus.

'

SELECCION DE LA RESPUESTA DE DISERD

r - b :
. - R ‘
" F 7 - - " -
'

Seglin 1a ref 1 la selecciSn de Tos vaiores de. disefio de las rcs#uéstas se Eg;
sa en la prupurcjnnalidad aproximada entre [as respuestas correspondientes a
probabilidades dadas de excedencia y las,desviacicnes esténdar . de dichas res
puestas al final de la excitacidn aleatoria.que se’emplea para. represencar al
mniimleﬁ;o del terrenc., A fin de nhtentrkqxﬁresiunes simples para'las desvia
clones esténdar que se mqnciéﬁén,.En Ta.refs 1 .se introducen aléunas hipSte-
sis simprificadn}as.,en;re las que destaca.la-que censiste en suponer que’en
cada apoyc el acelerograma .es un segmento.de.ruido blanco con duracién 4 e
Intensjdad Jﬁfu} = 5p; la variacién de s con w para fines de considerar’ade-
cuadamente la contribucidn de cada unc de los modos naturales de vibracidn a
la variancia de 12 respuesta se toma en cuenta mediante la introduccién de
iu5_factorg; de-éroporciunalidad a, a'.y‘ﬁﬂ que se-definen en-las eci 2a-c.
- ¥ r .

En resumen, las hipdtesis citadas conducen, de. acuerdo con la ref 1, a la si
gujentc cxprf.'siﬁn para determinar el valor de disefic decla respucsta (:

' . . ' R . % )

:Qf.t £ E {Q Q& D 2 Q2 D .D .

+ .' "
ar r og gpr " ke qu oq ki f i ajqa'lur,'l:zjzkﬂjll'c.qr[:'_'i':lnlrr.r

' .
r ¥ wooe L -

} {1)

" : “t :
En esta ccuaclﬁn Daq y b or 500 los ualores m&xlmus [eh este caso, lguales}

del dc&plazamienta del terreno en las ha5c5deloﬁapnyns q Y r, respectiva-

mente qu y Dk 5Dn las nrdenadas del espcctrn de desplazamuentn en dichos
ApOYOs para Ios mndns j y k; I y I son tus valores que tuma la respuesta de

lnterés para 1as cnnfigura:tunes mﬂdales iyk: 30 ¥ 9, son los factores:de
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partlc[pa;inn de los modos § y & para las configuraciones que resultan de apti

car gradualmente (en farma estitica} dcsplazamlentns unitarios a los apoyoes ¢

‘} A, respectivamente Q y Q snn Tas respuestas estiticas a dichos desplaza-

n.

Rientos unitaraus ¥ a r a ot

qr* kqr’ jkgr san flctorés de propor:innalndad que.se

obt [enen como %lgue.'
: ; ;qr - Iqr{s??(Jqthrﬁllt 1- A " .- I'J :-;1 {Zﬂl
‘ \ uqu- qurfs}f}Jqq JET}I!! ' . i‘f.':  (2b)
u;qu - ng%r(s}f{J" J;rjlf: : -.‘ r -

Aqui, Iqr(s}. qufs} IEqu{sl, en donde s e la duracin del segmento de
ruldo blando que representa a la excitacidn, resultan al formular expresio-
" mes para las variancias de las respuestas de interés incluyendo las componen
.tes estiticas y dindmicas. Las funciones I se refieren a las covariancias
entre las‘resﬁue5tas estidticas producidas por, tos desﬁlazamientns de los di-
VEréos apoyos, las I'" a las covariancias entre las respuestas dinfmicas aso-
ciadas‘con los distintos apoyos y modos naturales de vibracién y las I' a
las’ covariancias entre las respuestas estdticas y las dinSmicas. Jqé ¥ Jrr
son Jos valores de L (s} e T {s) cuando el ‘tiempo se mldf desde el instan
te en gue et movimiento del terrens se inicia en los apoyos ¢ ¥ A fespectiva
' mente, ¥ JTQ' Jur son los valores currespondlentes de Ijjqq e Iukrr paratlns
mismas origenes del tiempo. En otras palabras, las contribuciones a las res
- puestas de disefio se expresan en términos de los desplazamientos méximos del
«terreno en los distintos apoyos, as? como de las respuestas modales a cada
componente de! movimiento del terrenc como si actuara simultlneamente en to-

dos los apoyos (1).

ESTRUCTURA  ANALIZADA

.
|I‘ f‘

Dada la cnmplcjidad del sistema tstructural de |nterés y las aproximaciones
y simplificaciones implicitas en el criterio de an&l{sis prupuesto, seconsi

qgrq,Ju§Eifl¢able_1!evar a cabo un estudio en un modelo simplificado de la
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estructura, con un ntimero redu::do de grados de l;bertad _pero que preserva-

ra los rasgos importantes gue pudrfan ser significatuvos en la ]nfluencia de
las dlferencias de fasc sobre las respuestas de dlScﬁn. ﬁsf en el prescnte
trabajo se detcrmlnan para el modslo simplificads que se describe s adelan
te, los valores de las fuerzas internas de disefo en las diversas sec;unnes
criticas, obtenidas respectivamente para las cendiciones en que se incluyen
¥ en que se ignoran Yas diferencias de fase. Ebmparhndn a&bus grupos de re
sultados es fScil deducir los incrementos que deben aplicarse a los valores

-

de las fuerzas de- dlseﬁa obtenidas medlante un anilisis dinémncu convent io-

_,nal de un modelo detailado de la estructura ;ujetc a movimiente simultineo

de sus apoyos. . ' "

. e . oy V-
Como se menciond antes, silc se estudiaron las respuestas a las componentes

longitudinales y verticales del movimiento del terrepo. 'Los sistemas de ca

" bles de 1a estructura real se sustituyeron por cables Gnicos con riglideces

1Ineales Equivaleﬁte5; estos elementos pueden tomar incrementos positivos y
negativos de carga axial, Los elementos de flexidn se sustituyeron por unos
cuantos elementos finitos, las masas distribuidas se sustituyeron por unas
cuantas cencentraciones, y la interaccién dindmica entre la cimentacidn'y la
estructura en el desplante del apayo 18 se tom5 en cuenta mediante resnrtés
ylamartigdédére; cuyas constantes de obtuvieron de {a ref 2. En los demds

apoyos 1a cimentacifn se cansider$ infinitamente rigida. !

*
-t

Afin de'reduciE ﬁun mas ol nimero de gradeos de libertad y el nimero de apo-
yos que se mueven fuera de fase, el sistema simplificado se transformd en el
de ta fig 1, eliminando los claros ?.apuyos extreﬁos,_y representando sus ri
gideces en los nudos 1 y 22 de la fig ) mediante resnrfes lineales, yiangula-

res cuyas constantes se cbtuvieron a partir de los miembros iniciales median

te los criterios convencionales del an8lisis estructural lineal. Ademds, se

supuso que los dos apoyos que guedaron en cada extremo de la nueva estructu=

ra simplificada de 1a fig | se movian en fase, como un suln apﬁrﬂ. para fi-

) " -

nes de aplicar la ec 1 (fig 2}. - . Lo .

4 " " - . . .

v

La #eterminacidh de'las re&phestas estdticas Qq} Q, y J}némlcas‘mﬂdales:zj.

- e

. P - . . 4
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Ik? ast como de las factar;s de participacibn a, . -se Ilevd a cabo empieando
' el.programa SAP IV para calculadora digital (3). En las figs 3 a7 se pre-
sentan 1as ¢unf|gurac:oncs de los pr:meros 5 modos naturales. " El,- perio-
do fundamental resulté ser 1.97 s&g, gque se compara razonablemente bien con
el de 2.56 seg, nbtenldﬂ‘en la ref ? empleando un modeio detallado de la es

tructura. .. . E Co

-

Para fines de calcular los coeficientes dados por las ecs 2a-c se supuse un
coeficiente de amortiguamiento en cada modo igual a 0.2 del critico. Este

valor toma en cuenta la disipacidn de energia por compartamiento ineldstico.

EXCITACION DE DISEWD

Se aduﬁtﬁ para cada aﬁnyﬂ el ;5pectra d; dis;ﬁo empleadc en la ref 4. De
las caracteristicas de este espectro y las distancias a las Fuentes sismicas
que mis contribuyen al riesgo sismicoen el sitio de interads se concluyd que
deberja tomarse para el desplazannento horizontal maxima del terrend un va-
lor de 20 cm, y para el vertlcal de l4écm. Por otro lado, considerando la
Influencia de los sedimentos en las caracteristicas de los temblores, se to
m5 s = 35 seg, en vez de valores comprendidos entre 15 y 20 seg, que normal-
mepie se recomiendan para la duracidn efectiva de segmentos de ruido blanco
que se emplean en aplicaciores similares a la presente cuando se trata de
temblores en terrenc firme (5). -
Se analizﬁ la inflﬁénéja de las difgrencias de fase que provienen de suponer

trencs de ondas superficiales gue viajan en una direccidn paraiela a la lon-

- gitudinal del puente, Las velocidades de propagacibn consideradas fueron =
. A : ,

{movimiento en fase), 50, 100, 200, 300, 500, 3000, 2000 y 5000 m/seg. A
fin de estimar la velocidad de las ondas superficiales aplicable al caso en
estudio se analizaroa varios modelos idealizados de a3 e;tratigrﬁf?a,En el .
punto medic entre los dos apoyos centrales. EI primer modela considerd un
estrato de 13 m de espesor con modulu dinamico. de cortante jgual a 1025 ton/m?
¥ pesc vulumetrlcn de 3.7 tann de acuerdo con la cef 6; por debajo de di-

cho estrato se tonsiderd un medio semi-infinito con un midulo de cortante

*

!“;
'y
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Jgual a 5 veces el de arriba, 1o que es congruente con las rigideces reparta

das en 105 primeros metros de la formacién en que se apoya Ia ctm:ntaC|ﬁn

Considerando que &5 probable que a pocos Metrns se encuentren fnrmacunneﬁ bas

tante m3s rigidas, se analiz6 un segundo modelo que difiere de! primero unl'
camente ch que ta formacidn inferjor es 20 veces mds rigida’ que el eStrato
superlnr. Para ondas de Rayleigh con pertado de un segundo las r:spectlvas

velocidades de propagacién resul taron 120 y 230 m/seq.

T e

Las tablas 1 y 2 resumen’ los resultados de los estudios efectuadus para movi
miento horizontal y vertical respectivamente. La u]tima columna cnrre5pﬂn

de.a) "caso en que los apoyes s& mueven en fase,

'
. 1 LY

E! nimero que precede a cada grupo de seis rengiﬁnes es el de un mienthro, de

fl

acuerdo;con la numeracién de 1a fig 1. Los seis renglanes cnrrcspoﬁden a

fuarzas-ﬂxiales fuerzas cortentes y momentos flexionantes en los extremcs

-

izquierdo y derecho o SUperIar e inferior, enunidades de ton vy ton/m.

Los dos Gltimos renglones de cada tabla corresponden a las tensiones de tos

.
- L

cables, elementos 7 y 8 de 1a fig 1,

En las tablas 1 y 2 se observa que en ¢l caso vertical la mayor parte de los
miembros fas diferencias de fase pueden tener up efecto apreciable sobre las

fuerzas internas de disciio, en ciertos casos increment3ndolas ¥y en otros redu

- eciéndolas. El efecto citade es muy sensible a las velocidades efectivas*‘ﬂe

propagacidn de las ondas en la direccidn paralela al puente. Las diferencias

*

La ‘informacién disponible sobre caracteristicas del terreno en los sitios de

de fase en el movimianto horizontal no ocasionan amplificaciones importantes.

DISCUSION Y RECOMENDAC IONES :

N . . v o=
r - -

r
[ T

* Se ysa aqui este t&rmino -para tener en cuenta que una onda que viajd con una
velocidad nomdwd, en direccidn oblicua'al eje del puente, tiene una cierta
velocidad edectiva en. )a direccidn paralela a diche eje, CL

r “a.
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Ius‘apoyo; cubre solo 125 capas de material blando y ““°5'¢”3“Eﬁ5;ﬁﬁtffégﬁe
materia) de rigidez moderada que yace debajo de ellas (en total, una profun-
didad de 35m} par ello no es pus:ble estimar ¢qr preC|5Iun tas velocidades

de’ prapagaclén de Ias undas 5UPEFFIC1H]¢$¢ ,Los cilculos de la seccitn ante-
rior muestran que las velecidades en cue5t|6n pueden encontrarse entre 120
“r Eiﬂ mISEg, de acuerdo con las hiputesls gue 'se hagan relatlvasla las carag

B

teristicas del terreno por debajo de los 35 m de profundidad.

¥

A la incertidumbre sobre las v;lncidades nominales de éraﬁagaci%n“de ondas
sypérf]cla!es debe sumarse la asaciada, con ¢I“m$dela adoptado y con la hips-
tEE}i conservadora que consiste en consid?rar que Tas ondas viajan precisa-
Mente en la drrecclén del puente. Si en vez de esto se considerara, por ejem
L-plﬂ, un inguln de incidencia de 45° con respecto al plano Jongitudinal de si
i metria, Ia velncndad efectiva se obtendria multlpllcanda la numinal par la se
:;:ante de ﬁﬁ, es dec{r por 1 hI;

Los resultados que se preséntanﬁrnviencn d; un andlisis de respuesta dindmi-
ca llncal,. De acuerdo con la ﬁréctica usual de disefo sismico, pueden tomar
se como valores de disefio si provienen de espectros reducidos gue correspon-
dan 8] nivel de ductilidad que la experiencia aconseja para el tipo de estruc

tura en estudic,

Sin embargo, es rarxcnable esperar que el comportamiento no lineal y 1a corres
pondiente redistribucién de esfuerzos contribuyan a desenfatizar la influen-
cia de tas difercncias de fase. FEn la literatura t&cnica no se cuenta con in

formacidn cuantltativa sobre este efecto,

En vista de las incertidumbres citadas, y tomando en cuenta consideraciones
econdmicas, Se propone tomar comp respuestas de disefio las gue muestran las
tablas 1 y 2 para velocidades de propagacibn de ondas de 300 m/seg. Dichas
Frespuestas en ningdn caso deberdn tomarse menores que las que 'corresponden

a desplazamiento en fase en todos fos apoyos, segin el ¢riterio convencional:
por Jo tanto, en este estudio sélo se tendrdn incrementos en las respuestas -

ocasionadas por el defasamiento en el movimiento vertical,
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IHFLUEHCE# DE LA RESPUESTA SISMICA DEL PUEHTE COATZACOALCOS 1T .
DE LAS DIFERENCIAS DE FASE EN LOS MOVIMIENTOS DE SUS APGYOS
SEGUNDA PARTE T
JINFLUENCIA DE LA RESPUESTA NO LINEAL

. L. Esteva y DI de Ledn

:! - o= - L 'L

Antecedentas

En diciembre de 1980 el Institutc de Ingenierfa entregb a la Secretaria de

¥

Asentamientos Humanos y Ubra51Pﬁblica5 2l informe de un estudio gue reali-

z& por su encargo sobre la influencia en la respuesta sismica del puente

Coatzacodlcos II de las difecencias de fase en 10s mavimientos de sus apo-

yos {1}, Los resultados mostraron que para el ¢aso en que se consideran

r

diferencias de fase en 12 componente vertical del movimiento de los apoyos
se encuentran amplificaciones excesivas del momento en el apoyo central iz
quierdo en relacitn con el valor de dicho momento para el caso en que los

apayos se ven somelides a mavimiento vertical en fase. En ccnsécuencia,

"1a Secretarfa citada solicitd que se revisaran los cdlculos y resultados

- del informe antes mencionado.

Déspués de una revisiﬁn muy detallada y rigurosa de los cdl¢ulos se conclu
¥0 que estaban correctos y que r?presentaban adecuadamente ia respuesta di
namica del puenie sujeto a excitaciones fuera de fase en sus apoyos bajo

la hip6tesis de comporiamiento lineal. Se cancTu}ﬁ que dadas Tas caracte-
risticas del sistema y de la excitacidn era Tndiﬁpensab1e obtener tas fuer
zas5 de disefo a parfir de un analisis que cnnéiderara abiertamente g11com-_ ,
pcrtaﬁientu no Yineal de la estructura, Aquf se presentan los reéultadns

de un anlisis apronimado gue incluye este concepto.
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Respuesta no lineal.de sistenas sujetus a mav1m1entﬂs fuera de fase en_

SUS apoyos. .o S

€1 disefio sfsmico de estructuras considera que ante temblores Intensos di-
thas estructuras responderdn haciendo usﬁ de su capagiddd de disipar ener-
gfa mediante comportamiento ineldstito. Esto permite reducir 10s espectros
de disefio teniendo en cuenta los factores de ductilidad que se ﬂonsideran_
aceptables para cada tipo de estructura., Si 165 apoyss no se mueven en
fase, no basta con reduc1; tos espectros de d1seno es necesar1o reducir
las rigideces de los m:enbrus estructurales a fin de éstimar con Ja misma
aprax1nac16n y bajo un cr1ueriu unificado la parte de la respuesta que se.
debe al m0v1mlentn de los apnyns cnmn si actuaran en fase y 1a que se debe

. Y
a las d1fErenc1as da fase. Para e11¢ se prupusn e1 criterio de analisis

N
y T . LT v

'L que se describe a cnntin;aciﬁn. _
] i .

Del estudio de la respuesta dindmica de sistemas con curva carga-deforma-
ciﬁnlelasto;p1ésticaise ha deducido-el criterio parasreducir los espectros .
de disefio. en términos de la ductilidad que se emplea para.las estructuras
convencionales: en al intervalo de periodos natura1e§ moderados y largos

se reducen las ordenadas del espectro eldstico dividiendolas entre el fac
tor de ductilidad Q, y para periﬁdns cortos se impane la condicibn dé qué
para T = 0 1a ordenada del espectro de acé1eracinnes es igua? a la qce1eq1‘
cidn midxima del terreno, 2, independientemente del facfﬁr de ductilidad

D déI'amnrtiguamientu. El ESpectro asT obtenido es ei que en la fig 1 s€¢
designa cému espectro'reduc1dn por ductilidad para empiearlu se entra con

los periodus naturales de las estructuras calculados en anCIﬁn de las ri-

" gideces e]&st1cas in1c1a1es de tndos sU$ mwemhrns.
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‘Para nuestros fines es necesario trabajar con un sistema equivalente con
rigideces reducidas en forma Inversamente proporcional a la rigidez tole-
rable {2). Los resultados de este andlisis son cung?uentes‘cnn el ¢rite-
rio convencional del espectro elasto-pldstico si se desarroila.un nuevo
_espectra,que en la fig se desjgﬁa como aspectro péra sistemz equivalente
.y que es fgual al espectro reducido por ductilidad excepto porgue la esca
horizontal estd transformada de manera que Tas'perindns estén multiplica-
dos por Yrﬁﬂ . A este especlro se entraz con las periodos natura]es1Equl
valentes del sistema no lineal, que se abtienen tomando en cuenta las rigi

deces del sistema equivalente,es decir, las eldsticas iniciales divididas
4 . .

entre e1 factor de ductilidad.

Resultados v canc1usinne§

Los resultados de analizar el sistema eguivalente para Q = 4 con los crite
rios descritos en el informe de diciembre de 1980 se muesiran en la fig 2.
En el1a se observa que los factores de amplificacifn de 1a respuesta para
excitacién fuera de faﬁe con respecto a 1a que se tiene en fase no exceden
de 2 en las secciones de esfuerzos mis elevados, aunque se encuentran vale
res mayores en zonas de esfuerzos pequeios o casi nulos. Los factores de
amplificacidn de esta figura se consideran adecuados para disefio sfsmico

de] puente bajo la h{pﬁtesis que es aceptable una ductilidad de 4.

14l
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e EARTHCIUAKE DESIGN Of SMCTURES W!TH BRITTLE MEMBERS 1
Y AND HEAVY ARTIFICIAL DAMPING BY THE METHOD i
. : - I .
o , . OF DIRECT INTEGHATIDN-w_ ‘ . |
. b ' - - " ' .é: o i 'i ' J
i, . . D A Winttwop snd H. C Hitchcock®® :.. ‘ e K ‘
. ‘2 -‘.- T ' Py Ll s S R
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., v 2t Ll oo F [ I

; Inuoduction foould alsblrmiuire" replacing. The tolal cost

L) - L . of mpdifying each cLreul tibireaher was fuch that

E. Trls paper oulllines an 10vestigation by ihe aleernative means of ingreasing Lthe cirrcuit
“ew, Zvaland Electriclty Department inta possible breaker S€ismic resistances was 39ught, N
methods of amcreasing the relsmic strengtih of * : hal - |
2¥0n\ alrblast circult breakers, The CLrcull - One such prepo3al was to pravide the
Jereaker watl idealirad as a Lwo mass vibrating "circult Dreaker base wiilh & more Flexilble
IV 3ILEm wnose berhat1onyr in diflorent earthguakes mounting LGEe!her =11h haaty viseous damplng.
git sxamined by the method af diresct integratien An elementary treatment pf LOL* arcangement was
alf the equations of motion. . . describod in reference 3} and this supgestsrthat

1o 4 large values af viscous damping 1n the iuppare
History o structure could Lo an appre¢iable r:trpt make
¥ up for the lack of damping 1n the purcelain
The elrcuit breaksrs haitd been purchassd columns. WwWhen computer Jacilllilies became i

‘under A spec.fication reguiring & seL3mls denign avallanle Ethe prescnl mors detulled atudy.
facior of 0.25. However ,sarthguake damage ta representing . the circuit breaker as a two mass
aimilar brepkers in a3 number of countrisd;topels syslem was Hnderllan- . .
her with & more detyiled vaderatanding af the - !
resnbrds of structures Lo sarthquakes lead to ' Wethed o! Analywis of Circuit Breakor Aesponse
ihe adaption by the Xew Iraland Llectriclty 4 ’ - . " 1
Lepartmanl of standard desipgn specirum Curves Since the flexibility ofi the porcelatn
[ 1 on a sel of !tﬂflt mass reaponse 3pectira golumns was not aegligihle and slnce Lhelr
A i up by SKipnar atrength was limiterd, It was de3ired Lo ubtaln

. . . . more deliniic anformation on Lthe deflecrion and
The se specira were produced From the sight stressing of Lh~ porcelain by represoaling
componeni s af fouT well knewn earthquakes, E1 ¢ach pole of the Dreaker a3 & 1wo mass system

t Cantro 1924 and 133y, Olympia 19+4% and Taft The uppeT Dass represents Lhe three zets of H
1952, The records were scaled to the 1940 EL airblast heads vhich are mechanically coupled ,

" Centra A.5 sLz+¢ then Thelr speretra wers averaged *p that they move virtually a3 one bedy and iha
and smoothed. Ths present K.L.E.D. =2pecifica- lover mhkSS repr-s}ntl the compreasgd air tank
tign for eguipment with briftle components which forms the Dase Df Ene clLecult br:aker--;
requires them to witnstand earihquake {orces o
obLained from ithe appropriats deslgn spectral It is diffl:ult lﬂ determine the earthquak¢’
curve with a Factor of safety of at least two, response of a \wo Ma3s syntem wiih widely vary-
4 v ' r ing damping by modal Aanaly#ya.  [nstead we |7

The Lla Ligua earthqueke of 1965 [Chllae}, studied the rosponse of LR Lwo Rass 1yater to

" mapnitude Fa7.% an the Richter scale had 1ts ) four of ‘the earthguakn rocurds waed hyiﬁkinner
eploeentrs B0 miles from San Fedro substation . n ubtaxnlng h;s orlgina] reaponae design I
where 8 airblast exrcult breakers of & typs in ‘curvas, _ .
Comfton Usg in Xew Iepaland were extenalvaly | ' . . =
damaged. Cut of a toral of forty-sight 110WY o The Department has savallable & pacxage
suprt columna, lh;rty;eight were fraclured 'at computer program.known as Continuous Systom
their base. Although (the ground accelerstiaon Mogdel:ing Frogram, or C.5.M.P.- Thiy 11 de&lﬂﬁzd
did not ercerd an cotimated O.16g, tha mavimum Le simulate any continuous =}l11n5 representzd
response of the airbiast heads: was considered by une or maor+ linear differ~ntial sgquations.

13 b! In the regtan 1.522,56 lref.2]). The G.5.M.F. has facilities for huthll;nenr and o
New Zealand Electricity Department has ovar' i quadrat:: interpolation af pground actcleratlnn',
ll;htv #f thas type of breaker inatallaed 1hr¢unh- From the digitised rarthquake Cxcards. Thll
“out the country, rated from B0V to 2435 kY, ! f first mathad was uted By yi prlﬂarily to liait
The garimum accelezation the ZIOWY cireult (T COMPULED CDErating Lies, Tha machine used far 1
breaker pornelaln columns can withstand ia | the operation =as an’ Iﬂnjﬂbfiu shared jaintiyi
approtimately 0.80£. The need for soms form af ! by the Xew Zealand Elwrerlciivy Departzent and
strengihening of the columns Became apphrent ¢ the Hlnistry of Warks.
af*er the San Fedro snd similar incidentas, o . I ) LR
;o L 5 . Loy t teatng ul M:"lqmqtms y - ) o
The manufacturer alflfeted to supply vibras '
tion darping devices for filting at the insui- Spveral nplhud! ﬂf mpaaurlfn the *size* of
alor colymnibasesrbut becsuss of the type of an Eirlhqu-ke tave Deawen waed. - .
fﬂ”‘irﬂctlnn, the ex1sting puareslain culum11 Lo H
* Lhgipeer, (MA¢w Zealand Elceiricity Depariment, la} - accbrding Lo maximum ground accelsratlon :
ellingeen. f i aoy P e . - ) .
I (bl ascord.sg o the mean value oF the voloc- "

.. SPHIﬁr Aexearch Englneer, "Sew Zealang ¢ ity Trapeiite apeelrum bBelwesn 0.1 and 2.5
ST ommr A Toosaimn et deaban - . sspronde natural neriod for o value of dampe ;]



r

.
LTh uuntuhriit“ (o tue 1tructure“b¥ihr Nl
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' ¥ . : i- 9% ae g a“- oa -
e} aceording te-the meyn v2fue of acesleration

response spretrum beyyesn 0.1 &n0d F. ]
savunda four & perceny eratical.damping
P

{Snromepe). A

{dd according Lo the rim.s, valunr ol Lhe strong
mution portyaon af the accelugram [Jenning=),

(e} accuording ta Ae mean value of 1he velocLty ")

spocirum for 20% damping belween 0.3 and
J eycivs per 2e2cend plutied laxrltnmically
(Plichaon rel,. 3).

The scalinyg factors indicated by the
dlff!rfni melhods are shown ' Table (. For
our 3tuds wr wiediilh* scalaipgsfactors generally
ax drrived by Skinner Bur falculated frum Lthe
perind range applicable (o gur struclure,
namety 0.1 Lo 1.2 seconds.. Table 1 shows that
the dilffsrenca'belwern 5k1nner3 and.lhe auLhors
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by high flexibility and damping. Damping even
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¢ 1940 N, 5, 1949 NIOW 1949 REOL 1952 821w
ﬁnx Grouncd ager!in 4.170 0.17 0,2 0,18
FACTOR 1.00 1.94 1.0% 1.8"4
Speclral Intensity {(Huusner) 6.94 5. 430 f.G 3 b, 5% .
CZero damping, 0,1-2.% sees s
FACTOR 1.0 1.6 1. L8 1.97
Mean accoel. response {Skinner) 1.3 D.74 0.91 0, 3%
24, damping O, 1<2.5 secs
FACTOR 1,00 1.7% [, 42 2.19
Moan peeel, Fosponsae (Anthoers) G.809 0. 456 0.612 Dwﬁﬂﬁ .
2%, dampiog 0.1%21,.2 seos =
FACTOR .00 1.62 .72 2.10
R.M. 5, Accel. {(Jinniigrs) 2.20 1. 37 1.95 1.h2
FACTONR 1.4 1.17 .5y
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=z R of ground.
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SEISMIC QUALIFICATION TESTS OF ELECTRIC EQUIPMENT
‘ FOR CAORSO NUCLEAR PLANT:
COMMENTS ON ADOI'TED TEST PROCEDURE AND RESULTS

L. BACCARINE M. CAPRETTO
Fan-Livoie, §-28000 Naowarg, Doy,

» M. CASIRATI, A. CASTOLDI
FSMES, Fsrituto Sperwnentiale Modelli ¢ Struttvee, § 247100 Beexomo, Traly

SUMMARY

The seismic tests on Class I electric equipment for the nuclear power plant of ENEL at
Caorso have been carned out at ISMES in the last two years. The testing procedure, supplied
b}'i}he customers, 15 mainly based on the “[EEE Guide™ Std. 344-1971, and is summmanzed
2 follows; . .o T . s

— rompiele panels (fully squipped wilh operaied and non operated devicesk iesonande warch al low eeccleruhign level: derermunaton of
ampdifacatian and dempang 8t Lhe Tound resonences; vivanion Lests it Lhe fesanance TOQUEnies (CORLMUOUS Sine) wiih mcceieration
d;n be r{thlnd u Lhe floor respunse specirem (F r.s Fon (he bats OF the FEAUIE of Uhe prewstus =61 T
— detyies foperated and maniored): estnunce scarch as whave; vitratan fesls i the resonance frequendies, oroal 31
W : . Wf rEsDnancEL
nd found, with increasng sceleralion yoll 1he device Cruses 1o perfurm. e ure

Without poing into details as o the reliability of the f.r.5. a proper correlation between the
results of the resonance search 1ests and the F.rs, is easily made could the panel be considered
asinghe degree of freedom, linear and viscously damped system. Actually, almost all the panels
show 4 very complex behaviour with numerous resonances, which, in turn, is highly non-li-
~ear. To determine the damping value is then an almoest unsolvable problem, and the corre-
\ation between the test acceleration and the f.r.s. is very difficull. As regards Lhe responses re-
corded in points of the pancl, high accelerations are due to local resenances of small non-struc-
tural parts, so that the choice of the gage points should be done very carefully when the overal)
behaviour is 10 be determined. As lo the meaning of the *“structural integnty ™ as a cntenion
of seismic adequacy, Lthe question is debatable. Structural damage occurs very seldom, and al-
fects small parts of scarce importance unless fatigue effects, unlikely 1o play a noliceable role
during an earthquake, are introduced. On the other hand, structural damage may not affect
1he performance of the devices placed in the panel, whereas their bad performance may occur
withoul structural damage to the panel itself. Moreover, the inMuence of the mounting {weld-
ings, bollings, connections) greatly affects the dynamic behaviour of the panels, especially
when the first resonance [requency 1s concerned.

On the basis of these considerations, a more reliable testing procedure should be: a con-
tinuous frequency sweep al low acceleration {sinusoidal), 10 record the behaviour of the most
significant points; a random excitation whose spectrum matches wnh the given fir.s., or—for
2 more general test procedure—, envelops a number ol expected carthuuake spectra) to repeat
the frequency sweep 10 make evident possible differences in the panel behaviour due te im-
portant strectural failures.

Criteria [or a correel choice of a specimen panel to be Lested are discussed in detail.

As regards Lhe devices, the determination ol the resonances frequencies is sometimes dif-
ficult {due 10 the small dimensions of Lthe device its behaviour might be modified by the pre-
sence of the pick-up mass), and in most cases, it has no meaning. In cffect, a bad performance
of the device is mainly due to local resonances (of springs, contacis, connections) which can
be discovered only by monitoring.

The tests at 33 cps when resanances are nol found have little meaning, because, mainly due
10 the non-linear behaviour of contacts and other moving parts of the devices (switch
on—switch ofF posilions), bad performance may occur suddenly at any frequency for lower ac-
referzlion levels.

A better testing technique seems then 10 be to lest the device, its performance being mon-
itored, wilh conlinuous sweeps in the frequency range of interest and increasing the acceler-
ation, until it crases 1o perform correctly.
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pDue ta the large [arces in play, and to the lact itaffects the whole slructure, a strong

. - -

earthquake ie indeed cne of the mo8t important and dangerous accidents which may occur
1o a nuclear power plant. Of great umporiance ag regards Lhe setsmic safety of the plant is
the good performance of all the electiric and electrunic equipment instal}ed. Itz continugus
performance must be always puarinleed: for the most dangerous Copditinn+m Qrder tu_cuﬂ
trol &nd; if necesaary. to ehul down the plant; during emergency 1n order o aveid the activ
ity of the planl 1tself being interrupted. Despile ite importance, the seismic verificationof
this.equipment is based on a testing prucedu_r:e still unsatigfactory,

The problemrhas two diktinet aspecis.  The firsl is related to the knowledge of the
characleristics of the motion generated by the carthquake at the paint of the structure at
which the equipment is connected, In hormal practice, this inlormation is =upplisd by the
so called "floor respande spectirum' (f.r.s.}. The second ig to find outa suitabie and
reliabile testing method, whatever the technique used 1m order to abtain the [ r.s5., and
however reliable itis., |, 4 ) ) . .

- This paper is an analysis of the problems arisen: a) from the choice gf the teating
technique adopted for the scismic check, carried out by means of the testing facilities of
ISMES, of panels end elecirical components to be installed, by "an Electric and others, at
the EXLCL 1V power plant; b} for the interpretalion of the results obtained from the tests.

n o . . . .

2. LSEISMIC TESTING PROCEDURE ADOPTED FOR ENEL IV XUCLEAR PLANKT

The seismic qualification of the efectric equipment for ENEL IV puclear plant has

been carried out aceording to the following two steps:

¢

al qualification tests of modular panels, moniloring acceleration levels at component

instailation poinis;

b} ' gualification tests of cnmpnnenrt.s,
. According 1o the adopted procedure, panels which may bLe diflerent from the one
tested [due to poseible slight changes in number and type af the nstalled components) are
constdered to he qualified by just testing the new components without requaliflying the entire
electrical board. Among the different testing methods (6inusoidal, sine beal,. multifre
‘queney motlon) suggested by some Standarde - as, for cxample, the 1EEE Guides - a Ei
nusoldal excitation has been chosen to carry ous the teste, In parltir_-utar_ .the foliowing pro

cedure hak been used: r

al as regards the panels, they'werf_"‘lﬂted fully equipped ';.rjth non upérated devicen,
or dummy loads, and were mounted on a vibrating table in the same way as lhey will be

mounted in the plant. Motion was applied in the three arthogonal directions separately.

"
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A first test consisted of a redonance Gearch carried out with a sinusoidal vibration

"at low acceleration level (0. 05 = 0. 10 g] and with variable l'r:equency between 2 and 33
CpE aﬁpp.r;:a:n:'i1ma,tne:l_':.r'.r In many points of the structure, selected on the basis ol the probable
bekaviour of the panel and near. the mounting points ol -the components, accelercmelers
WeTe pla.f.:f_:d,a.nd the relevant responde curves wera recarded. When theae curves showed
a clearly delinealed first mode, that is, when' the amplification factor hada pattern as shaown
in fig. 1a}. on their bagis a "repreaentative point” of the panel was chnugn, in most cases
! l'lr.'m:aua-r:l near the center of gravity af the pmel.' Besides the valua Am;: of the amplifica-
tion, the ratural period Tﬂ . l,n"!‘o" and damping'{acter of the structure under teat were de
termined from the ambluichtinn_turve! These values enabled to obtain, on the [. v, 5. qurve
l‘fiﬂ-'-l_'l;} the "-'znll.m'-:a.li of the acceleration that the representative peint has te reach during
the qualilication test. This test was then carried out st a frequency slightly varying a-
rou’n&' l'n, and with a base scceleration atowly lnereasing until reaching, at the repre-
" sentative point of the structure,; the value a, previously delermined. During this 1est the
acceleration levels at the component mounting points were monitoved in order w compare
them with thé level each component can wilhstand without damage. The Pan Electric panela

‘were tested according to thie procedure. .- P T L r

" “When the respanse curves showed more than one important resonance, the same
procedure was applied at each of these frequencies. In turn, when clear resonances could

not be found, the maximum acceleration value at floor level was adopted as test input.

N . T W . 4 . .

the components, legts werequite similarand also consisted of two steps,
. . |

The component was first fixed on the shaking table either directly or by means of a suiff

- L

b} As regardls

supporting structure, The mounting of the component was carried out in the same way as
when in aperating conditions on the electric panel, /A continuous sweep was performed gver
the entire frequency range in order to determine, separately for the three principal axes,
the resprance frequencies ol the component. A.:'. the resonance [requencies ur,l il the.y are
not found, at 33 ¢ps, a vibration test was carriua‘ :.nu.t-wn..h input .acceieration slowly in
creaging until the level is reached at which the component no longer operates correctly.
During thiz teat therper'formance of the component under normal operating conditions ws;s
monitored.

' As regards the guality control teste, a certain parcentage of the total amount of 2

given component has been tested at the same (requencies as before (Fesonance frequencies

or 33 vps} with lower acceleration levels. .o .

3. COMMENTS ON THE TESTING PROCEDURE |

&

‘In the course of the teatg, ang depending on the results gbtained from time to time,

a number of problems arese about the correct application to the single cases of the recam
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a) " the correlation helween the adopted test excitation and the given [.r. 5. ;

mended test procedure. The three main points under discussion are:

m, .
*

Wi
‘i) the eriteria used for the analys1s of the test results and the consequent assessnlent
LI Y L . = u -
as Lo the seismic adequacy of the panels and components;

ol the gencralization ¢f lhe test regults, that 16 the capability of the "specimen” tested
tc represent the standard behaviour,. "
3.1. From a thecretical point of view, the correlation between the I.r &. (which is a de

scription of a random motion}, and the sinuscidal vibration [which exciteE wonly a single

Irequcncy at a l1me,‘l is never possible, unless anly one vibration mode ig considered to be
1

fJI' importance [ﬂr the dynamic response of T.he panel. In this case, the correct correlation

is given, in reserancs conditiong, by the simple relationship:

. '
' 1

) By Co ﬂi--il,?--ah
where: - "
- ari I8 the amplitude of the rufpuhse al point i of the etructure !
ay  'is the amplitude of the base motion
C ‘ig the coelflicient of participation af the mode l:onsidé‘rcd -
ﬂi_ is the "amplitude" of the normalized mode shape at point 1,.
T is the percentage of critical damping. ' o

4 . .
The "representative point” of thestructure under lest hag lo be delermmed theough
A
the knmf.ledge ol the mode Eh‘lpf and the relevant coellicient of participation, ag the point at

' which € - 1. Infact, at lhlE paint. the amphncnuun factor of the panel equals thasaf a
¥ e

single degree of freedom system. Generally, this pointis higher than the cenler of gravity;
"It follows that o adopt the center of gravily as the representative point means o increage
. L . .

the bage acceleration and the test becomes more conmervative. Anyway, as the results of
- N L

*

the rogonance search supply all the necesgary data to evaluate the response, the testing
method could be, in this cage, fully satisfactory,
3 ]

However, many tests carried outon a number of different panels show that their
] r

actual behayviour does no! meet the above egtated assumptions, as the panels cannot be con
[]

sidered linear single degree of freedarn gystems. In fact, a panel is generally a framed
structure made of 6leel bended sheats, connected by bolts or weldings in a vertical arrange
ment. 1t supports steel doors and walls, in and on which are mounted many electrical com

ponents of various types, such as relays, lwilches. transformers, ete, It iE then a rather
r o
complex system of parts with different magses and gtiffnesses [lips, 2-3) and its dynatnie

behaviour is usuall} involved. From the tests, n many cases response curves are obtaihed

which show a large hurnber of rescnances even in narrow Irequen:y intervals. Tao many

[l -
e - -
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reglx would then be required, and the use of an impractical and expensive quantily of gauge
points, in order to determine the value of thn pa.rnmpntiun caen‘:ch.nl On the ather hand,
am Lo the lnnuenr:e on Lhe campunentsl more T.hl.n the flrst mode {which is veually related 1o
the overall ktructural behaviour of the panel) htgher modes are of impertance, which dependg
on local vibratlons of nonstructural parts {flg’ 5). * L

The dynamic response of the panels i3 made more involved by their strongly non-

linear behaviour, as cleariy shown in fg 6. lncreasmg inputaccelﬁrahun levels genera.ll,r

‘cause decreasing values of the peak frequenciea and of the amphﬁcation. and pmduce deep

3

modification in the response, " The values ubta:ned far resonance frequenc:es dampmg and

amplification factors during the frequency Iwecp at low ac:elerntiun are no more the ones

b B |

in play durlng the qua]‘.ihr_‘atmn tests, carrled uut wnth h1gher ac:el{-,ratmn leveln Thie Ls

the reain reasgon for the attempts “which ha\re been made durmg the quallflcitinn tests, in

order to adjust the value ay, of the input acceleration o the value a_ required by the

f.r.e., instead of using directly the simple ratio ap = aﬂfﬁmax .

3.2. As regards the wterpretation of the test resulis, itis necessary to,take into aceounl
that the eventual task of the parel i3 to allow the performance of the components. Its
seismic aduequacy has T.hﬁn o '_tm_judgfr:dhﬂn't‘l.'m basis of the op{eratiuje integrity of the devices
it must assure, Of cﬂuﬂ:e. the{ i:}tegr_ity uf the component depends on the amplification of
the panel at the mounting peint. which is in turn dependent on pessible structural degrading

of the panet, due to fatigue effects. This oceurred on Bome occasSions during lhe course of
the tests, awmg lo the uncerlainties abﬁut thnhcn;relallu; betwii;én ! Jpljl: ac:eieranon and
f.r.s. [nfacl’ in many cases - a; mentioned sbove - the quahflcaunn 1.3151; wast reached
after 2 number af tentative tests, and, in Dlher cases, a :.'ﬂr!.r high input value wa:; ad‘upted
Despite this,” the tests might have not’ béen con;f:-rvatne as I‘he dutermlned mehﬁcatiun

may be less than that GCCUrTing on an mtact pa.nel_

v Tle structural integrity of the electric panel during and after the semmm test ia not

. [] * r I e - r

4 Jucisive cruermn for judging its selsmh: adeguacy. b:ructural damage may not aflect
oae

the performance of the devices, whereas their ma]funclmn ma'l.r nr:r:ur withoot any structural

fault of the panel, I‘hevertheless an essential requlrenenl: lor T.ha um5m1c qualification of
gl * -
the panel should he thai its overall bahavmur before and after :he test remaing unchanged.

Another important pomt for the eu'alualmn nf the results is that, even for input

motion in a single direction, a point on the panel mﬁy ha\.e a response along three axes.
AR P

The choice of the Fauge pl:unl‘.s has then to be made wlth care, and. at least for the most

impariant devices, should give a camplete pl:mre of the responee,

1
. .
A regards the results of component tests, the rnilnwmg cunmderatmns can be

[

J"

dr:'.l;.u.rn. The rescnance search is sometimes pract:cally dlfflcult due to the reduced size
v

1
of the devices under test; when possible, it usuall} puts i.n ewdence the resonances of the
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frame or of the box intg which the device is placed. However, penerally these resonances
have small influence, il any, an the malfunction of the component. l[ts performance depends
in facl on the pc.:snble vibrations of the springs, contacts, and cofmer:lions the component
contains: the resonances of these parts can be discovered only by means of electrical mon
iloring. However, should the input excitation give rise toa mation lower than Lhe siroke of
the contacts, which have a discontinuous behavigur {ewitch on - awitch off ponitions), even
the eleciric monitoring may nol show resosances which actually are present. Of couree,
* \he maifunction search at resonance frequenciea or at 33 cps, even al very high acceler
ation levels, does nol gnsure that rpallenctdon may net occur suddenly lor lewer acceler

ation at any other frequency.

1.3, The necessity of selecling a single specimen tobe tested among the numerqus panels
of a set, caused the problem of the choice of 2 panel representing the "average ' behaviour,

iaking inlo account the passible diflerences. Among these should be mentioned:

- differencey due to manufacturing, such as welding. bolting, other connecting opers
tions, whope uniformity should be guaranteed. Weldings having the Bame exlernal appear
a.r'v::e should have alsn the eame slrength: bolts or serew connections should be tightened in

the same way and have uniform mechanical properties, to cnaure lhe same performance;

- differenceE In number, type, weight and arrangemlem of compenents which panels of
the same structure hold. Coneiderable changes in weight and positien may be of noticeable -
importance, as they may give riee to new vibration modes, such as torgional resonances,
which may modify the response amplitude in a way dilfieult to forecasti, unless the weight
and arrahgement are not very different {rom those of Lhe tested panel. Similar panels can
be conmidered qualified on the basie of the test results of the gpecimen only when the amount
and distribution of the massesare " mare or 'lesx"th; pame even with difler enl components,
and new devices are mounted on rigid sepporte, withoul modifying the main siructures of

1the panel;

- differences of mounting conditions of the panels. Sometimes many similar panels
are joined together i obtain a Eingle electrical hoard of large size; in other cades a hoard
already tested has o be completed with an additional panel for another installation plant.

Then the problem of exirapolating the behaviour of the complete bopard on the basix of the

results of & partial test arises. * ln particular, the minimum number of panels to be tested
topether apd their arrangement is a debatable question. 1t is difficult tp provide a general
answet to these problems, and, owing @ lack of repulatione, at the pregent .le\«‘el. of know ’

ledge, they should be ¢cxamined one at a time.

AB to the compernents, the tes!s are generally made on a epecimen which is conaid

ered repregentative of the set of equipment to be tested.: Modularity problems arise also
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in this case: they may sometimes be solved by means of a previcus detalled examination

1,

of the madifications introduced into the mechameal structure of the component by the varia
tion of some characteristics, ag ils nomlnal currenl and veltage, number of auxiliary con
tacts, ete. The quality control tests  fearried out - as mentioned above - ina statistic
way on a parcentage of the tolal amount of the equipment s¢t) may simply require, especial
ly when ma#s-produced cemponents are conCerned, the control of the main characterlBticn

of the device during vibration,

4, CONCLUSIONS

4.1, On the basie of the consideratione laid out in chapter 3, which rize Irom the expe
rience presently available, It is possible Lo infer that the problem of seismic guaiification
of ejectric equipment for nuclear plants has not yet received a satisfartory definition.

Besides the important problems related to the choice of a reliablef.r 5. and of a
suitable tesling equipment, which are beyond the scope of this paper, it should be underlin
ed that the uge of a sinusoidal excitation makes impossible a theoretically corruct cr.rrreli
tion with the { r. 8. From a practical point of view the problemn has been overtaken adop!
fng. in a number of cases, undue input acceleration values.

The use of a single frequency excitationat the rexonant frequencies to checx seiemic
adequacy has generally as il consequence the overiesting ol the panels with regpect bath to
the amplitude of the input matio;. and te the lest duralion, as tests have to be repeated at
the main rescnances, or in oder o adjust the inpul to the required f{.r.s. agceleration.
Fatigue effects may then arise and snmetimtf damage the panel.

The use of a 5ine beat molion of given characteristics, as suggested by some stand
ards, does not overcome these problems. The resunan:::e search has to he made also in
this case and gqualification tests should be repeated for each found resonance. As regards
the correlation with the {. r. 8,, the same consideration for the sinuseidal input can be mada.
The slight advantage of a leag marked influence of an incorreet damping determination e
balanced by the more invelved testing equipment necesgary Lo generale the Sine heat,

. For qualilication tests, a n.'mre convenient procedure, which i8 in turn more correct
from a theoretical polnt of ¥iew, and gupplies at the same time more rellable results should
be, in gur opinitn, the application top the panel of 2 random excitalion whose spectrum
malghes with the given [.r.8. This method requires Lthe use of a rather sophisti:ated'tes_t
ing equipment; on the other hand it does not depend on parameters of yncertain, if not im
poEsible, determination and makesimmaterial the previous knowledge of the characteristics
of the struciyre. Tests become simpler, a¥ it is enoitgh to measure the acceleration levels
reached at component mounting points, thus reducing test duration and avoiding possible

overtesting.
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The sinusoidal inpul should be used better as a research klep during the desipn

stage ¢f the prototype pancel, the correct delermination of the siructural behaviour of which
can in this case be justified. . '

The problem of [ding one or more figne histories having a giw:r; f.r.e, ig gtill
cpen; Ilrom a practical point of view, however, a 1o detailed malching of the {. r 5. 15 not
strielly necessary, In fact, a completely reliable f, r. 5. can never JhE- obtained as the
methods used in order e determine it involve generally a number of assumptions regard-
ing a proper definition of the eartﬂquake. a suitable structural achematization of the plant
building, an estirnate of the valueg of the parameters in play (sail characteristics, damping

-

etc.]. 1n turn, the problem becomes gasier if it is considered that the correlalion befween
time history and [ r. E. Ihnutld i:le achieved for a n.arrow band al damping values, and, ®
venlually. that the equipment manufacturers - lar economical reagons - aim toqualify their
products for more than & single plant, In this case, time histories should be used whose

spectra envelop a number of possible [ r. 5., and consequently show amooth shapes,

4.2, As5 far as the comnponents are concerned, taking inte account their ;ilfferent Gperating

condilions, as they are mounted on panels hawing very different behaviour, + the simplest

and rmasl reliable procedure seems to be Lo adopt a sinvecidal Bweep aver the entire fre

guency range, disregarding the resonance search and the vibration test at resonance or at

33 cps. Ag latigue effects are unlikely to octur, each sweep should be repeated with in
. creased acceleration levels, until malfunction securs, which has to be ‘shown by means of

a continuous electric monitoring.

4.3, The effect of an excitation in three directions simultaneously is at present a prob-
'lem far from being theoretically eclved, due 10 the complexity and nonlincarity of the panels,
*even on the bagis of the knowledge of the gingle direction behaviour; [rom an experimental
point of view it should requlre the use of very sophisticated and pxpensive testing facilities,

which in reality i= not justifiable.
' ]
4.4. As mentioned above, also the problems which arise a8 1o the representative nalure

of the specimen under 1¢81, can not be completety scolved at the present stage of avallable
experience, Whereas a statislic test for the components seems to be suitable in order to
. assure their quality (different devices may require, however, dii’ferun; percenlages of the
total amount to be tested), the problem is more involved as regards the panel lests. The
standards £hould establish proper criteria in order to judge'when the differences arising
from different number and srrangement of ihe devices, addition or-connection of madular
paneln in the electric boards, modify the behaviour with respect to the specimen panel in

such & way as to make necessary supplementary teste. '
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LAS ESPECIFICACIONES SiSMICAS DE LA ENDESA
PARA EL EQUIPO DE ALTA TENSION (1)

En los 4ltimoe 25 afios, el disefio del equips elée
trico de alta ¥y muy alta tensidn ka ido afirmando una tendencia hacia el
empleo de elementoes normalizados, de volumen relativamente reducidao
y que, con caracter{sticae eléctricas {uncionalmente bicn definidas, pue
dan ser combinados en aparatos de diferentes voltajes y capacidades,
Una tendencia en epgte senticde puede defectarse, en mayor O menpr gra
do, en el desarrollo de equipos tan diferentes como son los interrupto-
res de potencia, log transformaderes de medida, los desconectadores,
loe pararrayos, etc.; ¢s8 decir, todoe aquellos aparatos que pueden aer
englobados bajo el nombre de equipo primaric de manicbra y de protec-
cién, : ’

v

Esta tendencia hacia la composicidn de aparatos
a partir de unidades normalen se ha unido a la de racionalizacidn de los
elementon aisladores, para reducir en 1o posible sus dimensiones y die
minuitr el nimero de piezas diferentes de porecelana.

Ambae tendencia puede decirae que han provoca-
do una convergencia, on los disefios de equipos do alta y de muy alta ten
.8i6n, hacia disposiciones estructurales esbeltas vy flexibles, con sus
elementos dispuestos de manera gue resulta, en genaral, propenss ala
formacidn de regpuestas elevadas a lae oscilacionea de un tembilor,

Los primeros equipos de hasta 154 kV con enta
disposicion, comenzaron a ser instalados por la ENDESA hacia 1950.
Por entonces creiamos suficiente especificar, como condiciones aiami-
cam para estos equipos, gue fueran capaces de resistir "una acelera -
c¢ién aismica horizontal de 0,3 g, y una vertical de 0,1 ", en gque ''g"
eea 12 aceleracién de gravedad, combinadas en la direccidn mas denfa-

{1) Vergidn revisada de un articule presentado por F. Novoa al Congre-
so Panamericano de ingenieria Mecanica, Eléctrica y Ramae Afines,
4a, reunitn efectuada en Lima (Peru}, del 7 al 13 de noviembre de 1571,
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favorable. E- decir, elepiamos simplemente un factor sismico fulaliva
munte revero entre 1os urvales de Jos codigos de entonces para la asis

rmicidad de los =dificios, ,

. w7 -
-

Lac nql;‘ipcs, los seleccionabamos éntre los que
tuvieran woa estructura favorable, en relacion con las masas soporta -
das y adapiiibininos, en geueral, disposiciones de instalacién que evita-
;an la tranmvisidn de esfuerzos durante un temblor, a través de las ¢co
nexiones, introducicndo uniones [lexibies o dcsltzames en las de tubos

PS5, v dejando una huelga en las de cable. ) )

N B 1

_ Disponifamaes cl equipo con sus partes de alta len
siéa en un plano horizontal, soportado en estrurturaa rlzucular{'5 de per
{iles livianos de acero, relativamente r1|:',1das, lntunwdn‘f,ntp {endia -
mos a 4isponer una estructura scparadzs para cada elemento importants,
como ser, cada'interruptor de 66 kV, cada polo de interruptor de 110 0
de 154 kY y cada transformador de medida. Los desconectadores, y al-
pUnGs pararrayos, en razdn de su peso mas reducide, los dispoeniamoes
en Una eslructura comun para los tres nolos. )

.Hasta 1960, la experiencia ‘acumulada a través de
diversos sismos menores habia conhrrmuin que, rn peneral, dichas me
didas-parccian acertadas, pero que, en delerminados casos, era nece-
sario considerar el efecto dindmico de las oscilaciones del temblor ya
que, tipicamente, por ejemplo, los relés sistema Buchholz de'los trans
fermadoTes, cperabar itncorrectaments debido dnicamente a las sacudi-
di.s del mercurio de los contactos utilizados en ellos. Para tomar en
suenta 5108 efectos, ¥ BITOs que podrian temerse en ios mecamﬁmﬂs
. de operacién de 10s interruptores, per ejemplo, agregamos enh nucsiras
c':pc.cuu:amc:ws ta frase : "el eqmpn deberd operar correctamente ba-
jo la accidn de oscilaciones de 'recuencm entre 1 'y 10 Hz y ampluud no
mayor gue 10 mm'", )
Les terremetos de rmayo de 1960 en la zona cen-
tra! - sur del pais, cuatre de los cuales alecanzaran magnitudes Richter
entre 7,5y B, 5, causaron ciertos dafies en nuestras instalaciones, sien
do los principales, la desiruccién de un bancoe de cendensadores cen uni
dades dispuestas en columnas, y la saltadura de sus vias de dos transfor
madcres, con riesgo evidente de volcamiento. E! anilisis de £stos ¥ su
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compatracion con desparfectos constatados en instalaciones bien proyec
tadas, como las de la acereria de Huachipato, nos hizo agregar a nues
tras practicas :_ . .
- "k oo P

1) Aumento de’ 105 faLlnrea sfsmicos de especifi-
cacion a 0,5 g en horizontal ya 0,2 g en verncal paTa tener en. cuventa
la dlspnslmnn del equ'.lpn sobre estructuras algo flexibles y poco amor-

tggadas. ., S -

- 1 - T !
" I 2} E:-:c':Lmun efectiva de toda transmisidn de es-
Im:rzos entre partes sujetas a nscﬂac‘lones diferentes, por mejora de
las conexiones flexibles y holgadas entre los equipos, y destierro defi-
nitivo de las conexiones en tubos IPS, o T
(A :’{" 3} C anslderacmn mas cuidadesa de las disposicio
nes en cnlumna para evitar lag de resistencia horizontal insuficiente.

'
LT T

ve . 4} Mnnta_]c de los: transi’ormadares de potencia so
bre bases planas de concreto’a ras del suelo, con anclajes dimensiona-

doe sepun 1). : _ . ' e .,

| - ,

En marzo de 1@65‘ sin embargo, un temblor de
magnitud Richter cotre 7 y 7,5 en la zona central, produjo dafios exten-
s0s cu las instalaciones existentes en San Pedro, cerca de Quillota, y
alcanzd a producir algunos dafios en Cerro Navia y otras subestaciones
cn Saatiago, en donde se midié una aceleracidn mdixima horizontal'en te
rreno de fundacidn, de 0,16 g, .

En San Pedr-:- 38 columnas sobre 48 de los inte-
rruptﬁrcs de aire comﬁnmido de la compaiiia concesionaria de 1a dlstrl"
bucién, se gquebraron en la base.’ Estos interruptores se encantraban,
cada 3 poles ¥ 3 transformadores de corriente, sobre una estructura de
entramado liviano, Eparcnteme’nte ripida, proyectada por el fabricante,
De la ENDESA, se derrumbaron dos pelos de un interruptor de pegquefio
volirnen de aceite, de disposicion vertical muy elevada, arrastrando .
‘consigo dos transformadores de corriente,,y s& quebraron en la base 3
transfarmadﬂres de pntencml eon aisladores muy "debiles.
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- E En Cerro Navia y otra subestacion de 1a empresa
diatribuidora en Santiago, 3 colummnas de interruptores como los de San
Prdro, en estructuras similares, se quebrarﬂn cn la base. Sin embarpo,
6 columnas idénlicas de Ja ENDESA a no mis de 50 metros , y 30 colum
nags mis desfavorables dr 154 kV a no mis de 150 metros de distancia),
no suirieron dafos, estandn gus pelos correspondientes sobre estructu-
Tas separadas.

Cencluimos, por lo tanto ;

- }) Que los factores sismicos cspec'iﬁcadns para el

cquipo destruido habian resultado absolutamente inadecuados para repre
sentar el ¢fecto dmamlco del temblor,

'
1 L]

) 2) Que, en Eantiégu, era evidente una influencia
del tipo de estructura, que era favorable al sistema empleado por la
ENDESA, . . '

ad

, , FEsta, tenia colocada una orden 1mpnrtantc poT in-
terruplorﬂa hasta® 220 kV del mismoe tipe que los afectados en San Pedro.
Requerimos, por lo tanto, de los {fabricantes, gue investigaran en una
me sa vibratoria, cudl era,la accidn dinamica de la mesa capaz de re-
producir las rupturas constatadas, y determinar los medios necesarios
para impedirlas, bajo esa misma accion, Mientras tanto, estudiariamos
espccificaciones que estdbamos dispuestos a discutir con ellos, para de
terminar el grado final de seguridad que se alcanzaria conira lus terre-
mectos reales.

. Una discusidn mis completa de los factores invo-
Jucrados puede encontrarse en otro lugar (1); baste indicar-aqui, que la
sclucidn sdlo pudo ser encontrada a travée de la disrmninucién de la res-
puesta sismica de las eolumnas, mediante el agregado de amortiguado- .
res en la base de cada una de ellas. Como dichos amertiguadores invo-
lucraban una considerable elasticidad, debid suprimirse todo elernento
de restriccicén lateral de las columnas, y establecer solamente conexiones
flexibles entre ellas. -

v

" - . . '

' ] , . " . .

(1) CIGRE, Sesién de 1970, informe N°® 23-02.

L]
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k - . . - - -
. - ** Para representar la accidn dinamica de los tem-

-blores, adoptamos un “espectro de respuesta’ de aceleracidn. Esta cur

va reprepenta, con sus cordenadas, la maxima aceleracidn instantanea
que llegard a tomar un ascilador lineal de un prado de libertad, de la
frecuencia’propia dada por la abscisa, cuandoes sometidoa una-deter-
minada curva de aceleraciones en {funcidn del tiempo. Se obtiene, des-
componiende la curva de accleraciones en una sucesion de impulsos
"a; A t", cada uno de log'cuales’, aislado, producirfa una oscilacidn
transiente amnrnguada del oscilader. La -:rsmlamcm resuliante de ég-
ie, sera la suma de dichas respuestas transientes que, en LEéTMminos
del talculo operacional, estd dada por la integral de convolucién de la
funcién de aceleraciones sobre la funcidn de respuesta del oscilador, cu
yo valor miximo dependera fundamentalmente de la {frecuencia propia y

‘dela‘amortiguacion de éste, y puede ser dctcrmmado por computadcr.

-

1 ¥

Comparando los espectros de rcspue stas calecula-
dos para marzo de 1965 en Santiago, los de otros dos temblores en Chi-
le central y los efectos de los sismos en Huachlpam en 1?60 se resol-
wn adaptar la curva’ Empirtca ¥ ) ) o ;

: £2 : : .o

.- » .1- a,lﬂn?‘__ﬂ4 /Tn‘_.:_ngg e

¥

‘equivalente, grosso modo, al doble'del espectro medio calculado por

Housner para amortiguacidn 10 %, para el sismo de E]l Centro, en 1940,
COomo repreaentat:va para Ccomparar con la resmtcnc:a a la ruptura de
lag columnas. '

*+ 4 Se pidid determinar’la frecuencia propia y la ameor
tiguacidén de las columnas mediante una prueba de oscilacidn libre, ¥y
aplicar luego en mesa. vibrateria al equipo, la excitacion sinusoidal que
fuese capaz de producir en ellas la respuesta que les corresponderia SE
gin la curva. .Previamente, se habria verificade en la misma mesa, la

“frecuencia dinamica de resonancia de las columnas, mediante una' prue-

ba de excitacian .reducida, a frecuencia variable entre ©¢,5 y 20 Hz.

- Los interruptores adicionados de los amortigua-
dores en la base de las columnas resultaron dotados de un factor de se-
guridad superior a &, con respecto a la curva de respuesta mencionada,
Sometidos a prueba los desconectadores y las transformadores de me-
dida, se pudo ver gque, en los primeroes, la respuesta critica de un buen
disefic tendia a ser lade Hesplazamiento de los contactos, y no la de ace
leracidn herizontal; y en los segundos, la frecuencia y amertiguacian

.. . - 4
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relativamente altas de los buenos disofios, no los hacfan peligrar, en
reneral, . ' : '

' ;Micntrds sc realizaban estudios mis completos y
st oblrniar ios resultados e 1as pruckas, debieron emplearse, para los
¢ quipus de! sistema El Tero, orcenados enire 1967 y principios de 1969
espevilicaciones parecidac. ’

-Los estudios fueron demostrando, sin embargo,
¢ la anpecificacidn de 11 respuesta de 1966, adolecia de defectos se-
oA - -

. . :1} La réspuasta constante ZuUDUSSia para perfodns
inferiures a 0,5 s, no permitfa coordiracion lr:git:a con ¢l hecho evidente
f= que ukn eiemento suficientemnente rigido, tendria una respuesta no ma-
ve. voe la del suele,

. -, -t !
2) La respuesta limite adoptada para dichos perio-
Jos, nue aborcaron praclicamente toda la garmna de disefios usuales de
interrusiores, desconectadores y otros, junio con la {6rmula de extrapo- ,
facifn para ariortigeaciones inferiores a 10% (1), no explicaba satisfac-
tzrizmente la Tuptura en masa de las columnas en San Pedro.
et nmitt O i Eeta's contradicéiones pudimos notar que tendiad |
dr_saparacér' 51 se adc:ptaba el método propuesto por MNewmark Y Hall
en’'1346 (2) para fijar réspucstas midximas de disefio. :

. ' 1
En dicho procedirmiento, se hace ugso del resulta-
A del estudic comparativo de muchos espectros.de respuesta de terre-
motes repistrados en lugares cercanos al epicentro,. Cuando dichos es-
peciros de respuesta son rcpresentadns en un gra'fica logaritmico tria-
xial, cuyas ordena s de maxima aceleracidn A, velocidad ¥V y desplaza-
misnta Dha var sido trazadas en fuacidén de la frecuencia propia { de ma-
nera de gue satisfagan la condlcmn del movimiento armcmcu slmple r.ie
en oscilador: :

s T A g at2RE LY amist

. A gz eml . D {g - 980.665 cm/s®

puede chgervaTse en dicho grafico que los espectros de mdxima respues-
ta tienden a quedar representados por una maxima aceleracidon constante,

."4 B
(1 }nne SR l‘lﬂ;"l} .
{2} "Seismic Design Criteria fnr Nuclcar Reactor Fanhhes, IV th World

ceaf, Earthg. Eng., Santiago, 19(2 ,B-4, pp 37 - 50.
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para las frecuencias elevadas, por una maxima velocidad constante pa-
ra las frecuencias medias v por un miximeo desplazamiento constante ©
decreciente, para las frecuencias bajas del oscilador.

Estudios como los de Kanai y otros muestran la
relacién que existe entre las miximas respuestas de aceleracidn, de
velocidad y de desplazamiante en el terrenoc y la magnitud absoluta
(magnitud Richter} y distancia al epicentro del tembler que se conside-
re posible, Es posible, entonces, elegir, para las condiciones de sis-
micidad que se regquieran, un juego de valores de respuestas maximas
de aceleracion, de velocidad y de desplazamiento en el terreno de fun-
dacidén, del cual podrin ser obtenidos, mediante factores de multiptica
cion adecuazdos, sepgun el método propuesto sn el articule citado, los
" wspectros respuestas miximas para osciladores con diferentes factores
de arnortiguacion, :

De acuerdo con nuestra expericncia anterior y
congiderando las condiciones sismicas en Chile, hemos llepado a gue es
aconsejable adoptar, como valores de miaxima respuesta en ¢l terreno
de fundacidn, los de 0,5 g para la aceleracidn, de 60 em/s para la ve-
locidad y de 46 cm para el desplazamiento, Estos valores han sido con
piderados por los autores del articulo citado como recomendables en
paises sismicos con registros insuficientes de terremotos destructivos,
como seria el caso de Chile. Los valores coordinan, ademids, con los
factores sismicos utilizados hasta ahora por la ENDESA para elemen-
tos rigidos, que se seguiran utilizando.

- - : En cuanto a la influencia pn;sible de las estructu-
ras poportie, nuestro estudio procuré abordarla a traves del acoplamien
to entre el oscilador que reprcsenta una columna del equipe y el oscila
dor que representa la estructura, soportando las masas de la base
(CIGRE, ref. cit, ). Aplicanciu los conceptos desarrollades por la teoria
de las comunicaciones para el estudic de la propagacion de sefiales alea
torias a través de circuitos oscilantes dados, puede lleparse, como se
muestra en un estudio académico del auter, en preparacién, ‘a la valo-
racion cuantitativa del efecto que tiene, sobre la respuesta del escila-
dor superior, la razan entre las frecvencias propias de dicho oscilador
solo y del oscilador inferior solo, v !a razon entre las masas de ambos,

*



Para una razdn de frecuencias propias ¢n las ve-
cindades de 1, el factor de amplificacidn que representa para la respues
ta del osciiador supcrior (la columna), su acoplamiento con el oscilador
inferior {las masas de la base y la estructura), alcanza valores numéri-
cos principalmente limitades por el valor de la razon entre las masas,
rvando dicha relacidn es, por ejemplo, de 1/6, el factor de multiplica-
cion de la respuesta del oscilador superior puede alcanzar valores en-
tre 4 y 5, para amortiguaciones como las que se presentan en las co -
lumnas o en las estructuras, Se creys, por lo tanto, que circunstancias
como ¢éetas podrian darla explicacion de las rupturas de los mlerr-..p-

- tores de San Pedro, en 1965, en atencién a que la masa del oscilador
1nl’er10r representante de la estructura, podria ser elevada, en razdn
ael agn.par'uemo de 3 polos y de 3 transformadores de corriente sobre
la misina _estructura.

-

. Estas 16eaa tearuas nncuntraran inesperada y
dranauca venfma::mn en 1971, . , '

-t - ’

Después del sisme de marzo de 1965, los interrup
tores de aire comprimido en San Pedro fueron mantenidos, por razones
econdmicas, en las condiciones en gue se ¢ncontraban aotes del sismn'
Aparie del reemplazo de las cnlumnas destruidas por otras del mismo
tipa, no sufrieron modificaciones en su disposicién, En Cerre Navia, en
camibio, 4 de los interruptores mds importantes desde el punto de vista
del servicio, fueron desmontades, para reemnplazar sue estructuras s6-
_porie por otras rigidas, individuales para cada polo y para cada trans-
ferrmader de corriente, e

.El 8 de Julio de 1971, un nueve terremoto afecté
lzs prewnmaﬁ r.'entra.les del pais. La intensidad en Santiage, fué ligera-
mente inferior a la de marzo de 1965; en San Pedro, fué igual que la de
entonces, Los 1nterrupmres de San Pedro'volvieron a sufrir practica -
menie los mismos dafios.que en 1965 (1) y, en Santiagn, en Cerro Navia,
dos colurnnas de los interruptores cuyas ¢structuras no tuvieron modi -
ﬁcaclones se rompmran. o 1 ] .o

+

' - + .- -MNuevamente, 5in embargo, no se constataron’ da -
#os en los 1ntcrruptores de 110 y de 154 kV de la ENDESA, a corta dig
tancia. La nueva subestacidn de 220 kV de esta empresa en ¢l mismo

lugar, con interruptores de columnas am?rt:guadas, no sufrln tampoco

(1} De uo total de 54 columnas, 46 resultaron quebradas en la base.
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el mis ligero dafio o perturhacmn Una subestacidn mds pcqu::ﬁa de la
‘ENDESA 'en la zona epicéntrica de r.-_ste t_emblcr, tampoco sufrm dafios,

i . *Ta

-

La lnveshgauon que &e 1mcmra por este mchvu
ha dem-::-strado lo slgulentE S

' . * 1

Toer i Los 3 polos “de los interruptores aft.ctado.r. en San
Pedro y Cerro Navia, van apoyados sobredos vigas gue corren a. 'lo an-
cho de la estructura soporte, Dichas vigas traha_]an libremente 2 la fle
xién, de mudn que cuando se excita la oscilacidn de un polo lateral DS -
‘cilan’ con la misma amphtud en direccion contratria al pole dcl centru
y en la misma direccide, ‘el pole’opuesto., Lo's tres polos furmar Dnr lo
tanto un oscilador, con las vigas trabajando a flexidn como vlemento
elastico, La frecuencia propia de este oscilador es muy similar a la de
oscilacion’de las columnas sobre ta base del polo. Se cumplen, por lo
tante, todas las condiciones para gue exista un factor de amplificacion
.del orden de 3,5 de la respuesta de las columnas.

prT A Bt v Aceptando que, en Santiago, la maxima aceléra-
Tién en el guelo, fue del orden de ©,15 g, la respuesta de una celumna

‘de estos mterruutnres debide 2 su periodo propio y a su amortiguacion,
seria unas 4 veces superior, es decir,"de 0,6 g. El'factor de amplifi-

" ¢acidon de‘la‘respuesta, por el apoyo flexible de los pelos scbrﬂ las vi-

‘gas rﬁen&idnadns lievaria sin embargo la respuesta total a 3, >x 0.6

= 2,1 g. Esta aceleracidn es Justamente igual a la minima de’ ruptura
de las columnzs, lo que explicaria las dos calumnas rotas en Cerro'Na

‘V].il en esta ocasion.

r o A yoa o R 1

Pl '* * ‘En San Pedro, bastaFia su;ﬁéner ﬁna‘acclcracién
'mamma del suelo de 0,25 g, para llegar a 3,5 g de respucsia tntal en
lag columnas, 5uf1cmnte para explicar la ruptura 'en masa de cllas.

. L]

Este factor de ampllﬁcacmn por acaplam1ento en
tre oeciladores, resulta también de fundamental 1mpartan¢m para Vﬂr'l.fl
car el equipo s0lo. Esta es lo que se hace, cuando estd asegurado que
toda oscilacidn de la estructura de soporte se efcctie con frecuencia
propia de 15 Hz o mas, ya que entonces, la respuesta mixima de tal
ogcﬂadcr no podri ser mayor que la respuesta en el terreno. Pero, ain
en este caso, si se presenta una base de un _grupo de’ columnas que no
pueda ser considerada ripida en cnmparacmn con ellas, o un :lementa

-k

v
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flexible liviano con su base fija sobre otro elemento exible o, adGn,una
parte superior de columna censiderablernente mas liviana que una infe-’
“rior ¥ flexible, pueden presentarse, dentro-del equipe mismo, condicio
reg suficientes para la aparicidn de un factor de amplificacion conside-

rable rn Jas respuestas. ~ .

Es necesario concluir, por 1o tanto, que los fac-
tores de verdadera importancia para la verificacion de la asismicidad

del equipo elécirico de alta 1ensién serian :
i cq

o - a a

1

1) Amplificacidn de las ‘'solicitaciones sismicas
por la respuesta de un elemento flexible que quede dentro del rango de
frecuencias tipicas de este equipo, .

. - L3 ko “
2} Amphflcacmn de las respuestas sismicas por
ccoplamiento mutuo entre elementos flexibles de frecuencias propias si

milares combinades estructuralmente. - -

£

. 1 3) Transmisién indebida de esfuerzos entre ele-
mentos flexibles separados, por exceso de desplazamiento relativo en-
tre los extremos de unicnes eventuales entre ellos. "

.o, Laﬁ espemhcacmnes sismicas gue hemas prepa-
rada, Juntn con tomar en cuenta nuestra experiencia descrita mas arri-
ba, dan la debida prorninencia a dichos tres factores, en un prccedlmleE
to aproxlmadn de verificacion, El margen de duda y, de variacion gue |
permite dicha aproximacién, hacen necesario considerar, en la mayoria
de los casos, pruebas tipo de vibracion del equipo. Las pruebas exigi-
bles, asi como sus condiciones minimas de ejecucién han suﬂo tarnbien
cunﬁlderadas en estas especificaciones.. ..
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EGPLCIFICACIONES "Iumcnu PARA EL

' EQUIPG FLEGCTRICO DE’ALTA TE 23000 (== 220 w}

. . B L - +
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e - - e

Esta ecpeﬂzficaclmn so Epll“a al equlpﬂ e‘eczrlcn ie ueqaigﬁ
igual o 1nferior a2 220 kV, cn e"ﬂeclal, al de: disn051c101 €S
tructural relativemente esbelta! en colu:*.nau alslories, CoOTo
‘interviptores, transformzdores de wedida, dnscoqeztai:res ¥
todos ajuellos esuipos o partes de alta’iensicn oovas condi-
ciones estructurales puedan consi iderarse asimilables z €stac.
L ! o7, ,u., '||| .
Otras especifircaciones sisnicas que, en la presenue, H8 QO
sideran especificemente excluldaa,Junn : e '
a) ESPEElfiCEClﬂnES 51’11Cas para E1 equipo elécirico de myy
" alta tension {mayor ¢ cue 220 kY) ;

. % U I S S o O T (R

b) E5pecificac1anes gizmicas para transformadores de poder;
[

- g - [d = - . _
- ¢) Especificaciones sirmmices para instalaciones eléctricas

I
ot a; Primerias en Centrales y Subestacicnes ;
o - oo
'_d) Especificaciones sl"ulcaf nara instalaciones eléciricas
e suxiltiares y de conirel, en ‘Centrales ¥y Eunﬂﬁt&Cl“ﬂﬂs.
. . F y
1#"‘ GEI‘\_-RAIJ- " . L LT b . . t _'r

[ . . .

1.1l.- El equipo electrlcn de alta tensidn dekera esiar disefado de

menerz cue sea cgpaz de resistir, sin dafcs n; perturbacis -
nes de servicio, los e;e,tcs de movimientos sismicos de les
siguientes ampll udes maximas de oscilacidn horizontal, co -
rrespordientes al terrenc de fundacidn {1) :

{1} Se supone un terrenc. firme de fundacidn. 8i las corndi -
. ' . - [ ,
ciones de la obra obligzn 4 funég» en terreno suel“a o
- - _
de relleno, esias ¢aracteristicas deberar ser revisadas.

-
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l.2.-

A?elern"iﬂn, mencr o lguel aque 0,5 .

?elpﬂidﬂd, menor o igusl qﬁe 60 cn/fz. ‘ .
Desplazaniento, menor © igual que LS cxm.

en ove "g” designé la acrleracion de gravedad (980 cm/sé).

En los cesos en gue se sefigle expreszmenie, se con
52 nerara texbien un movir miento oscilatorio verticel de acelera-
cion raxims C,2 g.

Se aceptara gque las respuestas horizontales maximas mas desfavo
rables en cuante a acelerzacidn, velocided o desplazemiento, de
un oscilador simple sometido a movimientos sismicos de duracion
media y con las ceracteristicas mivimas indicadas en el articu-
lo 1.1, quedan dajas por los espectiros de respuesta de la fig.

1, en func1un de la frecusncia propia y de 1z amortiguacidn de
dicno oseilador.

2.- DISPOSICION GEIERAL ¥ MONTAJE DEL EQUIPQ.

2.1,-

2.2 -

El equipo puede ser clasilicado en dos tipns de dlspﬂnicinﬁ B5-
tructural : L.

Tiptr I, los eguipoz que, por tener sus partéé principales de al

4o tension encerradas en une ernvoliura metalica al potencial de

tlerrs, bresentan una ﬂlSpDElClGn estructural euys rigidez y ca
racter{sticas eldsticas no estan generalmente limitadas por ra-
zones de disefio.

&ipo IT, 1os cquipos que, por tener sus partes principales de

nita tensicn soportedas en aisladores, o por consistir esencial

mente su estructura en un aislzdor, tiemen una disposicidn es -

tructural basicamente limitddz por racenes de diseiio.

Lot eguipes del tipo I deberar cstar constrq{dns de manera que,

al =er fijados scure una bage rizida con los wedios previstos
al efecto en su disefio, ¥ hejo una fUE“E& norizontal igual al
50 % de su _peso, aplicada en su centro de gravedad, el desplaza-

-mientn de eute con respecic a la bate, por efecto de las defor-

waciones elésticas en la estructura, no sea cuperior a 0,5 tm.
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’2.3-- Los equipos del tipe II debertn estar, preferentemente, cons-
truidos de maners que Sus elemenios de alta tension consistan
en simples columnes, estrusturplrente alsledes y soportadacs . '
golomente en la bese,; con el objetn de. facilitar su oscilacion
livre durante el “emblor. :
) 2.4, - E1 enulpc estera, en general, destinade a ser montado apoyado
) fobre estructuras reletivamente ripidas, que asesuren una fre
cuencia propis de ostilacidn, del centro de gravedad del ccal
po o de coda gruoo de colimnas soportadzs en unz baze cam;n,
inual o mayor que 15 iz. .
T
2.5.- Los eguipos del tipo I qus consten de tna sola colwmme, g0 -
’ bre una base de dizensiones pecuefins en relacidn eon lzs  de
osouelle, deberin poder ser montados =ﬂnre ectruciuras de rigi
dez inferior & 1z indlcads en el articulo ans erior,Capices so
. lamente de asepursr s frecuenciz entre 7,5 y 19 H2 en el cen
tro de gravedad uel ecuipa.

- -

3.- ESTRICTURAS DF ED?GHTE.

3.1.- Cuardo el diseciio del equipo incluya estruciurnas de onc“te des

tinadas e ser arcladas direzctomente a la fundacicon, o ecuands

. ls orden de compta ineliya las esiructuras ﬂe soporte. e in
terpretara gue estas curplen con la condicidn del artisulo
2.1, si se verifica que : :
. El desnlaz__ieﬂtn horizent=l del centro de prave-
dad del eguipo, por efecio de dcsnlaﬂamientc horizontal de 1la
estructura en los puntos de fijacion del equipa ¥y por efztto
de 1z inclinazior el plano dﬂ sujecc1uﬁ del enuipo con reszsg
to a la horizentzl, cuamdeo acivan scbre el enuipﬂ ¥ la Estru":
tura fuerzas hcriicntnles iguales al 50 % de los pesos en los
centros resPEGtivvs fe grovedad, s=a igual o menor que 0,5 mm.

Fe24= Lp varific 2cidn indicada en ¢l ar*lculn 3.1 sg¢ boo +3 tomando ex
cuenta solsmente las deformaciones elastices de la estirictura
soporte, =in ineluir dpﬁp1audmlﬂnu05 de pernos en los nudos o
sentemientos en la fundoeion. Maturelmenie, la ejecucion de
los nudos debera ser sdecuada para précticamente el_ﬁxnar 1a
pnsibilldaﬂ de dirchos desplasanientes, duranie el pericdo ds
formacidn de 1n recpuesta maxima de la esuruc+ura al movimien-

' to oucilntoriﬂ del texhlor, ' -
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3.3.-

A o « b i

En el caso de que una mizma estructure sirva para soportar va
rios grupos de columnis, coada gTupd €n uhs bate geparada, 1z
verificacion indicada en el articule 3.1 deobera considerar la
fuerza horizontal astuando en cada grupo, en el sentido mas

. desfavorchile al desplﬂzamientn del centre de gravedad de cunl

quiera de ellos.

La resistencia de las estrueturas soperie gQue cumplan con el
crticule 3.1 devcera ser verificada agrepando a las cargas usua
les en este tlpn de esTructuras, un esfuerzo sxsmico horigomn-
tel igual el 2 d¢e los peros de las essructuras ¥ del equi-
pa, zetuando en lns respectivos centros ce gravedad, ¥y en 1la
direccion mas desfavorable. La resistencia de los puntos de
anclaje a 1a fundacidén depers verificarfe agregande, ademas un
es”uerzo s1sninu vertical izval el 20 % dc los pesos, en la di
recclon mas desfavorable el vulcam1entc de la estructura.

r

L.- ‘-.FERIFICACID?-! DET, I-EQU]:FG. '

4.1.- El equipo del 4ipo I cue cimpla eon el articulu 2.2, deaera ve

-’

rificarse ccmn sigue :

L.Ll.l.- Todo elenento o grupe de elementos, cuya frecuencia
propla de oscilacion, determineds segin el capituloc 7,
sea igual o superior e 15 Hz, debera resistir una ace-
leracicn horizontal igual a 0,5 g ¥ una verticel igusl

a 0,2 g coxbinadas en la di”ﬂe“lﬂn mas deslavorable,
. sin dafics para el elemento o grupe de elementos ni per

«~ turbacliones para el servicle.

4.1.2.- 51 alglin elementoc o grupo de elementos tiene una fre -
cuencin propia de oscilaeidn inferior & 15 Hz, dicho
elemento o grupoide elefentos debera ser sometido a lzs

‘mismas verificaciones que se especilican para elementos
del equipe del tipo II, segun las dispﬂn121nnes del ar-
ticulo 4.2,

- L

4.2.- Los equipos del’ tipo IT gue cuzplan con las cordiciones de los

)

erticulos 2.3 y 2.k, serin verificados como sigve :

4.2.1.- Cada’ elezento, o porcién de elemento, cuye columnz sea
de seccién transversal uniforme o asizilable & ella,
pndra ser considerado como un osciladeor simple, con le
mass total Que foporta concenirsdi en Su centro de gra
vedad, ycon la frecuencia propis de oscilacion ¥ el fac-
tor de amortiguacion gue se deducen de su prueba segin
el capitule 7.
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4.2.2.- Para ceda elemento definido como en 4.2.1, supurst
. sopertando el conjunto mas desfavoratle de masas a

e

L]

T

L

v

%

T

e

que esta destinndo, deheru verificarse : -

a) que resiste, en las condiciones gue se [1jan en
1.4, une aceleracidn horizontal en la direccion mes
desfavorable, de velor igual al que se& dedure pers
la frecuenzis prosia del elemento, &n la curva de res
Presta gua corresponde a su factor de smostigias idn,

. .€N el grafizo de fig. 1;. . .

b) Cie es capaz de tomar, en 1a dlre“Llun mas ﬂ&sfafn“a
. ble,«sin que ninDine de sus peries sotrepase lus :a“
diciones %.% ni altere lrs condiciomes de Toebzlio
-previstas en el disefia, un movdimiento cscilatosis 2e
le emplited que se deduce, parz su conb-o ce pozreqad,
. .SEgin sQ irecaencia propis, en la cusva_ men:inn&aa.

— e W —=

@) gue no dars luzar a pertuToecionzs en el servicio cuan

do sus respuesias de acele*ac1n: y Ge desplazamients
-gean les deterczinadas segin a) ¥ bl ¢ w.. s

- LA |
" -

-h.2.3.- Toda unidn erntre elementos diferentes del cquipo d&'eré

- pewniti* sin tue spzrezca un esMierzo apreciatle éo= Tem

eion snbre elies, un desvlazamlen,ﬂ ,relativo enire sus
extramns, igral & la combinacion mas destavosable de mo-

, vimientos determirados segun 4.2.2.%) para los rescesti-

vos elementos. BSi.un elemento puede asimilarse a una ¢
lumnn con masa repartida uniformemente, det ET3 Lorznse
en cuenta, para este objeto,que ¢l desplazamievnto de =
" parie superior puede alcanzar a 3 wveces el velor del des
plazamlento ern el Cﬂntrn de graved=d. ,

h 2. h.- Cuendo un elemento de frecuencis p“ﬂpiﬂ de oscilazidn

LI
'

Fa T

'k = {mp/m ) .

inferior a 15 Mz, tenga su base de oscilacion Tijz sor—e
otro elemento de frecuencia propiam inferior a 15 Fz, &1
“elemento foportedo deberd werificarse como en .2.2 v
L4.2.3, pero con sus respuestas de aceleracidn y de ges -
plazamiento amplificadas por el siguiente factor :

. 1 B{flffE - 0,5}
k = (mzfml} , para ﬂ,Eﬂﬁ/fgﬁl

LR

L,2(tp/8 - o ,25)
- pare l "—f‘lf" ""-E

LI . ' t ke
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siendo "X" un fmetar de multinlicacién, "m1" la mesa
oscilante del elemento eoportado y "mp” la masa 05&1-
lante que corresponde al elemento soportante, "r." la
frecucncie tropia del elemealo soportado y "To" ia
frecuencia rropia oue corresponde sl elcomento sopor -
tante., Cuando este ultimo esta reprecentado por la
base del elemento soportado, sujeta a una oscilacién
angula“ de su plano de fiJac1Dn la razon de masas de
bera reemplazarse por la rezon de momentes de inercia
en torno &l eje respectivo. -

Es inpnr ante, en 1lp determ1na_1nn del fag
tor de multiplicecion "™, gue en el valor de la r&sq
"m," se corsidere €l efecto de todas las masas (o mo -
mentos de inercia) que contribuyan simultaneamente al
modo de pscilacion de gque forma parte el elemento so-
pertante.

- Para I, /f <20,5 o para flff ==L, el fee-
tor de multiplicatlnﬁapndra cnnslderarse igual a 1,
cuslquiera gue see el valor de la razon "ma/m ",

4,3.- Los equipos del tipo T1 que se encuentran en las condiciones

h‘l'l'i"'

del articulo 2. 5, deberan ser verificades como en el articuloe

4.2, tomando en cuenta que la estructura soporte representa un
elemento oscilante, que introducira un factor de am pllflcaclnn
de las respuestas, como se indica en L.z.k. .Se supondra como

ninine, en estos cascs, un factor k = 1,5. .

La resistencia de los elementns de los equipos considerados eon
los erticulos 4.1 a L. 3 sera considerada aceptable, cuando las
tenczionea elasticas nmaximes que resulten en cade una de los
piezas, para los condiciones mis desfavorables de lag ecelers-
ciones de*veriflcac1un, sean inferiores a la carga unitaria
minima de rupturs dinfmica de los materiales fragiles o al 1i-
mite inferlor de fluencis de los materigles ductiles cue las
¢ozponen, pars el tipo de trabgjo qQue corresporda & la respues.
ta, tenidn consideracion de todas las canceniraciones de forza
que pueden provenir de la disposicion final de montaje de la
pieza. EL trabajc de las piezas, en 1as cnndic1uﬂes do car-
€2 secfislades, no podrd implicar la a&lteracion de ningune de
las condiciones sdecuadas para el servicie en otras pieczas.

4.,5.- Las verifi:acinnes detallades previstas en los articulos L.l &
- h.3 podrzan ser dispeneades en agquellos elecmentas cuyk resis -
tencia minica al tipo de trabajo proveniente de la respuesta
{*)...verificacién curcdos o' rof e grseliln, .

de sprvizia, tiun Iaiisis. i,
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L.6.-

el temblor, en 1lz5 coadiciones preseritaz en L.k, sea igual o
superior a b g, verificadz sepmin el capitulo 6.

Los efuipos del tiyo TI cuyr dis pu,ioién eztructural no cum-
pla con 1as disposiciones del erticulo 2.3, por presentar res
tricciores hipsresidticos en lz esiructure de sus elemeniog,
ne podran ser come r*dcs a verificacion Daic los netodos eproxi
magos del presenie cepiiuio. Solo uod*an ser verificzdos re-
rresentands Zu estrichuTa por un nunero suficiente de mosas
cancentxada" ar: prior defusir sus difcrentes modos ée omcl l'=*
c1un, soneti€ndolios a Traebz cond se jndica en el articule

7.1kt para deierminer lgs ceracieristicas nsc1latnr:aa de dizhos
Aouds; ¥ calewlands lueso las sclic1 taciones mis decfavarables
de sus elementos, por la ccrn1nacicn e las respuesias de loo
diferentes modos, calculada segin los ecpeciros de la fig. 1.
chnas solicitaciones mis dnsfauorables deneran curpliv con gl
articulo L.k,

"

5.- ADAPTACION DEL F@,DE'Q £ LAS COIDICIMES SISIICAS.

2+1.-

En el caso de gue zigin elemento del eguipo no satisfags les
- . +
condiciones oue ce indicezn en el capitulo &, podran acepitavse

madifice:iones en &l diselio bejo las siguien*ng cordlc1o 95 I

\ -—

a) Antes de recurrirse gl sumento de la resistencia de les pie
zag afectzdzs, debewan haverse egotzdo las pﬂulblllﬂhﬂﬁs de
reducir cuslguier factor eventital de amplificecicn de 1a
respuesla del elemanto por motives como los selazlzios  en
h.a2.h, Y lzs de reducir las respuestas propias del eilemsnate
a traves del awrenco de fu’ factor de fnurtlguac:mn o ce la
modificacion de su frecuencia propiz de ‘oocilacion.

b) Todo efecto de evortiguacion deberd introducirsze, en lo po-
r - L -
* sible, en el lugar ¥ del codo en gue incida nas direciamen-
L4
te en la reduccion de ls respuesta del elenento efeciado.

¢) La modificacion deberd hacerse de manera gue no Se DoCgul -
ca una pérdidﬁ aprcciable de ninguna de lzs cugplidades de
servicio o de mnrtenc1cn ¥a logredas para ¢l eguipo €n su
disefio norm=1.

a) La podificacidn, tanto en su dicefio como en sus metenicles,
debera estar gencionada por una clara experientzia antericr
del fabricante en disporitivos similares, sometidcs 2 con-
dicioncs de servicio comparables con L..s que Celeraz sztise
Tacer en el eouipo medificado.. -
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7.2.-

5-3.-

cn igrielded de condiciones, se dara preferencia :

a) ﬁl ecuipo cue conm sv dized rormel, satisfage l=s r~ondiciornes
simuicas de los preienies espacificeciores, irexle 21 ejuipe
gue reguiere de medificecicres.

b) 2} equipo cuyzs modificaciones consisten solo en el reemplazo
.de pertex del digello rorrmel, por partes edecuzdzs de disefips
ooreles parz ovras condiciones de servicio.

r

¢) A1 equipo gue presente un fector de sesurided mis adecumdo en
el cuzplimienio de las presenies especificeciones.

a) Al equipo cuyas caracterfistices de respueste puedan zdaptarse
mes favorablemerie a posibles variaciones irdividusles en el
acelercgrata de un deterzinado Hcv:mle1‘o ffsn‘cu, Y a posi -
bles variantes er la corbirnecidn ris geslavorshle de-solibi-

. waciones dertrc de los maxizos sefizalzdos en’el zviiculo 1.1.

50le podran acepiarse disposiciones cue alteren el montzje del

ecuipo, con 'E'ﬂECtO a Iv especificedo en el erticuio 2. L, cuan-
do =e demuestre @ - -

a} que la sulucaon recozerdeda satisfece les condiciones del er-
ticule 5.1 y represente ventejas en el sentido nel articulo
Gy e . - v -

. = . I.

b) que se pueda realiza_ una pruebz eleciive nara l r condieio -
nes de respuesta mas desfavorables a _n.ﬁzientcs sizzicos de
las carecteristicas sefaladas en el czpitulo 1;

e .

c) Que exisie uns veniale econdmica czpsz de cozpenser los mayores

.costos qQue puedsn, rePrESEﬁtar el nuevo sistezz ge montaje;
k

d) cue el sistema de montele no interfiere con la disposicidn ge

neral del resto del eguipo en la subesiezion.

&.- VERTFICACIOIES Y PRIEBAS EXIGIRIES.

1\

PoM o mow

H6.1.-

Fl fabricante de cuzlquier ecripo de zliz iension desera PTORIT-
cionar, junto con la propuesie, la frecusncia de oscilacion de
cualg uicr elemento ¢ grupo de eletentios ruscepiivle de ser exci-
tado en vibracion por las oscilaciones de un tesblor.

L] .
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rﬁﬁ 2.~ Para aqueljos £1emEnTos O [IGUOE de' elementos cuya frecuencia

propia qued=z pcr dein jo de 15 Hz, debera proporcicnarse ademas
el foctor de amoriipus _¢9n e las u*c;l&c1oneu, oxprospedo on por
ciento de 1z LﬂDTulEd&"an cr;ulLa-

L'_"-_ - . - - b

. . : - ¥

6.3.- En el equips del tipe I, vale decir, interruptores, transformzéo

res de melida. o especigles en estangue a tierra ¥y ¢on aisladores

-de pALSO,. oguires. bl‘nuadus Ccol reTCAtl a tisrra ¥ simiiarez, la

es.ructura del.egeiys o Lus c“ja;tes deberan ser verificades de

acuerdo con lo u;uﬂﬁn“_u en e zyticulo 2.2 y el capiiule 3. To

© 1 'do elemenio o grupo de elementos-susceptible de ser excitedo en

vimra:inn debera cer saretido e 1as-verificiciones que correzpon

dan Sefun el cap? tulﬂ L, previa determinacicn de su frecuencia

*+ propif de oscilacion ¥ de su Fzetor de -ar ﬂrblshﬂc1ﬂn en conforml
"dad con 10s erticulos 7.1 & 7.3. - d -

- ] . - . N . - L - * .

6.4.- 81 =n un equips del tipo I pueden existir dudas respecto de la

]

.3

.. ‘cepacidad efectiva, del conjunto o de cualguiera de sus elemen -

' tog, para cunplir zin reparo lgs cordiciones del capinuln h di-
. ~.cho cauipo .decera ser sooetido a une prueba-de respucsts ‘mex
-. €n pesa vibratoriz, ccmo se indice en el capitulo 7. Si la dea
se restringe z 1a recistencia escructural de un elemento o grupd
da clementns dedos, le pruebz odra TESt“ln&lrﬁﬂ a unag de resis-
tencia minima a: 1a ruutura, segun el‘art1Culn 7.k

L]
1 d - d LIl
- TJ. N -

6. .- El equipo uel tino II, es dﬂﬂlr, interruptores de aire comprimi-

de o pequeido volimen de aceite, con sus ;hmaras de rupturs cobre
columnas, aizlzvtes, desconeciadores, iransformedores de omesida
de columna, parerrayos y ouros elementos de elia tensicn cimile-
res, en. columnzs flexibles zislantes, debera’ cumplir con ln_ ar-
ticulos 2.3 a5 2. 5 ¥ £l can{tulo 3 crzndo corresponda, ¥y cadz uno
+ de_gus elementos debera ser veriflicade de acuerdo con el capitu-
,le k. Para esto, deberan determinarse.la frecuencia p“ﬂp la y la
amurti'uaclan de ellos, de acuerdo con los artlculns & fa2

1 * -

6.6.- El ¢ uipn del t_vu I1 que-consista °n grupos de co‘umras can re-

lazidn funcionzl enire cilas. o gue contensa en Sus Columns

otros elﬂmenhus sunzeptibles por sus respuestas -de  ace-
leraciodn o de desplazaziento, ccmo Son los interruptores de po -
Aencia, descmneczann*eu. alpuncos wransformadores de medida, pa ~
TAIrayos ¥y ourcs, debers ser cometido a pruebas.tipo de accoie -
cicn en nmesa v1bra'ar1n..»cmc se indica en 7.5.¥ sigulentes. ES
tas prucbas se haran ademas ¢e las verificaciones 6.5, que nece-
sariamente deberan inciuir ia de todo elemento susceptiblie inte-
rior. Como quiera gue alguno de dichos elementps resulte critico
en el sentido de lat condiciones del capitulo U, deberé ser expre
semente tamado en cuenta durente la prueka, considerando, en ca-
80 necesario, las dispesicionss del articwleo 7.12.
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E.7.-
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Loz equipes o elementos del tivo II que consistan en simples colum
ngs ¥ Gue no profonten partes que resulten tan critvicas en sus n:-..1
wuestos como la rmisma cclumng, com? €5 €l cigso de diversos trans -
formadores de medide ¥ pararrayes, v-de los aisladores soportes ¥
fde paso, terminales pore cable y gimilsrasn en peneral, &n lupar de
la prucba especificade en 6.6, podran ser sometidos & una prueha.
do uinima resistenzia dindwica hﬂ“l”ﬁnual, Como Ce 1nq1ca cn ¥ T-u
pera la respuesia de aceleracisn que les corresponda segin ol ca-
ritulo %.

— .

La determinacidn de la respuesta, con determi
racica pre:in de lg frecuenciz propie ¥ del factor de amortiguz -
Lion, podrs ademas ser _eviteda en squellos elementos de disposi -
¢ion estrustural numDEEﬁﬂa, como aisladores soportes y de paso,
terzinzies para cable, ete., sierpre cuetﬂ.eleﬂento sea capat de
rezistir en esa pruebez, segun 7.b, una respuecsta de valor ifual o
superior a 4 g.

T!- COMDICINT S MITIDMAS PARA LAS PRUEBAS.

Tel.-

3.~

Pars l2 determinpacion de 1la frecuencia propis de los elementos,
segin se pide en los erticulos 6.3 y €.5, el eguipo, en condicio
nes reales de servicio, serz fijado, por los medios previstos al
efecto en su disefio, sobre unz base rigida. Sobre el centro de
gravedad de cadz uno de los elemenios cuya frecuencia se reguie-
re determinar se eplicara wn: traccidn, en la direccion de 1ia
maxime amplitud de les oscilaciones, de valor oo inferior a 1/3
del peso del elermento oscilente, y se registraran las oscilacio-
nes queel plemento efectie por zesundo, cuando ge interrumpe
brusearente 1a traccidn aplicads.

Para le2 determinacion del factor de amortiguscion, se aplicaré
el micmo procedimiento gque en el articule anterior, pero en este
caso, el registro de les oseilaziones debera realizarse por me -
2ios gue proporcionen sensibilidad y precision suficienies par
determinar el dccrcmento de las osc*lacinnes en func1on del tien
Po trenscurrido desde la interrupcidn de la traccian. El factor
de amnrtlguaclun eunivalenie se determinara de acuerda con el
graficn de 1la Mgura 2, & traves de 1z sucesion de maximas de las
ondas en la zona del registro en que el dceremento aparece con
c¢laridad y precisidn SUflﬂiEﬂuﬂﬁ.

Cuindn el equino contenga diversos elemenios zuscepiibles de vi-

.brauidn, las pruebas de los artfculos 7.1 y 7.2 se efectuardn

aplicando tracciovnes en los centros de graveded de las diverszs
mesas sujetas a oscilacidn, y registrando simultinecmente las o3
cilacicnes de los puntos correspordientes a las mayores ampl“1-
des, para tratar de detectar todos los modos de oscilacidn de 1a .
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disposicion., En estor cacos, es posible que el decremento de
las oscilacicnes de un elements e vea interferide ror batimiazn-
tos con las oscilzeicnes de otro  elecmento de frecuencia pareci-
da, en cuye cago deberd provederse como se indicn en la tig. 2.

v

7.k.- La prueba de TEulSuEnCI" dinnmica rinima.a la ruptura horizental

prevista en ¢l articule €.7, gera efectueda en forme similar a
la del articiuleo 7.1 pers aplicanﬂc una traccion igual a unes 4sé
veces la reSpuesta de acele*qc1ﬂv cus corresponde 2l elezento se
g el cepituleo L) La n**..:eba debers efectua-ce "hf‘ﬂ:';.1‘d'Em‘3=~uE B
ceda elemento definide seqin el &rtlﬂulo 4.2.1, y scrd necesario
registrar laz acelerzcicnes insiantaneas en el centro de ETave -
cad del elcmento, en fancion del tiempo transcurride defde que

se interrumpe bruscamente la traccidn. FEl valor cusdratice medio
de las dos prirmeras seniondms, deberd alcanzar pare czda elemen-
to, un valor iguzl o mayor que effZ {siendo "2" la respucsta do
acelerzeion). £l equipo sometido a lo prueba no deberz presen-
tar, despues de ésta, n;ugun dsfio, deformecidn o filiracion ¥ de
bera estar plenscente z2io pera resiscvir eualquiera de las prae-

bes. especlilcaqas de re*en*iﬂn-

. ’ : . - r
7.9.- Laogs pruebas en mesz Tinratuﬂia gue £e pregericen en el artinule

7-

6.6 debergn zer reslizadss en un lsborzteorio autorizado que cuen
te con ¢l equipe y la experiencia nececarios para la prueba.
0 i '
Las prucbas consistirdn en 1a gplicacion, en régizen
forzado, de oscilsciones sinvsocidales horizonteles, a la base del
ecquipe en cordiciones rezles de servicic para @

e} Verificar las freecencias de resonancia de sus distiptos aodeos
o elementos (articules 7.2 ¥ 7.10)

b) Reproducir en lp# distintos elemenipr las respuestas mivimas
que les corrospoaden seghn las esgzcificaciones.dél ezpitulo
speobar si ose oumpled las principalds corndicicnes
Tdes para ellas (az¥iculo 7- _l}
Ee reemplaza crticylo 7.5 b, Ver poginn 1. )

6.- La prugba debera efeciuarse sobre un conjunto complete del elui-

po en condicionges de servicio. Este conjunta deberd comprender
todes aguelles elemenics montados en colimnars sopre una barce ce-
min, le que doberé ser fijeda por los nedios previstos en se di-
sefio, y teniendo especial cuidedo de no alterar rus condiciones
naturales de rigidez, a unz mesz vibraioria de capaciaad =uficien
te para la mazse y dimeasiones del conjunto, =megun lex dispesio -
nes del srticulo 7.12,
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7.9--

In €l case de conjuntos con dilerentes planos Verticnlc“ de sime
tria, la pruecka deture efectuarse oplicando oscilaciocnes en la
direccion de cadn une de estos planos. 51 el conjunto puede al-
terer sus condiciones estructurales cuando te encuentra en dis-
tintas condiciones de servicio, como seria.el-caso de un polo de
desconecizdor es posiciones.’abierie” o "cerrade”, la prusba de-
bera elecluarse en cadz una de dichas condiciones de servicio.

r . . . . L
Durante le pruebs debercon regisirarse las voriaciones instanta -
neas en funcion del ticzpo dﬂ loz siguientes valares cuvando e -
nos
] |

&) “espuesta de aceleracion hu*j cntal en el centro de g?adead

.de.cada uno de lns elerentos mujetos 2 ve'ﬂif‘m&cmn,
b) tensicnhes elisticas caximas en no menos de dos puntos de le

pieza moriseliciteds por la rerpucsta de cade elemento;

c) desplazomiento relative entre.souellas piezes cuya respuesta
de desplazemiento pucda ser de impertancia parz el resultado
de la pruebe {contactos de un descnnEEta@cr pcr aj.);:

¢) desplazamientos de la bese del conjunio con reupectu a la me
sa vibratoria, en un nimero suticicnte de puntos como para
caracterizar los modes de oscilaeidn propios de dicha base;

e} acelerscion o desplazaniento de la mesa vibratoria..
- b '
k1 regiutru de las respuestas de’ acelaracion indica
do ¢n &} debera irndicer valores medios cuadraticos. Las ltt:tt.-
ras de los detectores de tensiones del punto ©) deberan ser caliwra

. das eplicando en cada elesento una fuerza lhorizontal variable

entre O y 50 4 de su peso oscilanie, para registirar las leciu -
ras correapundientes. ) .

Pzra una emplitud conzstante de escilacidén de la mesa, tal que 1
respuesta de ningune de los elemcntos sobrepase un B0 G de 1la
maxima respuests sismica cue le corresponde segin el capﬁtu*u b,
se efectupri una pruedba de frecuencia“ variable, hacicndo variar
la frecuencia por escalones, y menteniendole constante en ceda
cscalnn dursnte un tiempo suficiente pare 'cue e esiablezca la

mexima respuesta de los elenentos a esa frecuencia de excitacion.

La prueba se repetiri para distintas aiplitudes de la mesa, has-
ta lograr regisiros de respuestas maximes en los distintos ele -
mentos del equipo con lecturas .no infericres a 10 veces la minina
sensibilidad de la wedida, para frecuencias de excitacion éntre
0,5 vy 20 He.
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r. ¥.10.- Loo resuliades ée la fprosia. 7.9 ze: A TLpUE“EHIEuDS £ CUPVAS

ol de reipucsia pelouda. elorinne e Tuccien de la trecuencia  de
. ‘ex:itu“i r;. para firerentes anglitutes conilantes de excita-
civn. In estes -clrvas aparcceran mavises corrervoniientes o

. . Girerentes rosonancics secundarias, gue Sodoarrsor iduatifics
* dos por interpretacion de Lo FeplSLroT =n . 8. Ea el ceso
v de efecter oo lincgles ¢ asmiplasticos ¢ amortl r;ac*uq, 1=

Frecuencie de resonanzia de cela clomconio ver iera npresisble-

TENLE £n funeion de iz aruiitud de excitacidna; n-.,;.c! Jus d=x-
. vera ser estimada por Ex:rdunl,_lgn ge dickn wzriscici.
. A

7.11.- & ceds una de las frecuencias correspondlentes o una resins

en ies cvrvas indicadasz'en 7.10, se efectuaTa--wil Drueny  Ae
exeitacion a Trecuencin constante, £on una emplizwd el gue lz
resphkEste media CUddtat¢ 2 del elemento. o modo correspondients

. sem igual & la-mexime que. o sarrcspende Segon el eapfTulo k.

* 1 La atplitud de excitac +ian hegesariz en.la mes2, 82 dotelnminors
aproxlhogzdisments fde la rz: 101 res ue....,._-e}:c:LLa.r: cn obtenids Tara

. esa frecuencia Iurante 1a ﬁr;&ua T Ce .o .
. - . ! ‘ I -
7.12.- En caso de qu2 i excitacion de un elemento a  “la respusst
gque le correrrende segin capfiule L, no sea nesible por el g
. * ecedimientu.erieblecido en el articulc 7.1, devido,z gue se
sobrepase le respoesta- correspordisnte a.un‘elerenic de EuCyT
del elemenio en cuestion, o.cuande elelemento no‘ses ace es itle
para medir gu respuesta, debera realizarce una srieba SE;;-aha
otre dicho- EleEﬂuﬂ, monado sobre unx base-risida, Tijancelo
por medios idénticos & aluvellos noar 1os nue va moniadoe en =1
requipe en CQHﬂlLanES rezlies..

™
—

. r

T 13 - Las ;“chﬂs que s& cspecitican en el er*:ﬁuln T-5 uennraf SeT
reagl.sedes en una instalacion deflas ulgulcn:es Lﬂ_ﬂCuETEE“-
3 "
. . ©as kintras @ ., . o
a) La mesa vibratoria debera cer de dimensiones y masa suficisxn
-1 Les pera quﬂ 5¢ pucda lug*a_ una o5 ilac 6n preﬂc:*n;:*s:e:

nes de prueba. Sc 1uuerp“E‘Lar4 c1.."::11-:1; esta copdisicn TUAT
do ie awplizud de la simu fe las armonizas en la onza =3 £es
- plazamiento de la mesz no scbrepass un 15% do  la aspliis
. - dE "a f""‘a‘:ert&l o - .

- . - 1 N - o - -

- -
. E) La frecunntia de .la mesa debews zer ajusish le prive .5 vy
20 Hz con uina precisidm mejor sue el 1§ del wvslor de ig fre
. cuencig ajurtada, con el grieto «2 lograr  esizeijide? de
. excitacion.en los puntoz de resonancia. i

l

(1.1
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2 \ 7. 11-.- Los equinos del tivo II, ~uys d:...pusminn es ru-‘:turi:-.ll"m quada

dentro de las disposiciones del arsicule 2.3, deberan’ter sore

tidos a una invEstlﬂith‘m det2llada de sus modcs [‘.Evﬂﬂ-ﬂll&t‘lﬂ--

T anliceids on 1- 7 _posible - metrdes similares a lox= de -los arnicu-’
S \Jrﬁ w1 e 7.3, RBn se puede asoimirar gue las re*puestaé}maxi

\ - car,ie sus elementos: Sean posibles de ohiener durante urma prue

ba cono la del articzlo 7. 12, por le que sore necesario’ ve“lrli

3 . -earls, {-n"tndu cato, de la corhinucion por c:JcL‘a de las res-| °

puestﬂ‘* de sus diat intas modos de oscilacion, como se indico®
‘\.er. el‘a:rt:lr; o k6. ~ - .
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. las c:-r*dieir.--xns réales, los.casp; dé dudas solo pmran Sar rg

. . sueltos wﬁ:hante la aiscusion teorica de,un modelot mas d

]
llado de la Estructm-a de....e:"::po,\gn forma =i ala,r 8 1= in 3 _'!

cafy. lus n.rt.:.rulus ] }, 7.14.
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. Yo ‘b)) Rep“nducir en los dlsuntnﬂ el{.'nentus las respuestas 'na.?l-
. LS

mas que le cnrresnn':dan segun las espemdcacmnes del ca- !
N pltulcr L (VCRSE 7.I1)5 Las tensiones elas tlcas.,\":af_mas 'au
! “\ « Tante esta prieva, ccrmblnadas con laseQue,se - ca‘tuler pa*‘a I

i \ ™.los Lsf‘uerzos de servicic Eu:ret‘lfltﬂ.ﬂﬂﬁ, debt‘"an qi...eda" A
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dentro de los 11m1tes del articulo L. -El equlpn no dené

\.ra prosenter, despues de. la\pruena,\nlngu'l ns..no demla;.a-.
miento n:l.":a,lteracmn de sub elementns, W deuera. enccntrar- g

1 se nlena:nente-aptn para. pasar, cualqu:.ermde las’ot ra..; pI‘LEl __i.
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1, Introductian '
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Japan 1s well known Jor the most frequent pocurrence of eerthquakes
1n the _H'l:lﬂd: . . o ' '
1t fs absolutely necmssery For the elsctric ytillty companies to
make comnlets provisions for the safaty and afficlent restorstion of
electric facitities &fter an sarthquake becauvse the uti)!ty has a '
respons ity for the continuous, supply of electricity to the community.

We with.tn explain here the many examples of selsmic damage to
electric wtilitles which have occurred in Japan in the pest and the
measures which the electric utilities. have adopted te counteract sefamic

effects, . '

§
[

*

-

2. The Earthguake Hazard .

- Maghitude'8 earthquakes have occurred sbout once every 10 yenrs:
and M.7 or lest nccur slmost yearly, Followfng is & briel description
of the damage caused by major tetamt 'n mmdern tims,

1. The Kanto Earthquake, W7.9 (1921} extensively dammged electrical
Facilities in the vizinity of Tokyo and Yokahama. Serviee restoration
togk several manths. In later earthquakes the electrical system
was more resistant, damage wit considersbly less sever® and service
cutages Yasted only 1 day or bwo,.

b. The fukul farthquake, M7.3 (1948} led to adoptlen of an esrthquake
strength provision in the Javaness Bullding Law. . s

€. The Miigzte Earthouake, M7.5 {1954} was the First cccazion on
which the Infrastructure of a mudern Japanese city was
subjected ta & damaging seism, Miny bufidings and industriai
stryctures were damaged by toil fullurey. The wtllities [water,
gus and electricity) were al) sSmylitaneousiy disrupted, 30 the
city's functions wers virtually paralyzed. . Y

d. The Hatsishiro earthqueke twirms (1965 to 1968) wers only waderstely
damegling, but provided vatuable ppportunities for observation of
sefsmle response of full-scale structures and to develop sel'smic

Cprediction technigques. .

#. The Tokachi-pffshore Earthquake, M7.5 (1968} disrupted various
telecomunlcation Tacilitise, |n 1ts aftermath, the Selsmilogical
frediction Llajson Councll was establfshed.

f. The Miyagiken-ok{ Earthquake HY_ 4 [1978) caused much damage to the
ubillky systems of Sendad City. .

Tn 2i) of these sarthquakes, we have never seen any mafor damage
to generating wouipment, due to teismic shaking, &!ther in therm| or
nuclear power plants. 1n each of the Miigata, Tokecht, 2nd Miyagf
parthquakes, spparently due to ground liguefactlon or subsidence, there
was typically one instance of minor dewage to m thermul powsr plant,
affecting the fuel-feed system or the buried distribution plping.

+ Table 1 shows the nomber of cases of sefsmic damage in overhead
transimlssion and distributfon facilities §n the various earthquakes.
There wia no damage due to ground shaking, but we percelved secondary

damage due to ground settlement or groomd cracking and VigueFaction,

Thers wid no damage to structores on firm growmd. Some damape
occurred o pole-transformers due to support fallure but thers were
yery _fnr ceses In which the transFormers actuadly dropped off the pales.

We did not percelve mny damsge to underground facilities & to
ground shakfng. Secondary damand, owing to spil liquefaction, was * -
tlight 1n tunneis and direct burfab 1%res, but comparatively great in
duct Tines. [See Table 2).

Table 3 shows many examples of domege to substation tranmsforrers;
Circult breakers, and Vightning arresters, disconnecting switches and;
potential transformers. ] .

(19
Loy
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). Experiences and Lessons Cerlved From me'_l'll_\éagthn-uu Earthguake

O 12 Jume, 1978, the Miyagiken-ok§ earthquake, M7 A, thogk the
Tohokd district. Damsge was especially grest, with 27 persons dead,
mre than 10,000 perspns injured, and at Teast 172,000 howses colbapisd.
Pub¥ic utftitles were severely dammged, T

Electric gererating capachity of 1130 Md went qut af service and
sbout 600,000 houses (201 of a1t the custorers in the district} suffered
power Taillure, )

Bath the Sendal end Miyagl 275 E¥ substations, as w1t as 7 units
of one 154 K¥ station, and § wnitt of one G6'KY station, were heaw!ly
dimaged, mestly in hishings, dMscomecting switches, arresters. and
circelt breskers: {Ses Figurs 1], -

-four thertml electric generating wnits tripped put of service. There
were no outapes resuiting from damageto n boilar, turbire or generntor.
We did find somm damage to suxiliary machires npd, in one case, In the

piping systen,

There was no damage which caused ma'function of trznzmissfon lines,
On the ather hand, in the distribution 1ines there was breaking and
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tilting of supports. "Alse, we 'found damage by Eliting of transformers
situated fn poor 011 areas.

Host of ihe damage to power equipwent comprised breakage of large
porcetaln tubes at high voltage substations,

3.1 Damage to Substations

« In the aftermath of the earthguake, soll condlilons were
fnvestigated &t the 215 KY Sendal Suhstation, which had experienced
the emst extrere dapage awong all of the substatlions in the srea.
Reasons for the unusudlly severe damage are descrihed below.

It 15 cléar that there wers significant difi!rem:ﬂ af grouwnd
seceleratipn and predominant vibrit?ﬂ frequency on di Flerent
CLypes r:lr wll. )

Ground éccelersticon was !ncreaslngly amplified in eoving From
cut ground to native gqround to filied growmd, as shown in Teble 4.
(However, damage to transformers and porcelain type equipmnt was
almst the same for thase 'Insulled on Filked ground and on natklve
grownd. ) . .

At the $ite of damaged 275 KY equipment, we conducted vihratlion

“tesls and & response snalysis. -Almost 8)l of the devices Tacked -

strength under dynamlc design conditions (resanant Frequency,
—_ slrusoldal J-wave with 0.35}. At a consequence, thres principal
— . Causes of damage IPPI!Ijrtd. as shown in Table 5.

Judglng from ghserved damage of equipment 11ke condenters and
arresters, bt sppeary that these devices intersct with each other
by way of the conductors which connect them. .

Seisate strength of current transformers 65 considersble,
Their vulnerability 11es In thelr susceptibility to porcelaln tube
“Mange-crachs .,  Alsa,” equipment adjacent (o these 13 apt to break
due to {atersction with theie very rigld devices,

lTable & Vists byshing damage of the 275 KV transformers at
Sendal Substetion. The damage ?:.Itilted with breskige st the Tower
inside parts of the porceliin tl.bes Sex Flgure.d. .
In 6rder to u-rlfy T.h!s. we have done field wibratlon tesis
and also a response anatysts of the conbined system of foundstion and
ground. The results are shown In Figs. 4 and 5. From the results
of these 1ests, we could confirm that when the naturad frequency
©of the transfomer bushing, natural freguency of the foundatlon-and-
grownd system, and predominant Frequency of grownd motion are
all approxtmately equal, the bushing respanse becomes seversl tlmes
larger than the ground acceleration.

This is because the.use of ribber pads for noise suppressian
results tn strong rocking af transforwer and this: Induces resonant
ampli ficatlon of the selsedc 1nput to the bushings.

3 ¢ ‘Dowage to Trlnniniun lnd mstrlhut!un Ficilitin

A: regards h*lrrn'lulon fl:ilitiei. there occurved & ground
crack around the bete of a stee) tower, and partis] will breakage.
AMso, thers wers a few mlpor damages such a5 tilting of poles
end loosening of guy wires in poor ground.

_The underground duct-lines, due to lessons derlved fros the
Migata sarthquke, were in 1tes] plpes: atso, locatian of the 1ines
wat carefully s4lected. Therefore, thers wis no damage to duct-
Iint:‘dut to soll movements \

. The mo3t notabile feature in the distribution Facll{ities was
extenslve breshage or tiltipg of poles and swoperts in Sendal City
snd ttx environs, espaclally on poor ground, The lessons derived

- from the Kligets and Tokacht selsms had beer adopted to prevent
teismlc dammge; 10, 1n thit sarthquske there was no falling down
of transforemry, and plsa o damage to nmtatiun bus-bars,,

' . Dumga to the tupports and wlres caused.by ground shaking was,
fn reality, wery.xlight in distributlon systems. By far the grutur,
part of t e demage occurred for secondary reasons, such a5 ground
:Mftinq and Hquefactian.
" - R
In the t!ltcmiutinn system. thers cfcurred breskage of wave
gquides at micro-wave ttations, but this &éd not interfere with thtlr
operation,
.\ ] - " - !
PR - RN | - . N .
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. ‘ Countermessures for Earthquakes by the Electric Utiiities

Based on. review of the darwge caused by the Hlylgtk:n-nt'i‘nrthqulke.

aseismic dexign concepts far power equipsent have been developed.

. 4.} Substatlon Facllitles . . .

1 [ ] - - .

In case af schstatton facllfties, especially large equipment

such as "transformers snd circult breakers formerly were designed
with selsmic coefficient of 0.5.

* Homeyer, the damage esparienced in recent seisms  has demonstrated
that, 1f the predominant frequency of the grownd and & natural
frequency of the device match each cther, @ resonance | MENEN
eecurs and this results in o larger stress than thet & 12 0.59
static equivalent lond,
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Therefore, & dymamic deyign standard input {resonance,
sinuspidal Y-wave with 0,36 mavimm] h2s bapn adopted for the lLarge,
grl:]tlce;; squipment, sspecially at 500 KV substations. ([Ses
able 7]. -

The tubstation faci i tles consist of the foundatign [including
the ground), the supparts and the devices. Strenglh |s declded
by dypamic deslgn rather than From a statlc equivalant,

Taking into consfderatlon future telsms and also occurrence
of large earthquakes over the last 50 years in Japin, peak ground
acceleratipn of 0. 3g has been adopled as' a standard selsmic loading.

As shown n Flg. &, natura! frequoncies o} the 715 k¥ and
500 k¥ rlass equipment ewltt over & wide frequency range, in general.
Therefore, the passibility 15 high to develop resonance under
selsmic Ipading. .

Ay a conservatlve dynamle leading, 1t is pecessary to consider
sinusoldal wave Inpput which has a naturat-frecusncy cqual to that
of the squipment, '

. Flg. 7 shows that when the equipment, fdeati{red as & gme-
Hnensional Timped-mass $ystem, has resonance agalnst a grownd
mgtion Input, vesponse ampltfication will ocewr. This amplificatlon..
of acceleration Is compared with those of resonant sinusolidal 2-wave
A J-wave impuls. !

Here, the amplification & to resonant sinvsaidal ZF-wave
input covers alemst the full range of acceleratien response -
magnification dwe to an actual seismic wave, and no raribquake .
respomse excesds that indeced by the rescnant sinuscldal l-wave.
Accardimgly, we have adepled the resonant simoo!dal -wive a5 the
input wavefarm for decloning substation facilities. Tebles @, ¥
and 10 show stelsmic design eriteria for substatior facliities.
Imraverent of dynamle performance of “trans former bushings may
be arhleved by el'minating rubber pads hetween transformer and
fomdation inasmuch A% sound f4olat!inn devicet can case adverse
reacblon to seismic ippuls. Flgures & and § indlcate how ground
dcceleratlons at Sends! Substation wove amplifled from foundation
to tenk Lo bikhingy, '

Usvally, special investigation of soil condltiors 45 perfarmed
only iF fI11 1= ta be placed. 1(-the exixting ground %5 known tp
be weak, {mprovescalt Cin be made, ¢ g, denslfication or consol!dation,
plle placing: or bearing pressure can be reduced by wsing larger
fotmdatipns, :

See Figures 9 and 10 for suggestions for improvementz of
selsmic streapgth of porcelain typa equipment. .

4.2 Hocle2r Fower Facilities

1 We have never yot experienced damage Lo a nuclear power plant
. gy to an earthquake. However, to guarantee that no release of

radioact!vity could result from & selsm, we practice stricler
seismlc+proof measures For nuclear equipment than for other power
equlpment.

‘At nuclear power fscitlties, the building, structure, equipment
and piping systews are all ¢lassifled, by seismic categories
related tp the safety of the facilitées, and their selsmic designs

are ronducted 1n mccordance with their clessification.

Twn kinds of sefsmle motiont {on the basis of the tirongest
selsm and the margiral selsm) are stipulated based on the selsmle
history. active faults, snd selsmic geplogical structure at the
g!ntratin? power sitet: and sefsmic deslgn incorporates dynamic
analytical methods, '

Bullding foundations are wiually installed dirsctly on bed-
rock. The plping syslems are designed to prevent resonance wlth
the bullding, by boing made 2y st117 as possible.

it arder to chtain maximum safety, & seismic detecting device

15 Installed to inltiate shut-down of the reacter 'n case of an

parthiresnr grester than anticipsted,

When 3 reactor seddenly is "tcrammed” during its operstion
owing to earthquske shocks, thornugh inspection of the ruclesr
power Tacility mrst be carried out imedintely to determine |f the

plant has been darmged. rms
e o
4.3 Hydro-power Dam Insiallation -
Aseismic design 15 required, besed on & pseudodyramic process, cnt
Howewer, for especially important structures, dynemlc response
analysts 1s included 1n the deslgn process. Also, for principal [

hydeau)lc dams, continuput selsmic monitoring {nstrumentation has
been tet up. Thareby, the actual dynamic properties of the major
dams have bean determined. .

4.4 Thermal Fower Generpting Facilitles

For thermal power facllities Table 13 shows selswmlc design
griteria for esch eguipment. -

1.5 'I'ransnissiun'Flc'llil_:ips

in the design of overhead frensmission lires, Lhe stress dus
b wind Toads (s always greater than selsmic.

In the case of transmistion route selection, we avold bad - -
qrowund as much as poassible,



Although undergromd transmission cables are not direckly 1.9 Peteirch Needs
affected by the ground shaking $tielf, the follow'ng design

precaukions are ReCEsSsary: "u. 1t 1% desirable for wt to condurt a seismic Study, with an

evaluation of center-clamp-type bushing fallure mechani sms,

{n} MWhen the routes are selected, Tiquefiable sand subgrades by examining transformer behavior in actual sofsms.

ar filled ground are studlously avolded,

: b. We wish to evaluate the effect of groumd Irprovement, by
() %e use Flecible Jolnts in burled 1ines, sp that the ground eonducting tests on varfous improving metheds. $uch as vsing
stralns do not transfer to the buried condufts. r soil-cement .
[c) Potheads and oil supply devices are detigned for shaking. c. At the Myclezr [ndustrial Center, o Sarge SeiSmic shaking
1pads.

table |s under comstruction. This apparatus haz & 15m x 5@
. . ; : ¥lbrat!ng platform weighing 1,000 tons. St 15 a4 Blaclal
4.6 Distribution Facllities : : machine, which will be atle to develop méximum inertla force
of X0 tons. -We plan to conduct full-scale selsmic reliability

Qistr Ibutlon fecllities have usually e:h1h1tEd substantial tests on large nucTHr power components to debtermine selsmic

reslstance to enrthiremars. By selecting the routes and duplexing . T odesign marging. .
the circuits, sufficlent seismic protection 13 obtalned, as lang .. .
as we pvold poor grownd. :
5.7 Telecommmication Equiptent &nd Computers
Seismic design for telecowmmmication equipment #nd Strengthened 5. Cenclusion ) '

techniques of Installation of flexible micrg-wave guides hawe dl -

been cartied out. The !mporbink Ffacilitfes are provided with #e have detcribed in this paper the seiimic resfstince measures
~ permancnt emergency powsr sources. Therefore, by the vse of duplex adopted by the Japanese ele:tr!t ut!lity induﬁtr‘.r -
W clreuits, the telecommunication functions will be maintained.

v

(omputer systems haye keen proylded with sufflcient protect!ve

Elr'lr restoration of puﬂ!r facﬂltle: at the time of selsmic
disaster will contribute qrestly to the cecovery of both clyic fyupction

doylces to insure that operatiens will pot be Interrupted by selsms. * and indus trial-gconomlc activity and will be re2ssuring to the public.
4.8 .Service Restorstion Policies : - We of the electric utility industry recognize thal we mnt take
all reatonable counbermeasures to protect against effects of earthquakes
A1l electric pewer cowpinies In Japan have silablished their in Japan.

own emmrgency damage recovery 5ystems. _ .

At a time of unexpected Bccidents power 1s sent to another . \
company 1F a powar $upply shortage occurs. This {5 done under & ™ ,
mutera) ald agreement, [F necessary, personnel and meterfals wii) ! -
alsu he dispatched to assist In emargency recovery. ’ ' - .

Firﬂ pricrity for restoration of power s .tsigned t¢ thote

factlities vital for prevention of further dawmage and for speedy : U:T
recovery of cosommbty functlons. This includes hospitals and subway . = )
shopplng streets, which are imporiant places for shediering and !

conserving Tives. Al4o, recovery facilities such oy damge-relief .ot '

headquarters, gaveramental agencles and gas, water, and trafl’h:
systems are gssigned high pricority,

Alsg, high priority ts asiigned ko news pedld 45 they are - '
essential to allay anglety In the community,
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Srexmd surfaca accelaration en variouy

Tabla 4.
typas of 2all
) Maatmm ground Dominant
Scil Lkype acceleration [gal}, fraquency (H2),
cklculated® cateylagnd®
Fil1 ) e 550 1.9 to A
Undis turbed 270 to 3B ' 2.5 mB
Cut 210 to 230 4 to 10

*Based an multiple reflection theory, sstuming 200 gal In

flrm qround., -

L Table 5. Oamage to porcelsln type equipment (275 K¥)

Table 6. Damage to transformer bushings
Cepacity Extent aof damage
IT5/1% oy Mo. 1 Tesnsformar 273 XV, Ko. 2 bushing
13¢ wrn A, B phasss) Sreaksge af upper porcealals tubw,
C phasa) Sraskage of uppar porcalain tobe
Wo. 2 Tranafermar I73 FY, Mo, 7 bushlng (undar

1, C phasay,

B phasar

lnetallation; oll leskege
Ukwaknge of upper porcelain tubse
tip-out) oll leakage
Ilrllk-lg'l ef uppar porcelalpn tube
crackay oil' lankaga

Wo. } TEwnaformmr 273 XV, Wo. 1 Buahing
1 phase {all’ tha same! upper porcelaln tuba tilking,
il lmaksgs, (Mo prawsurs cut-aff in O ringl

Table 7. Seltmic deslgn condition, ctassified by the voltage
and the type. of device
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Table B.

L]

General seismic design criteris for substation feciiities

jlems

Porcelain-type devicet

Trant former buthing

Seltmic design force,

which 13 the basic
Input into qround

Indiclal wppiication af
relonance sine 2-wave
with 0,30 mexinum

Same a5 at left

surface: A

A1l flcation 1.2 2.0 {1nclurtye of anpll-
factor, dee to Lhe fication of transforser
foundatlan: B . proper) *

Incertainty factor,
tased on vertlcal
acceleration, effact
of comecting
ronductors, etc.: C

(orrection factor
{BxC): D

1.2x11 =13 ¢ -

b 4

EIJ:'I"I-?E
-k

Seismic design
force catculations.

AaD v« resonance sime
Z-wive with o 0.39G; but,
in terms of traditional
vsage:  Y-wave sccelera-
tlon

E ] I -
0.395 x T3 0.35 .
[See Mobe)

AxDe resonance sine

2-wive with & 0.666; bur,
in term of traditional
ussge: J-wave Accelers-
tion

* 0.666 X oy = 0.56
{Sem ;Iult]

Selsmic Tarce Lo
be used in design

Resonance :1ne- I-wive
with 0.3 meximum appl fed

Resonance sine J-wave
with .55 maximm,

pf devices . #t the Jowest parts of apptted st -the towest
. .| the device part of buthing pocket
wote: This is & conversion of tie desired [rewer} Z-wave fnput to the

equivalent "traditional™ J-wave ingut.

for Y-wive (nput, a3y shown fn Fig. 7

Aaplification 15 greater

-

Tablae 9,

Sefemic detign of porcelein devices

Frequency —

frequency: 2t to those which are under crizbove
thit band: {n cese of less than 0.5 Hi, assure
0.5 Hz 1s 1ts natural frequency; 'n case of 10 Hz

or fore, assume 10 Mz 15 1ts natural frequency.

1. Ground The equipment thautd be built on ground which has
mote than 150 wmfs speed of S-wave, or Standard
Penetration Test value, H-5.
2. . Design QJuass|-resonsnce method. E
* approach - . ! -
1, Selsmlc Resongnt sine 3-wave with 0.2G m:im (Indlcian
defsgn spplication) v *
1nput T . -
4. Dymmle The Towest parts of the device.*
load point
5. Judgement The stress which 13 generaled in the porcelain
«  criteria tube |5 ot te gyerrun the dvestrur.tlve stress
- \ralue \ . LI |
. ‘Range of “As for the davice whose ratyral- +Frequency 15 in
the range of .5 -= 0 Hz, use the natural




fap e 2.

Seismic design eriterly for rrantiormer basking

Primary check

Secondary check®

b, hAround The stkndard 15 to put 1t
oh ground of sore than = . e .
150 ofx tpred of S-wave L "
for > 5% Ampliflcstion T
of ground motion by com- R e L |
' bination of ol . Yoo v
foundation-and-trans- , -t : '
former should be Tess tl At >
than 2. Al -
F - . [}
€. Detign Quasi-resonance Flange system: {enter
Approach o L themn
v system”
o b Quasl-resonance: Actual
t T selemic™|
T prgcets o)
e — : -
1. Selwmlt [ndicial application of .. | Chiefly, indlcial applice-
st aresonant sine! l-wave " tion of resonent'sime.2-
input v with 0.56 maximom it wave with 0:3C wiximum. #
[From lable 8) Use several kinds of seis-
wmic wayes of varinys )
predominant frequencies so
. - . that they pay be well - ¢
- distributed.
4. gyrumlc v | The Jowest parts of Ground-surface [response
“t load bushing pocket at the lowest part of
peint . bushing pocket 13 obtained
—_l s - Trom calculation and

eaperiment] .

ef

‘.ﬁhu.Erltttlf'

Judgenrh'r.

-Flange syttem,

The same 2% porcelalin
devlcei. The mouth
should not open. Frven
1 IE 4% adjodged *ng
good”, It 15 acceplable
if passed with & second.-
ary check,

#. The stress which Is

1. [t §s necessary to °
malntaln operabillty.

gererated in"the - -
percelain 15 mat to |
averrun the desiri-
tive stress value,

Wy

6.

Frequency
(FET

1f natural-frequency s
in the 0.53-10 Hz range
in buthing pockat,use
the aatural-frequency
Ttzelf. [n those beyond
this range: 0.5 Kz or
less, assume 0.5 Nz:

19 Mt or more, ssswme

10 H7 as natural-

frequency.

Sawe a1 at Teft. ToLE

- .

Table 11. Selwmtc deslgn criterin for thermat power facilities
: Lelmic k
Equtpment | confficient Remarks
Makn 0.6 Based on Code* -
bu1lding
Boiler Q.26 Bated on Code. Horitontal selsmic load 1s
transferred to bullding wia buckstays.
Boller 0.2 Based on Code and Steel Strugture Criterla of
structure Academy of Architecture. For selsmfc design,
- assuwe bolier, tanks, heat eachangers and
plping are full of water.
Pipings™ 1.26 Pipe supports are designed for selsmic lood,
s I 1 ¥bration of piping 1s prevented by using
' 1 ‘tmbbers. Principsl piplng gets dynanie analysis,
Turbine (0.2 to CSelsalc loads d¢ not govern:the design. - Actual ;

* . | gencratar |

selsmic resistance t_ﬂpa;it}"!i abaut 0.5G.

Main - +{0.2 to’ Selsmic loads do nat govern the design. Based, i
surilary 0.36}) ot eaperience, there 1s a selsmic resistance
mechines | . capscity of mere than 0.2G. Stat'c strength of i
' ", v '| .the.casings are checked for lateral forces.
Phase 0.3 ' | Wind toad (40 w/s) may-govern.
bg -bars .
Protect iy D.726 This design 1% based on JEC V74. For components
ralays Co- ¢f low selsmic resistivity, shake tesis are
A - conducted. !
Fual il .]! .0.3G, Rased on Fire Defense Law. Flexible loints are
tanks : used. * 5loshing requirements determine free-
. I - ! beard height. e
LNG tank 9.)6 Based on Electric Industria) Liw, and Sefsmic
L Intensity Cede. [n some cases, a dynamic
analysis 1s conducted, .
*Code = "Bullding Standard Law" ' . . .

+

f T (o, .iun; mh} i

(&)
=

- *lo be applied 1f W bushing falls to satfsfy the *primary™ check,

ar [b)
and-to!

round mot

en aepl§fication by combined Lrans former-foundallon-
15 greater than 2.
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" COREUNTCATIONS LIFRLINES IN EARTHRUAKES

By J. ¥. Foas,l u. asce . -

Zo: State-ef-the-ari ifnloroation i presented on
tion of zommunleationa lifellines agalnst earzhiyuike

- 3elsale elfects, design objectives, and sirengihen-
tezhniques are distcussed far cable and radle sysiems

For equipment in buildings. :

b

[or e O3 |a-

LY
[LNTRIDUCSTION . ¥
Carrwunleatlons lifeltines, always necessary, becoxe immenzely
¥lial in the perled following an earthguake. Radls, tele-
vislion, teleplane, talegraph, and ebher sommunleation: media
mUSL cLose¢ The Information paps i normal 11fe that are
cauzed by warthyuaxe dinage.  Obvioualy, communleatZons ape
navled o summen emergency ald, to ¢oardinate pasaltie res-
wie &Rt medical efrapts, to collect darmage data o ucili-
tles and other.faclllsies, Lo ald Speady and 2ale ~econ-
sirictlor efYoris, and to Keep people lnTorned.  And, when
there 13 danger af altershock dgmage-=arr exanple, a
weanerned dan about ta fall--communleatlens ¢an savs
thousands of lives by providiag anple warilog “ime or
evanuatlon ta take place. '

511h3u5h theres arde miny ¢ormuinlcoatlons avenuod, ke straln
durling ary reconatrucllon period will, hecessarily Fall on
those facilities which.are still usable. This 13 whove
crerloads or malfunctions camn ecceur i0 Syutem checks cr
controls are not Ingorperated into desifrns and cotingering
plans.  For exanple, the telephane switthing machines i1 Loe
Les Argeles arel were able.To ¢perute shecesslully alter the
1977 5an Ternanio, earthquake bhecjuse wle bulk of nesLetgergen-
cy Incoming calls were seleg¢tively blocked. Thisprevenied:
gverlecadirg .the netwerk and alléwed the more impartant
outgolng and lozal ealls to be procecaed,

+ 1
Ferhans the single most imperians deterrent Lo complete
breakiown of conmunicationa 1s tne redundancy ia Lhe many
5ysterms avallable. These ayatems are spread in a web-1lgxe
mairly over regions significantly larger than degtroyed

* J._H.Hfggn. Chzn, Power & Cnmmunicatinns.Conmit:ce.
ASIE-TLIE; Buperviser, Billding and Equipment Englnecring
Qepartment, Bell Telephone Laborstories, Whippany, M. J.
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,mazs. PAth reroutlng will divert malor goemnunicatlons
soculd the destroyed area while communleations wizihilrn that
-rpd will be partially restored with availabls mobile or
sransportable facilizies prigr o repals or replacensent ol
the inltial system. However, Lthe enoreoca need for post-
eErthquake communicatlicns demands rhat seascre3 be taken
pefore 2n earthguike ocrurs Lo 3=sure survival of as much ol
the total lifeline plant ax (& economically leaslbls,

TETWIRE STAUCTURE

The lifellpe prefarred to conslsts of conminicaslons retworks
oade up af a serles of nodes or end polnts lnterconnectied by
distribatlion systems as shown In Figure 1. Connunleeilons
main centers or nodes st ofken conslat of Sulldlings, or
strucktures hauasling egulpment. The dlscribusles syssen ls
cenerally canfigured ¢fF rale linex ar buried catle af well
gs radlo llnks Lnat L[anterconnect each node polint. o most
inatances, the nigh 2iveralty 1n Lhese syateas allaows Ior
loss or Faillure of céstalin elements withoulh zomplese loza af
communicatlon 1n Lhe speciTlc areas where Tallores oceur.
The effects of syster redundancy vary [rom ane reglon o
ancther. This makes 1t Joplfal Lo consider selsamle regulre-
magnkts on a local ecasis rasher than cod!fyins criterla Inde-
pendent @f reglonal consideratlons. Uslng thls approach is
a senuible way to asaurs aptimum and balanzed agismie re-
slatance of Lifelines. o

Workineg Wwith the snowledge of llkely sarthquire =alebnters
and melien-distance effeots for 4 partigular reglon, one

can perforn a network analysls to CMnd the cealrable Lalanaoe
deslpn level of selznie. resistances., The distrisdticon paths
In Lhe pelwork feorm very conplex ¢lreults.  Fron the stands
palnt of supvivabhllity situdies, these oy Se aimcles- to
analvce by uslng cdecorposition technijued 16 raduce toem to
a numbor of series op parallel systerss rathar than by ctudy-
Ing the clreults themselves.  An analyst resdives not enly
the network ard Salsnle data byt also Inferzaiion on the
Fragility level of eaenh retwork element. Senerilly, ]
enuipront 1o strugiures at the nodes wWill e signillcantly
rore vilnerable o ground escitatlons than the cable ar
radlao dlstribetien plans, And, because parthecare-=-indugad
matlan will spread over large areas, rmuch enn-AdAl:s Sulst be
placed wvpon lmproving the fragllity levela of equipment.
This willl be discussed Iin subsequent sectilons.

SETSMIC EFPECTS (N GCNUUNTEATICNS LIFELLUES

Eapithguake offects on communications will vary ir magnitude
and freguensy ol acrurrencsd THroLghoul the 2ooniry &5 dic-
tated by the ceonpples astlen of gloval tecicnles.  lonlnc
nmaps portrayieg lnfersation on local Eelssic r~isy are belng
cevelopec to ald systes deal@nerd In choosing desipgn levels
appropriate to achleve gpiimun perfpermance.  Trrough Lhe
years, the asphilstlicairion caed in developing thess qmana has
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reen logreasing, wlth later verslions besed upon mizrozona-
tion Leghnlgues.,  Sueh technlques combine hlstorlegl earth-
gquake data and zelsmalogical and geologleal Infermatien with
statissical models bto predlel liFely parthquake oceurrence
and local effecta.

The M053% caoplete recent repotbt on sarthquiave elfects

and zoning appears In Relerence 1, "Recommended Cornrehensive
Sefsmic Jeslen Provision for Bulldines,! prepared Ey ine
Applled Technology Couneil, SJandary 1977, and soon o be
~eleased. This relerence contalns ground notlion replonali-
zatlon maps of the Unlted Stated showing elfelTive pezk
ccoceleratlion and velgclity levels pot llkely 1o be eicesdad
over a Sh-year perlod. It alsc gges into conside-abie
éetall 1n defining how te obtaln the recommended desizn
leyels o buildings and appurtenances. Zelersnge 2 glves
the bullding flecor accelerations shown in Table I Tor the
different selsmls zones mapped 1n Tigure 2. These orlterls
nave been prepared Tor use In the dealgn of rew 1nstalla-
tiors of central offtce egulpz=ent in BRell Sysier communi-
catlons faellloles. '

Tabhle 1

loor Accelepratlons for Dirferent Selsrcic o
Zones and Lecatlons in Bulldings |

Fioor Accelerdtlons (g) 1n Seismlc Zones

Logation 1 - 2 3 4

fround Level 3.0% - 0.1 a.i - 0.2 Q.2 = 0.4
15t Floar

Upper Floars G.2 +« 5.3 2.3 - 0.4 0.L + 2.5 .5 - 1.0

The senslilvliy o earthquae 27 legls of sorsuintcas'ons
tuildings and structupre-haused ejulpment 18 dLf7erent Lhan
cable or radieo distrivcilen systoms. The forer zra very
Eensliilive 10 gronimd’ acoelolatlons or refetitive shoak-tyne
lepadings, while the jatter are nore sensliive Lo relanive
ground dlsplaceoents and generally less sensitive <o ground
acceleration effects. FRelatlve ground displazernents 1nelude
thesa oceurring at the Tawli allip plane ane areas of OvVer-
thrusting and (lssuring as well as the gselllations caased
by compressional and shear waves propagating Trom Lne
earthquak-e scurce. -

Whlle considerable wopk has Leen dare to devalos eriteriz on
earthguake acceleration offects, only limited research has
been done an the developrent @l eriteria covering ground
displacements and relative motlon. Displacement ziudles
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nave boon made for vae 1p the design aof the Alaskan pipeline
(. 3). Hefercnee 5 presents & Brlel review of sSoce
Formulas uscd Lo ostimate relative ground mcilons.  Tuch
addizional work 15 requlred to develop usable criteria for
dirferent reglons of the couniry, different sopil slte con-
ditlons and o different =zypes of selsmlc excltatlons.

DISTRIBUTION NOTWORK PROTECTION

= Gable 1n the Ground

Fartiwquakes moy <amage cavles burled in shallcw Zrenches
whety such eables erocas Lhe reglon of lfauwlt siloping,
rupturing or fissuclhg and where relatlve matfens fnduged
by selsmic waves in the ground “"pulse™ the zatle along 1%
length., Compression of the cabkle by leagal Rard obleets
aUuch A8 stones oo paverment $An x]l30 cause Jamage--gspecially
to the coaxlal variety. HMeabt cable has a great degl of
Mlexlbillty and can e signilicantly went and Twlsted wltn
minlmal effects upon t-anamlsalen. Alsg, the shooe Peslse
tance, or Lhe ahllity of the cahle Lo withstani grovnd
veloglriy changes, 13 sufficlently prest thas this type af
loading I3 of little conecern aZrlng earihgoakes.

Axrial elorngatilcons of the cable pose the grestest threat 4o
leta abillity to earry signnld.  Elongations can oocus gn
cables crosslne faults as Lhe grouwnd ruaptures and shears ok
Ehose tgegtlons. Tney can al30 QCQUr as Selissic sompreislion
Waveys move -Lhrough bthe ground along the cabcle lengin,  Poli-
21ible eflfects inslude: (1) a4 Tallure 1n tenslan by recking
down at g partlcular lecation, (2} a capacltance change auf-
Fleient to ecause alpnal 1-gairment, or [3) the separation ol
cornmeoctlons at manhole and building splices.

A warlety of strengthening jprocedures are uset tc fmorovae
Lne resistance of Inportant cables whilch eross known actlive
faults. 0Ope such procedurs designed teo prciect malor
high=-eapacity telephone truny lines cressing the Zarm Andreas
fault in CTallifernia fnvelvas using steel dourls-armosed
cable lald in "5" locps along & 1,000 oot -r-eszn that
siraddles the faplt. The irensh la B faat deep and 18 oot
wifde @b the top with LS-dezree angle slde slzpes.
Noncahesive gravel back?lll !5 used 1n the tren:h to alleow
the cabile to underpo larpe Motlons without damzge.  Fupthar,
tiie cable trench !s placed A% AN anple to the Tauli crosslng
g chat lawlt shifting ln the expested direcilon fenda Lo
rormallze the cable pozition and minlmize strezs.

Progeclion of @urled gable Trem elongaclcn Tailures - caused
by solamic stress waves traversing the grouvnd —iv Sest be
Bocecomnplished by deslgning diaplacenent tolerances into Lhe
cable run. This may be done by laving cable lazsely in
trenches, by providing loose, porous, noncchesive Lacki11l,
and most inportant, eltner by leaving sonbe 5lacx or by

o
12
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providing full cabla atrength at ¢onneciions In manholes, a3
splice polnis, and at Lhe bulildlng attachment,

Also ayt the bullding atiachoent, the cabkle pust be protogied
zgalrnst shearlng. Shearing Is caused by {a) seismlc-induged
gettling o7 baekflll soll arcund the bullding causing cable
=oticn relacive to the building, or (b) zelsmle-induced
bulliing settling causing cable mollon relatlve to the soll.
At loeatlons where s01) condizions are paor or settling 1s
iikely, the cable may be protected by placing 1t in a length

of steel plpe anchored at one end to the sullding foundatlon.

« Cahle gnn Pale Lines

Cahle supported bty poles extepding fram Lhe ground w111 be
"exposed to edrthyuake effepts similar to those described

for suried cable. In additton, a whipping motlon of the
eahle-pale system tay cduae Turther damage. Heavy spllce
cases ard amplifier equlpment on suspended cable spans Arc
1'%ely to experlsnce severe cable gsclllatlons during major
czrihguawea. Sush eoacillatlon® are caused by peaponse ol
trhe pole-line system o motlons normal o the run as well as
tg selsnls "pulse” matlons in the ground In a directlen
along the run. In thne latter case, one concern is with
potions caused oy a slack eatle with A neavy mass altached
suddenly becoming taut. The ptlncipal strength pember af
past aeprial cazble 1s a eontlpuous sgteel atrand to which the
casle 3 attazhed. The strand will garry ail malor stresass
along the llme and prevent axial Joadings ‘rom stralning
tplices or other llne-gupnoried apparatus. Kethods of pro-
tecting pole-iine systems agalnat earthquake alffeets include
securely attaching the cable and ather supporied apparatua
Lo the steel =s:rznd and the strand te the supportlng pplns.
Polz-rountead eouipnent, sueh as amplirfler casgsa, mMuUst. oe
seczurely eitached to prevent separatlon which can cause

line rallure and produce danzerocus falling objects.

+ Radio and Television Tow:is

Fadla and Lelevislen towers nay ke strueturcd as free-
standing ckntilevers on the ground; guyed to the-greund; or
Free-ssanding and/for guyed an top of othner structures such
as bulldings. Hast cowers are of relatively light metal
lattice of pole-type constraction. Because of bthe rela-
cively light welght of the tower siruacture, wind loadings
penerally dictate the design strengith even In Areas where
garthiuaite godes stipulate selsmic lopdings.

“-ere may be, howsver, seilsmic censiderationd lmpertant Lo

tre cesign of certain types ol towars that have not 1n the

paat teen accounted for.

1. “guers supported upon rwltistory pulldings will arperl-
erige earthguake molipns thal may be ampiificd by the

COMMUNICATIONS 07

supportling hullding atrusture, Multistory bulldings
may whip Lthe tower horlzontally anc alsg propagate
gmplified vertlgal motlons to Lhe tower. When viboe-
tlanal frequency-matehing 1s rlght, these copblned
horizontal and vertical motions induced by che earth-
quake may produce towsr stre3dses stgnillicantly higher
than those caassed by wind loadlings. <oaputer sclullond
considering the dypamlc cesponse Lo selsple forces are
generally reguired to analyze the bullding-tower entloy.
The point of maximum stress, like that whigh occurs on
fizgpeles aimilarly supported and exposed to vibratian
inputs, 13 1lkely to odcuP hetween Lhe Lowser bAESE and |
mid=-tower kelght.

2. Tall radlo and televislon towers that are guyed and
supported an the ground are oflen construgled with &
subatantial distapne betwosan the conarate bBlocks which
provide anchorage te the guy cables. Thus, In some
casen, earthguake dilatational waves in the giound
mzy poeaess haif wiaveleng:ihs that are 4s ahost or short-
€r than the distance beiween Lhe anchor blocss. Under
surh sonditions, the aelsxlc motions may sifdwen or
tense the guy cztles unegqually and thes Indude daniplng
relative moticns Letwesn guy polnt anchopragea, Vortl.
cal mollons aciing at the same time may further lead 9
exceaalye skresses lp Lhe guy Iysbem or touwer mast.

3. Certainly, cooounlcat'ons equlpnent attached Lo LowWers
oust be well supported to be capable of suatalning the
selamlig vibrablon resgoense of the mist. Antennas,
Teedhorns, woveguldea, couplera, ete., should be
Plgidly attached Lo prevent pesgonance Mprm QCourring
wlth Lhe tower atructural syatem. Xowever, sulliclent
flexilpllity shwould te allowed In wavegulde runs botween
towers and eauipment bulldingx to aveld displacements
Induced damage to the wavepulde. Elezpntis such as
waveguldes that might be damaged by Falliing oblects
should te procected wikn avernead matal plates.

HODE POTHT _PROTRCTION

Communications Tazillcies at mode eor terninal pelnts include
bulldings/atruciure-egguiprent assemblles used to produce,
dlaseminate, amplify, or swlteh volee or data slpnals.,
Seismic analy®las and design technlgues for tulildlngs are now
reasonably well understood and docurented aftep govoral
decades of reoearcn and LusSh wosk conductied by unlversities,
researcn organiTaklions, arcnltect englineering Cirms and
Induasry. PRelfersnee 1 presénts the latest and most comproe-
hensive Information an this scblect,

Broad scale progress on egulpment pratection research and
development has lagged bhepind that applied 1o bulldings
and structures, Pata gathered Trom Lhe great Aladkan

=g
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eaTzzuae gf 1964, the San Fernando earthquike oF 1971, ams
Jacevege and sLner Preceny earthquases bhrodgRavt bthe sorlld
rave sr:-. nna: equlpment fallures lorm a Lacpe parl of tne
cesiructlon lesa. Furiner, equipment fallures nave preatly
delared elfforts Lo resicre an arez afrer an earthquake.

in c"“"ﬂi zaticna (aclilules, the nét woprth of Che eguipment
Tany times gpihat ef the bwilding o strueture in

whlan 2% Ia hsvsed, Josc bulldings, gven AF ool specially
grsigned and zonstructied te wlthatand earthguake effcots,
Fos=es55 B measure of resistance by The very wiy they are
constructed o withatand giher loadings, such as wing. -
Excapl For special earthjuake-resistonl dusipgna, eguipment
1s senerally desipgned only far grawiny and nandlling loadings
=nd In %any ekases iz oot eapable of witnstendlng laLecal
s2csmie Torzes of any significance. A result @f this may be
callzpnse of zguipment Stivnted in tuildings whieh themselvos
zuztaln on iy ﬁ'"'num selsmlqg dazzpe.

¢FEVun:in5 paulpment damage durlng 4s garthcuake ls malnly

a lob of holdinmg it 1n place durlng the shoking Lo keep L
Tron sl:ding: overturnirg, oy bounting around and strixing
oiher efulpment or bullding elsxents,  When egdipment fraTe-
wWoris &Pe prorerly secured o restratned, the cofponents
withlin are o moat eases capable of withstending low-
freguengy selsmle vibraciona,  There apre, however, sone
exiceptions, e.f., bhe alr-supperted dise memoriers ysed 1n
elestronle degta processing Syatens

rent situared oo Upper stories of pulilstory buildings

Tor--1 -

Lg=lr

will wsually experlence a nere severe akaking than that
situatel on the ground [lsor, 13 ia due Lo bullding
zmmaiTiravicng, Lhat O»QJP “e:adse the natural Crequencies af
tzll pulldings lle clos vn those of pround excltutlons {0.5
o 16 ¥z}, znd resandnu uildap ggedrs, Further resgnans
Euillap nay coewr when *he fundzsentol rrEQEEHCIcS el the
ezstlarant alss lle in wnls Jani. Table 1 imdlcates the
differante hetween the prousd =03 uppdr Tioor acceleratlaon

TeLSs TSl the diiTerent Je_nniL cenes shown 1 bhe map 1n

_':

Figare 2. ‘otice thai the anmpliZicatlon decrelfes as Lhe
tone arthﬂhaﬂe level inzreases. Thia 15 Sesause pf the
inzreased elzstoplastiel-y amd demping acilon al Lhe bulld-
ng in =E¥ere enyironients.

=y

aurey 3 sheows [loar réezponse soeotta yrepsraed Por use a5
' oeriterla for new POL1l System central arlioe comminle
wioans ra:ili:las (Aaf= 2 and 53, The pariioular envelape
cecire® Shown in Flgare 3 1s used ln designing lighzly
"pe* eguipment sittdated pn upper Cloors oF bulldings in
fone 4 and lnecludes all pooessary salely lactors. Notlee
that Lthe maximom B accelaratlon respense 2imiyv Indicated Ln
FTlgure 3 will be wsperlensed by eluipment with Fundamental
Treguencies between actroxisately 1 oand 7 Ho.

.:. AL L k-
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3. Inereasing Freouency,
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+ Desten Oblectlives

Design oblectlves te improve the mechanical resistance ol
gommunicacions equipment are noted celow:

1. . Srrencthenlnr ay Butiding Conmeciions.  Many egulynent
Tallures Lnat oeeur during a--ual eartnouakes as w=ell
as those simulated ‘o tha labvaratory are caused by
lnadeguate sStrength of Lhe conmecticon used to attach
the equipment Lo the bulldirg. Weldments, volts, and
insaerts to conerese fall nmost [reguently because o
inadequzate slrength. Eaqulpzent supported by vlbratlon
laplators may shaxe loofe ang fopple 17 spubbers ar
limit staps dre nat strong enscgh to resist the motlona

' ampllified thi‘gugh resonance with Lthe L[salatar.

2. Lownring Center of Cravity. Lowering the canter of
"ETavi-y by Dlacing neavy copponents cleSer 10 the
bortom {@r 0 the Suppert polnacs} reduces the tending
morment lnduged by inertlal response to the selsmic
motlen.

of the eguipment by Stiflening 1t o recduclng welght
generally de¢reaszes cisplacecent and arcelesation re-
apanse through dercaupling ran a rear-Tescnance condle
tlon wlth Luliding and eartkguare rotlans.  Where pnosas
pible, the romonant froguency of segqUlpment eomponenls
should exgeed 10 = 20 Hz 1o aveld amplifzigatlons dae
10 resonande.  This 1s ofien difficult o athleve far
tall, slenter syulpment bays {(Fra=mescrys) used In
communlcatlans sys-ema because a* slre, welpht, and
apacde Ccanstraints. Howeyer, it L2 desi-gble =0 keep
the Maodanental Freguencles of Tramevariks aboye 3 Hz to
hold displacements to rcaszﬂanle 1inits. 1In thls re-
spest, equipment deslyn differs from bBullding desipn
Degipners ~F tall, slender b_‘.diﬁus achieye a “Eﬂf“l—
elal elffael by ceslpgnling T3~ stpdeiural Tregiencles
below tnode af earthiuiakes. Solng so mlnlmi:es accel-
eration Torden whidh MY A4 uDen dblUctures hecause
Lhc; will Evhave as igw-pass Tilters., Yor egulprment,
in controey, the Jdisplacements assccolated with low-
freque.zy deaipn tecome intgleravle. Tor exzople, a
1-Foos relotiyye displacemen: a4t e t2f of a jH-Tootb
bulldiny may be aceeptable, but almllar gotions at

Lhe tep of o T=fpat equlpment Teame with @ egmparable
natural Trequeney would Le destruetive.

[He Increaslne Dapplns. Even small ipcreases 1n dampling
diminish fhe arpliflication cff motlons caused by olozely
coupled squlpment-butlding systems. An lncrease 1n
damplng fyam 2 to S peprcont ray reduce équlpnent re-
sponse by 30 percent in the ecritical resgrance -band
vetweern 1 and 7 hz.

Inereasing the natural frenuency

P9
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Feserve Duetility,  Ofe of the mox: desipable charag-
terlasizs Ao any selmmlc-resisiant component is its
eapzhllity o abscrhing Energy alfter Lelng stiressed to
tue deslizn iinl 70 #leld ang s+i)) gsarry lcad rather
L’.E_:’: $uclenly Tall through butiling or fracture pro-
viies a significant salety factor, allowing conserva-
tive and less costly desigps,

Yertieal Sirenpih. Berause equipnent is deslgnod to
ltnstand gravity and handlirg Forges In the vertlical
@itlen, It usually can alse withstand selsmis

ces vrier 1g In this direciion without exceeding the
salewy Tagcrtor Tar conventlonal deslgn. However, when
#ydlrment 1s broced hetwean the loo= fnd celling,
veriieal ootions musi'be fonsidered Lo acconmodare

the ralative di{salacements ressltling from out-of-phass
Teszonse of the beilding Mloora. Alsg, when desipning
Egiinat horlzontal =oLians, ane camnol cotnt an Lhe
Etanilizing effecy af Eravity loads al' the ejulpment
berause af unwalghtlng due o vertieal selamis laorces.

1
-
T
-

cLlwewise, added siresses caused by vertleal tarthquaks

moticns combining with aravity-indiced strepses must be
cansidered because Lhese sppasacs may agh vertically
tpon horizontally dellecoed equipment [F + & elfect}.

schievirs Symmetry and RIsidity. Compenents with
ercantirically leaded ar lrregu{arly Framed atrugtures
eXperlience UARECES3ary and sametlnes exceaslve selsqic
stress caused by torsion or cnevenly distributed
pezpense load.  Symmetrdtal strustures well balanced
around the mass provide better suppart and may be less
costly in the long run.” Slender Lube ar chanael-Lype
structural elements suchn a3 those used on rranework

uprights may roll and buekle 11 not stab!lfeed properly.

Incrgased material thleknusa, siifreners, and rigld end
constraints plnimize $513 praoblen.

-’

ulnmant Skrensthenlnc

. SAilpmens sirengihening to Meot Lhe aLgye dnslgh oblectives .
will be achleved theough carefs) attentian to eyon the
d4llest degall., Below are sonn Lyplenl proteclion concepts
communieatlions kardware:

Bucteries., Hatirerles lor rauipmenl cperalion or for
Eranaby power gencrally constitute che heaviest load-
ing te ie considerod 1n carmunpi¢ations centers.
Batierles slvuated on Metal rramos or on spelves in
met2l cabinets must be sesured Lo prevent them from
Pavniing together ¢ allding and falling to the figor.
The stands or cablnets Must pe fecurely braced and
firzly attached to the bullding to prevent collapse of
the entire assexbly,

COMMURICATIONS . o

cabinels. Equipment Sugh as computers, rectillers, and
radlo gear 1§ pockaged 1n cablnets constructed of
sheetmetsl sides with top and hottom held togeiher Ly
structural argle corfner pileces. MHMuch semmescial cabi-
nesry of this type does not insorporate diagonal bracea
to sarry eartihguare-Induced shear leoadings Trom the
upper parts to the [lopr supports. wWhen dlagonal
membeI-E 2TE Lol RTEEent, the shearing Sorses rudt be
carried by The pmetal skin of the cabinat, which In

thls case behaves a5 & diaphragm. This arrengement
rejulrTes @ good Structural conmectlon beéiwsden The skin
and the angle rorner Sembers. Sone conserclal cabl-
netry lncorgorates 1llttle or no connecilon of this type
and, fMor this reason, shoold nob be ussad {9 earihquake-
EIDne ATERE UNleES Speciflically sirenginensed. Metal
catinots enilpped With large sWing ¢fen 2o0ors 'ln one

tr mere sides must have the remainicg sides and top
consiructed To CArTY OOt nor anly shear byt the result-
ing tersfon and rending moments a3 well. The bottez of
the cablret cust bBe SUffIglently Sirang S0 iransler the
gshears and moments Lo Lhe anchor bolis In ihe bullding
Lloar.

Frame-Maunted Componentg, Equipnent fraces sublect to

the most severe earthquake exe!iaiiprs ray respond wilth
azcelerations of Up 10 about 5 g'a2 wiih singlew

amplitude dilsplacenents ol & inches ar more 2L Lhe

frame top rols&tIive Lo the Uloor. The abazlute dis-
placemant ol the Frame 1z vsually muizn hKigner when the
matien of the [loor ls added, Absolute harizontal
singie-amplicude 2atlon may tocal 2. feel aor more in

maplar earthguzskes deperding upon Ehe ogmatrugtion of

the Lwilsing, Further, vertical rmotlons up ta :3/%g

above gravity may a2t a4t the aame tilme as whe horl-

zontal matlecns. Componenta supparted Sy the equipment )
(raincs must reslst such motlong unless faparat.ons ar ot
othet tyues of mallfunelLlans are cpnsiderad agorptable

in that tney may be repaired after Lhe JuGde. .

Care should De Taden to provide aolid sinport for hoavy
ltems such as transformecs, Eecentrielsty In the con-
negtlons shauld me minimized to prevents cversiress of
makeTials cr Tztlgue Fallure of the fastenenr. Wire
Wraps, where used, should be securse. In tne reilmum
seismle ris« zreas, heavy clirecuit paces should be
Pgulppad with restralining latches ta pravent <hem [rom
oelrd dlsladges I'ren theldr econneciorsd and elecied Trom
the framewcrk. Tests have Showmn TRt “Rp stparie with-
grawal farse ol iypleal pcurrent circult -BExS ranges
frot abaut 2 to 1% pounds depending upen ine type of
connector and the lubvicant used o the contacts. An
average valae ol about B pounds 15 typical., Toue with-
drawal forces under dynamic conditissns are verjy closce
0 the statls withdrawal forees in the S=&lteney re-
sponse band of moat framewegreis, Therefore, wlthout
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B latches, a frame acceleration of 4 g's may dislodge
¢lrcull packs welghing mere than 2 pournds 11 the
- stziic withdrawa! force iz 8 pounds.
. crragr-gnt Yardware Detalls.  Strengih deslgnod Llnts

gexzirment 12 of no avell unless all of the eritlesl
coxmponents canforn as lntended to Lhe earthnuake load-
ol ostarcardi.  For exanple, & strong well-ides!gned
Tparewars wlll nat survlve In an earthgquaxe iF the
anchor Bxlbs Supportipg it easily witpdoaw [rom the
tulldieg. Bolts Le the floos or otiier, parts ol a

- Eulliding reguire mesirulaus ecnkral in degige and in
fnstzliaslen.  Freguently, gxparslon-type anohars are
uzed Ta sesure the bolts to thne bulldlrg mascrnry. Care
muzt be' tanen Lo drilling holes for such devices to
kegep the holes Crom belng oversized. Gversize hules
resylt frem using worn masaonry drill bits and Ereatly
reiize Lhe carrying capacltles ol tné anchor. Helf-
#r1liilng anchor systems are usaally more reliable in
conerete beciuse each deviee 5 egqulpped with an Inte-
gral d=ill vlt., anzhers plaged In thg wullding con-
gretda curing sonstructicn should be mzde fram o materl-
al cf toughness and some duetility--naot cast iren,
whnich may eadlly he snapped.

Sinee bulliding flzors may rot be perfeptly level,
leveling shims are sometimes uazsd undep the mecal
frazrmeweoris ar pablnets. 5Shims must extend Tully.to
the vertlcal or slde l'ace of the equlprent {rame.

Yhen they do figt, the motlem may [orce the Frafpe on
eabinet base Lo bend around the shim, fiving rlse to -
a larpe sildewiy responge and prosa reduetlons in frame
5117 ness and response CeguUency.

Relsed [loors suppertlug aguipment shauld be provided
wlth sufficient lateral sappert and remavatle lgap
parels shadld bYe securea to Lhe understrugture whek
gttached equipment lozdings @ay he Jdrge enough ta
ciuse tipping. . - ]
Atraching -ejulpment- to steel brazlng elerdenta o Lhe
Eullding is sometimes acconplishoed &y using Torgings or
ceold=bent ste2l fasioners such.as J bolts, Tv is
important that material for these deviges be doctile,
ror exarmple, mlld steel, %0 Lhat bLricgle failures are
avolded durlng an earihquakas,

Zoeismic Testlnwe

1

deserninlng Lhe true earthguike reslsbtanes of egulpecnt
theough zalevlasion along Srequently ls relatively d101ieal:
tecause of the mechanical complexlty, as wel! as because af
the nonlinenr atd Inelastle fesponse of scme Ilndividual

CoOmMBEonents.

On the other hand, testing on a hydraulie shans?

CUMMUNICATIONS ) 413

pragranmed Lo match the seismic motions at the equipment
suppat't polntid evaluates the deslgn and allows modifl¢atlons
before fleld use,

A oqualifleatlon test ahould be u2ed 10 prove-in equipnent.
Synthesized timMe history wavelorms can be preparcd that
clogely resemble actual earthguake Moblons in a bullelng and
mateh the responge spectrum f the varicus earthguase zones,
Flgure 4 snows & wavelorm (Rel 6] uaed to match the respanse
speckium of Flgypre 3. The amplitude o the wavelorm ls
acaled Jdownward to mateh the floor accelsratliona shown 1o
Table 1 [or use in %Sesting gear for installaciaon® o Jess
savore zelsmle Zones, Sine sweep vibratlon tests may alsae
be umael but should be limlied to egulpment that doss not re-
spond 1n a aonlipear ¢r heavily damped manner.

When testing 18 perlormed 1t 1s hreferable that the sgulp-
ment or component and 163 supperting meadium simulate as
closely as possible that aciually used in practlce.

O Prategting communlecatinns nethoris Trom earcthguake damage 1a
.deslprable o minimlse che lass oF vital services and erpin-

aive plant. The cokia. invurred Lo Ifplenent the protective
fedb e may e patimated and related 1o costa assocliated
with the patentlal loszs ol soervice and plant.

Earghnuake prnLuELian 13 coat-effeetlve when the cotal

amcuny srent In pretecting all Installosieons ls lesas than
the dollar value of the singular or discrete aervice and
plant losses, Fipure § 1Yiuszrates This, Shown are dig-
erele lasses inpurpod daslag cdagh uwalthyuake damage evend
relabad Lo LRe Communileatlion® sysiem.  The amaunt ¢f each
disdrute 10%8 Wwll) increise wilh Lime pegause of -Lrnflatlaen
and bocause el preclbdb pLanl eEROSUNe L o4 roesult o grovih
of Lho system,  [lkewise, bLhe Lime spooimg of dlBerole
lesoes dimindfies wikh Lime, because Yheare 18 a pieatet .
probability of daomare by a glven earthquake In a sysiem with
many vlerents thian there 13 Ln ane witp fewer nompcncqtﬁ.

F L)
The diserate luszes may Lo averaged over time 23 s4own i
Lhe Mpure and compired With ihe Bverdge goat of cacihquike
proteetien plus phe reduced averapge losses of tYhe protected
tyslem. The net eoat advanihge ol the proiyected aystem I3,
of caurae, Lhe dIfferanae tetween Bhe lods and CosL curves
semised over thie perledd gff interest, -

Haryhquake protegticn in areas of sigrifilcant earinguake

“paeBITTenee 28 Eenerally cnst-eflfective in nos consiructlion

alnce tHe prite of duch protzcilan Bmounts to only a very
small - percentafe of tne value of the instaliasion. Hewsvaer,

sretraflL strengbhentigy o exisclng.installatigns 1a very

costly. Alsc, inatnilatlens in marelnnl earthauare areas

o

-
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SUMMARY

COVMURICATIONS . ats

resd Lo e evaluared from the coat stapdpalint to deteszine
the degiree Lo which suth strengihening should be amployed.
In the latter case, the imporiance of the installatiaon
relative Lo that ol the entire spectrum of cormunleatiens
must be considered. -t - Y .

Communicatlona distrlbuilon zystems such 885 burled cable and
pole 1lines are most sensltive o axlal elongatlons caused by
the pround motions of an earthqueke. Proper siting.and
control of backllll togebher with sufflelent cable slack apd
gtirength-at 2pllices, mankoles, and butldlngs will help
minlmlze damage., Survivaklliity ls furither improved Shocugh
avoldanee of gther strugtures or utillitles whien may fail
and damago communlicatlons, for.apample, a gas line explodling
in an adjagent trench or a bridge e¢ollapsing and destrozing
any ¢cables ft carries.

Bullding-roused equipment, 1 not progerly braced éuoricg zn
carkhguase, orms gne of tne Acst valnerable segrents of a
communicasions syStem. The Sullding fleors thatr aupport
equlpment will undepga selsmiz netlons wlih acceleratlans wp
te lg in major eartnguake zones. Respopding 1o inese 7
zorlens, egulpment whose vioration Treguencles lle felow

19 H2 may sustaln acceleratficns up Lo asout SE's.  Thus,

the Strength of the egulprest and that of 1tz fastening oo
bracling to the bullding must Ee ciual co Ehe Farzes {nduped
by such ageceleratlans. '

Resistance of equlpment o selsplc shaking 55 enhanzed by

ductilitcy, and low celer &® gravlly In a ayrmetrle, topai
reglscant structural fpamsworx,  Subsoamponents muzs oe
secuprely attached or lgftehed Intoe place Lo prevent teing
dislodged fron thelr supperis,.  Damane Lo gahllng, €ieis, or
plping caused Ly unegual or cat-of-phase moLicsas =Sasweern
adlacent pleces of equiphens 1a prevented by minimicing o
elinlnating the relatlve respanse--ps Tof eaanple, through
the use ol tle-atruta.

designing for high stiffrness, Trequency, damping, and .
aha O
-

Earthquake protection of communitations equiprent 18 fen-
erally cost effective in majar selsplc risk areas. The
feasibllity of aimilar proteztion in low=-rlsk or margipal
€ArLhquake areas may be determiped Ppom e08L/1053 analyses
which corsider the lmpartanze of She faellloy &5 ~=1% as
pilant expenditures. Appligue bracing that iz graded n

i odva

Strengih to matceh Tne zonal ard/or irportance z_asalfica-

"tlons may provide a low-cost option for sueh areas.
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PROTELTING A POWER LIFELINE ASAINST EARTHGUAKES]

by

Otto W. SteinhardtZ, M.ASCE

AISTRACT

An eieetric power System i3 described, its relevence to the }ife
ef the coomanity it examiped, zno its seismic withsland capability is
eealuatps. Recommendations are made fa assure that this lifeline will
be atie iz heep the wital functions of the cemmunity going,in che face
of sefssic disaster.

TRTRODUET O

ir glectrie pawer system consists of many diverse glenents and
covers c.ch area.  To evaluate its ability to withstand an earthguake
rECUITes that the systen be aralyzed as a whole. Fallure of gne
plemert may constitute faillure of the system, but perhaps lhe sysiem
can funzticn well enoygh, at least tedporarily,-even if some of 1ts e
pArts have been knoched out of SErvice. .

When an earthgquake strikes, the lights may dim, bubt in most parts
af the city they won't go guf -- &1 least not in @ cily where the povetr Y

compary k23 bullt’and malntained its spstem with a2 reasonable standard

af seiscic resistance. .

weet is & “reasonable* standard?  Te answer that question, we
Tirst peed tp ¢@nsider why electric power is ioportant te a cormunity
in the aftermatlh gf an earthquake, what & power system is made up of
and wnicn parts are necessary Tor providing uninterrupted power. Alsn
we negs 16 ask what carthquakes actually have done LD oWer systems,
what §s the earthquake withstandability of a large power system, what
adeitisna) capebility can be provided in the fyture through replace-
Farss 4ns new construction, and what recormendations Should he
implesented so that the respanse ta the gredt.earthguake when 1L
kappens will be all that anyene cowld reasonably hope far.

lPreparea far presentation at ASCE TCLEE speciaity Conference,
Las Argeles, Califarnia. August 30-31, 1977 -

zieniur vivil Englneer, Pacific Gas and Electric Coepany
San Frangisgcn, California
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LIFELTHE FUNCTIONS © |

Haspitals, puTping staticns, telephome pschanges and Certaln other
irpgrtant fTacilities are equipped with emergency power generatars, oLt
Chose gemerators may mab Stari when mest needed.  Also, there are mamy
ircertant facilities which are not 50 equipped. In some cases a system
ray be so spread out that it would rot be practical to provide emer-
gency pohwer at every place where power would be needed. Cold-storage
warehouses, walk-in refrigerators in supermarkets, gaspline pumps, amd
transit systens gre just a few of the power-dependent Facilities whigh
arg tuickly felt by thelr absence when they stop functioming. Tele-
wigsign and radig statfens and apwspaper printirg plants are needed in
gisaster-stricien comapnities to kegp up marale and holp Counceract
the panic-induging rumdrs which quickly start circulating, Home
freelers contain mugh fogd which should be saved fram spoiling if
possible. Even in plates which have emergency generators, the need far
paser i5 wsudlly much greater than can be provided by the standby units
in order for the faciiities to funcrion at anyehere near full capa-
Bility. Clearly, 1t is irportant to the cosrwnity that there should
be no wicespresd power outage retulting from an_earthquake.

BESCRIPTION OF POWER SYSTEM

fn oelectric power systen consists af generating stations,
transmissicn 1ines and distribution Tines. Besides these sirictly
eloctrizal Ccomponents, Chere are the badcuup SySCRms; coafrmnications
ard power conttal, repair and malntenance service, uarehuuses. shaps
ard fuel-handling factlities,

ke generators are driven by furbines which are, ir turn, driven
by mater, steam or hot gases. The steam may originate in a baller
heated by fopssil fuels or in a nuctear redctaor, or Eay come from 4
gopthermal wall. Gat turbines, wnich are actually modified jet
airerafs engines, are ysed 10 drive gererators, Also.

. Because buli pewer i5 mast eff1ciently fransmitted at wvoltages
rch higher Than practical levels 31 «7ich 1L can be gererated step-up
transforrers are provided ar all gererating stations. Tren, when iR
ppaer enters the distribution sysiem, it musi be stepped-fown to Jevels
whicn are erficiently usable by the Custiémers. To maintain the
credeterrined voltlage, autotraniformers and voitage regulatars are
used, Capacitors are used 0 imareve the power factor by keeping the
thrde chases of a eransmissicn circuit wn good relationship Lo edch
Girer. T5 protoet transformers against power sarges resulting from
shart circullks, circuit breakers of wvarious types are provided, and,
for lorg term interruption af & circuit, 1solating switcnes are weed,
To protect the Systen agatrst voltage spiles resultirg from lightring,
ligh“ning arresters are used; they resist the pissage of carrent at
nemal x:ltages but ailow transtant pesis af gevervoltage to go inte
the ground. ‘Wave Lraps are used Lo cnaple transmisiion of suparvisicy
tigrals tHraugn tha power 1inds., SLsses provide Tow-loss transmission
11nLage of the many and varied components within 2 switchyard or
substatian

row iR LIFELINE e

The minimum essentials to keep power flowing are the generaling
statigns [althoygh sometimes bulk power 15 available from autside
sources), transmission limes, (ransformers, Circuils Dradkert, and
switches [although bypasses can sometines be riggec;. Bus structures
Fust not collapse. The commundicatioms system 1s «i:ta'l for controlling
the flow of power and emabling quick restoratign of service. The nany
othgr compenents of the system, valuable as they are 1o dailly service,
¢an be dispensed with, bypassed, or substituted for in an erergency.
Efficiency will suffer and system capacity wi11 be lgaered, but power
still will flow to those custorers able to cse Ti. Of courte, ima
qeeat earbhguake a large rurber of customers will be krocked out and
50, tempgrarily at east, the demind for power nill be dewn, It ds |
hoped that the repalr rate will eaceed the rata of recovery pf the

demand for power.

*

EFFECTS OF PAST EARTHOUAKES

Subjecting a system to an earbthguaxe 15 2 gE&2 =2y TO Lest fL3
ability tp withstand other ¢arthquakes. 5o, let us tare 2 Took af .
what earthquakes have dare 1o power Syslems:.

k]
L]

HWhen the great earthoudke pecurred dn San Francisco and along
tne coastal zene nortk and south of there i 1306 [MeB.3),

there wasn't a grest ceal of damage 0 eleci-ic SysieTs

because ngt wuch OF 2 systlem exndSted. Poa#r yysien dacage

came from a Talling rogf, f211ing chunis &f Zrichanrk and &
braien spoke stack., Pole Tines and undergronr: Jucts mere o
not keavily damaged, e«cepl in tocations w=ere the safl iy
failec. (1) R
In thke great Kanlo [Japan) earthguaie of 1923 [¥=2.2), 23 out

of 91 hydrgelectric plants and &11 11 sTer--pleciric itationms
noang near Tokyd ~ere Jamaged. There wis m.cn dadtrurticn

of wopd pale transmission 1ines and Suhsteétions, oputly

owing to the fire which followed the Guare., L-reinforced
masorry failures were responsible for cavege =f reserviirs,
canals a=ned pamitock intakes. ThRis, 10 tur~, Ted 1O washouts

and landsliding which damaged the penstofis 2e2 pomerhouses.
Except where the foundabions seitled, gro.n2 $naking caused

ng damage Lo generators.. Transfammers $4rofe3 where they

had Leen anchtred, Circuit Yreakers werd Jmze-aged it they

had flexible connecticns to the busses. Bos structures

survived 17 the buildings Lo which they ag-g a..e:hed did not
collapse. OFf 2430 transmission towers 40@st 195 were damaged.
Wherever a tower was a complete fallyre t:e cause wes lapd-
sliding., S5omc were damaged becduse of fo.rcaticn failure: tne
few s*ructurdl fatlures whigh gcgurred werg 1n Sines which +
wara "ab right angles ta the seismic mavgs.” [2)

In Long Bedch. Californda, in 1933 {Me8.3), trarnsformers
shifted, bushings broke, of1 spilled froc tramsfcrmers and
sWitches, Transmissicn towers were wndamages. Al eirguits
wire ack in service {n 5 minutes. [n Comprom, the substation
was back 1n servige in 47 minutes; homeser, sevaral
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Chelpful in getting service restored.
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distributicn lines were down 50 full restoration aof Sery!ce
toor longer, (3)

The stromgest eirthquake to Strike California since 1906 was
the 1952 ¥ern County {Arvin-Techachapi] earthquake {Ma? 7],
It did erouvgh damage to eiectrical equipment Lo cause the
California eleetric power companies to take notlce, Substa-
tion transformers rolled aff their faundation rails unless
trey were strongly anchared. Pole transforpers fell aff of
platfarms except where they were bolted in place or-othemwise
secdrely fastensd, Standard orofedures for {nstalling
transformers worg changed.as 3 result of the type af damage
observed in this earihquake. . There ware other kinds of
damage: fan blades bent, patp bedrings burped out, oil
sloshed over the top of siprage tans walls and in some gases
wreched the rpaf. Some fransmission towers were disasled
because of 1asdslides or foundation Tailures. In many spans
of transmission and distrinution 1ines the conduccors slapped
aja2ins:i each other bacause Of swinging, and some burned ddwn
a5 a consequence, A hydrgeleciric plant ia kKern Cangon was
damaged by falling rocis and dirL, but it continued pperating
at reduced capacity. {4}, (5]

In 1564, Sifgata, Japan, wat hit by 2 strong (M=7.5] earih-
quake, Seven out of € subsiaztions wers hezvily damaged., A
steam power station suffered d2maJe. Lo Che congenser and
coaling Tings, Eleven hydroeiectric stations Qut af 230 in
the district were put out of service: 473 of the city's power
was out for nearly five days. Pastable transformer§ were
Undercraund 1inss were
damaged, probably because of 21 liguefastion.
Alashd was struck by an ewen greatar garthquake [Ma.d] in
that same year [1963). At the Eklutna hydroelectric project
npar Anchordge, t4e gperatar on dity thaughl. an atem bomb
had exploded &nd had triggered & hugz laerdslide.  The plant
was ahle .to ;n back &n line witnin 20 afmstes, bul ine powsr
had no place fc g9 until tETpnrary Jumpers could be Inscalled
arsund wréghed circuit bregiers.  Intermittent roch and $now

) $1ides and reservolr cavg-ins made cperation of the plant &

touch-and-g> matter for the next six wecks. In Anchorage,

an otl siorage tans rypipred and gaspiine supply lines broke,
$0 the £ity's gas turbines and dipsel generaters Couldn't
gperate, Hergic effpris by all hands, made possible a G3I
restoration of power within 3 days. (7). (93

In Chile in 1582 (K=B.5) and again in 7955 (M6.4)} circuit
brearers, transforrers. and cErasifor banss werd damaged in
conziderable noxhers,  Thts was tme First time that high
woltage substation eguicment, otker tnan unanchored Lrans-
formert, had been seriously damaged inm 2n earthguake. Unttl
that time it seemed That there wis no particular need Lo
provide sefsote resistancg when designing such, equipment. [}

POWER LIFELINE ) 21

Ha.

-the gpicenter of this "noderate” earthquake.

The $an Fernando Yalley #arthquske af 19?1 {i=5 €] dramazi-
ally demonstrated that Seismic design of m2ior equipnent
needed mare atlention tharm it had been given in the past, The
quake tripped oyt & major steam units, althcugn they were pot
damaged. A landsi{de wrecked a small, SO-year ald nydro-
electric plant, Groued Shaving serigesly damaged two
switching stations, resulting in efectrical.izolaticn of 10
bulk powor substations and many guiages on the distributlon
system,  Mast gustomers whe fovld receive power werg
reengrgized within o few hours and nearly all within 5 days.
Nevertheless, some Severe damage occurred at Tocations near

At Syimar
Switching Station, all of the 230 KV air-blast eircuit
breakers were damaged badly; all 26 disconnect switches were
daraged, especially in the bearings of the rotating calumns,
mest of the 12 potentiel transformers were damaged; all of the
wave traps hrake pff of tnefr columns, several lightiring
arresters fell; some of the 230 £V rigid'bus brake 1oate from
suaports. spme transformer anchor welds broke.

Olive Swltcning Station alsp was heavily darmaged, and .Lhe
Sylemar nigh voltage OC {onverter Stationm was 407 destroyed

ard requirec over 18 maniny i0 Le resiorsad to service. Tkere
was significant dazage At Several receiving stations [trans-
mission terminal substzticns} and at five cistrisution subita-
tions, and less damage At a2OUL Cwo dozen distribgtion substa-
tigns and three recedving stitions. FAbout & mile af 3.5 LV
underground cable, and & half mile of 5 KY, nad ta be,
replaced, alang witn sin manholes and some patheads and
trifyrcators. ?10}. {11}

In the Decomber 1972 Mananua, Micaragua, earkagquake {M«§.5),
the Managua Power Plant, 704, was iess than & mife from o-g
of the majaor fault Lraces. Tnis plant was desigred far D.lg
by static equivalent 1oad meétihcd; it had te shui cown For
Fepair. Switehgear and bdatteries ware damaged, & 30 [ apd
twa 15 %) turbing-qenerator enits were damaced “eca.se af ham-
mering of turbine pedestals against the scerpunding _CAnCTE e

0L

~flpar, The smallor-machinks ware repaired-within 3 weeks lut

the 40 Md unit reguired replacement parts ard techmicians from
furape 3o repairs ook about 4 montns. -

The plant had Twd 16,000 barrel gil tarks. Tne flggr olate of
cne tank ruptured where 8 roof support column wat welded 1o
the floor. The pther Lacs was undamaged. In the plant
sWitchyard, raii-mounted iransfarsers derailed and Soume
bushings browe, Substations suffered transformer zrd-insula-
tor damge. Wood pole distribition lires were not camaged by
groumd shaking. By Decesder 29, six days 2fter the garth-

quake, electric service was almost fully restored to Mainagea,
{12), O

Guatemala wis §truch by 4n earthquaxe. Ma¥.5, in February
1976, An electric power plant, $2.584, in Guaterala s
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wis designed and built in 1958 by EBASCO, a US firm. Theore
are d qa5 turbines and ore oil-fired bofler unit. The plan:

wx5 preuanly designed accerding to typical US design practice
for setsmic areas like Califopraia, d.e.. using Q.2% {or less)
static equivalent force. The power plant is 100 =iles From
the epfeenter, but only 25 miles from the nearest part of the
fault trace. The plant was iripped out by the carihquake and
. was Gui &f service for 50 minuates but suffered no damage. The

ail tanks apparently were undamaged 45 they are rgl mentioned
ic the report, (18] -

ABILETY TQ WITASTAND EARTHOUAKES

kow that we hhow spomething about what earihguakes have done to
PUWEr $¥SLEMS, whii Ouesies Can we mahe 2bout what a future earthquake
will dz 10 a particular power system? '

Tke particuilar systen [ ha;e in mind iy the Pacific Gas and
Electric Company which serves 57 counties in northern and cortral
Califarnia {(Figure 1]. t ean gererate aver 14,000 megawatts EMd),
of =hich EJX 15 in steanlplants and 223 15 hydrocelectric capacity.

fppause PGIE 1% in Califgrnia, the thredl poséec ay earthguake is
érceried 4% & fact of 1ife. There nave beer at least 10 strong earth-
Guakes [Richter HMagnitude over £.0) in the service area in the last
£9 years, ard there have beern at Teast three greal ezrthglabes (RM peer
B.0Y ir the last 200 years (5anm frarcisco 1838 and §906; Focb Tejon
1857}, There are aboul & dozen active faults [Figure 2] af which the
mast threatening are the San Andreas, tne Faywacd. and the (alaveras
faults, i

By far the greatest part of the FGAE system 15 of mocern vintage,
The four largest steam plants, with conbined ¢apagity equal to 45% of
that af the totai system are A1 Figtsourg, Lontra Costa, PBoss Lasding
ernd Forreo Pay, Twb-thirds pf their capagity 1% tn units of 300 Md gr
larger, housed in braced steel framewaras designed for Q.3W static
equivalent jaleral lgad, In their design cl0se attention has been
gisen tp the details wnich often make the difference between whai
surdives an earthguake ans woAt Coesn't.

Hydroolegtric develpprent or the MeCloud, Fit,
vivers, acded 0% of system capacity, between 1352 anz 1965, Alseo,
nearly 4% of system capacity has beem installed in the Geyiers geo-
thermal stesn Figld since 1959, and 4 63 Mi nuclear unit was built at
Fursaldt Bey only 1% rears ago.

In the ness few years ihe sxsbem mill be further enlarged by the
agzditign.of a large pumped sterage hydraelectric plant and by the twd
large nuglear wniks at Diablo €zryén which will add 158 to system
capacity. The Dianla Janycn plant 1s redrly cdvdiete but is nOL yet
licensed [0 operate, Angther nucicar plant, a coal«burning plant, and
several gas-turbing units are planned 7¢r the fulure.

The trarsmission Tines, nostly of padarn construction, are widely

*
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1 dispersed. This factor lessens tie danger of earihguake damage. Also,

- transmission Tines have never syffered mech from seiscic shaking.
becalse the Lowers are designed to survive heavy lpads resulting from
fce, wind and hroken wires<, s0 the spisoic 1oad Jcesn't have such

influence on the design. tHaowewver, a tower rdy L@ damaged by land-
slides. rolling boulders, or liguefaction of ine supporting sgil.
RECDING & ! Alsg¢, power }ines sometimes swing sa wildly when Shaken thal they slap

againzt each other and burn down, or at least trip out the circuit.
The Ratards of landsVides, eic., can be minimizes by carefol site
selection and gopd fauwndition design., A8 for the problem of conductor
siapping, wider spacing of conductors would te Of some benefit ol
cansiderably more eapensive.  Tnasmuch a5 tris hazard seldom occurs.,

’ it's not justifisble 1o soend money to prevent 12 from happeaing.

"Some trarsmission Tines are uynderground.,  Fault slinpage is net
Yinely 10 damage such undergrourd Jires Decause CF imeir thick-wall
wolded steel pipe jatket. "5AAking has never Deen 4 siurce
0f damage tg such lires excert where {t has Ted 10 failure of the
: farih masses in which the line {5 buried. JisZ7acement gf rinholes
1 from the conduits in which tne cables are laid sometimes can causse the
lire %o fafl. Ip case an undergrourd Tine &5 knoCied put, redair
wiwally takes a long time ang an cverhead Vine woald probabliy de rigged
a5 3 ICTOOCary Dyrass.

"Substations and switchyards are vuireradié 0 eirthquake damige.
Suhstation equipmern? installed befgre the 5S40 F2=nardo Valley earth-
Guave L1971Y was purchased under specificibions w»hizn recsired that Lhe
eayipment be able Lo withstand 0.7 W lateras Tc:d Spplied statically.
After 1311, specifications changed to a hicrer Jevel 1D pest the
dermonstraled need. HNow, sulstdtion equisment which is pecessary for
ortinuity of poeer seoply {the pinfouwm astsentizl system) {5 required
Lo withstand maxizum norlzental grounc accsierazzon of ot least D.4g -3
. Forfroctal acceleraticn and 2/3 as muech vertica) using cdesignaied gl
response Specira, Eguiprent which 15 mgb -ari of Toe pinies essential
spstem 35 required to witnetand at lesst 2.2 W Vateral lcad, as before,

* FRESND

"

If eritical equbprent is to be sﬁbpnr:e: n 4 strutture, dynacic
rodeling of equiprent and sfvucture is InciczZed i ihe design. In case
the equipmerts 15 LRAble Lo teke *he sejsmic 10228 snoer these condi-

. viang, modificatisns are made,
— F oy, ..

—— Eletira Trans. Linet Ainy types of subsfalidn egquipment have been dynamically evaluated
i Tn the l1ast 5 o+ F years, either fn-npuse or By 5 panu facturers.

: scog modifications of design have resultec, anz in g few Cases
installed equipment kas been back-Fitted or realdced, Lo many cases

toe aralysis has shwwn TRal ail that's needed i% 10 provide sufficient

FIGURE 2.
) anchovrage Lo the sypporbs.

ACTIVE FAULTS (N CENTRAL CALIFORNIA

Seismlc design criteria for Jistribution rels zee not 4% conser-
vative as for transmicsion faciiitics. It vs eajecred that after 2
seismic eveny line repéir crews, reinforced &y @lectrical contractors,
using on-hand materials from Company and ather wirenauses, will he able
10 restore seryvice to cacaged areas 2t least as Gufikly as the
tustomers' demand for power recowers from the Sisraptive effects-of
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the guann.

In Szn Francisco, ar erergy controb center |4 housed 0 3 low-rise
buildtng which was desrgmel to withsitand Lhe effects of debris faliing
froa the nearby hizr-risa Suildings.  The norstrygtural pariitions, the
suspenced ceiling, the creraticnz) map boards and other dnstalled
equisrént have been sapfezted o & post-construction review Lo identify
seisrde welnerabilivy end 3 sodification drogram {5 currently underway
to carrect ke ceficizrcies wnich were foung,

Besides keeping gerarating stations and transmission facilities
fran being kpached aut w2 reed to be sure thal Che Fugl supply won't
e disrunted.

The f26511 fuel szeem lants burn eil ©F natural gas. A twp month
supply af 011 15 Sstgred 37 e2ck sulh plant.  In the Yast six years,
teeniy-four oil $tzr2ge ta-is, mostly the nalf mitlion narrel size,
fdva Deen intlalled, Trey azre desicrned for 0.2 % Tateral load and
have been checked by 'dgynamic aralysis and found cepanie of sustaining
GiEFE1ma:imum grourd acceleration withaut buckling or avertopping by
slashing.

The supply OY rature! 335 cemes from Califormiz [17%), from Texas
{387), and from Alberta {S55). The 78 Billien cuble font reserve is
stored in what was a rearly-Jepleted gas field in central California.

The 0il and $ag pipelires cepss active faglts at seweral locations,
Trese crossings have been pliatted an 2aps of the system so that if a
faylt breavs the 1lnes cressing it, the Jamagec places can quickly be
found and inspesied. In —any instzrees theare is J{Etle to warey abaut
because the aogunt of fault s)ippage would prohably be only & few
inches, A welded Steel pizeline properly indtalled in a sand fiiled
trench can take rmany {ncres af fault offset. This was dramatically
dergnstrated after the kKern founty sarthpuake (19523 when 2 3&-inch
dizmeter high-pressure gas cailn wes offset oere than twc feel wilh no
Signifigant damage. T~e nipe was later cut to relieve the locked-in
stresses and the cut sngds sprang out of alinement by about four inches.

The hydiroslectric sysrea depends on damd and pensiopcks far its
"fuzel."  There are g.gr 150 d238 of various iypes and sizes in the
PRLE yStem.  Some are g% least 100 years old, naving been built by
otrer groups, far other purposes, like gold-mining. About & dozen
rFajor dams were built after wWworld War il and were designed for 0.1 W
lateral locacds. Sgma gf the opher major daes need attention. Because
af the petential Razard to comniiream populations, an on-going dam
safety evalvation program 1s bedng conducted. )t wtilizes both
pseudostatic ang dynami¢ &nalysis methpds to cheek seismic safety. The
prograd has ravasled sarme oveficiencies which the Company has corrected.
Thus far. a xalor €am has Secn replaced, a reservolr has been Jowerad,
and & half-dozen maipr strengthening projecis have been completed,

"

FETLITY T( RECCVER

1t would be t00 2uch To expech 4 power System t0 come through an

ot B UFELISL

parihguase unscathed. Ecoromic censidoratigns fﬂqutre that the )
Jptensos adinst sevsmic halards be Drudestly high but when preventian
of such Possiale demane beeines signitizantly expensive, some daMage
pust De accepred. Therefore, if 15 essential LD be ready 1o 5pring
ipte action quickly and efficiently as soon as ihe shaking has slopped.
An astessment of damage must be made, denaqed circuits must be {salated
andd undamaged arcas restored o Service irmgdiately. Available crews
mst be dispatehed, reserve forces rust be mobilized, material needs
st pe identified and supplies Jocated. The rzpidly changing
siTpation must be kept under contifuous chservation 5¢ thal personnel
and materials can be redeplaved iF mecassary. To accomplish all of
this, a commnications and control syster t5 essential.

PGAL hag a mobile radio sysiem, with 250 base staligns At service
centers throggnout tne ares controiling 3430 maintenance and Super-
visory vehieles, Power contral signals cam be transmitted directly
over the powar Jines.” Alse available are microwave transoission

stations and intra-company telephone lines,

L ]

Fach of the 13 operating divisions of the Company has one ar more
sWitching centers, each of wRich is continugusly Egaffed. The
gperators manjtor the status af all transmission circufts and Laks
fmmediste acripn on emergency situations as they develop. At the
erergy contrpl center, the ditpitcher coordinates actians which dre
putside the coptrol of the switching center operators and reports to
managesent any sifuation which canndt readily be taken care of.

The communications syitem is capable of operating &n batteries
and erergency generatgrs for 72 hayrs. Communication racks and
battery racks have been surveyed for reésistance Lo earthguake 1oads -3
and have been provides with bracing and ancharage sufficient for u.Eq:*J
harizontal and ©.30g vertical acceleration sn all critical relay

stations.

Substifjon and swiiching center STarsge batlery racks are
currently being surveyed to tdentify and sirengthen those which need
improvements: to withstand possible selsmic.loads. .

Line crews would not be able to sccomplish mueh 4f their trucks-
were wragkRd by the earthquake Dr §f the gas ranks were erpty. HMost
trucks are paried outdoors, so there is little danger of their being
trapped by collapsed buildlngs. ~[n several divisign areas, rosupdly
of gasoline §5 carried out by tanker trucks with an-board pumps. The
tanker goes tp where the trucks are parked and fills ihe gas tanks,
There 35 1ittle danger, therefore, that the frews would be crippled
by running out of gasoline just when they need it most. In a1l
divisions, either the qaspline tanks are above ground Or an emerqency
gererakor i35 avatlable to run the pymps in Cate of power failure,

SUMMARY AND RECOMMERDATIONS

Pﬁ&f is not wnigue in the way 1n which 1t has addressed the
earthquake problem. Probably all of the West Coast utility systems
are similarly ready and able to cope with seismic events. Honever,
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there should be no relaxatfon of efforts to search out ways Lo improve
the seismic withstandabillty of critical components af the system,
Alse, redundancy should be develeped in 1Y pares ¢f the system so
that alternate paths are gvailable for routing of power in an sarth-
quake dtirupaed system,

Heilities should exchange among themselves detailed reports of
earthguale Z2zage. Development of setsolcally resistant critical
electrical equipment for substations and switchyards should be under-
talen copperatively.

Rapid restaratizn of electric service in an eyringuake damaged
area 15 achievable if foresight 14 applied.
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= _ ADVRACES I MITIGATING SEISMIC EFFECTS OH PIWER SYSTEMS

by

. Anshel J. Schiff!

. Mo ASCE

FOSTRALT

The hisiory of earthqgake damage.and facility specifications for
electrical power sysiens is. reviewed. A binlipgraphy of power Systes
arage reports is given. {Current prictices for miticating eartkguake
effects in different parts-of the country with high risk are discussed.

 wKesearch to mitigate_earghquake effects is reviewed and problem areas

&re discussed.

»

I5TREDUCTION I

This paper 15 ore of a series written in conlumction with the Tech-
nical Ceunci] on Lifeline Earthguake Engineering to review tne state af
the art of 1ifeline eerthquake engineering -- in this case, the electric

ower induszry.  The paser w111 review the history af earthguake damage
suffered by power Tacilities, and concurrently, it will faligw ire evo-
lution of seisnlc specificaticons for powsr eguipcent aed fagililies 1o
adiress the Tetsont gained from damage experienges. Lurrenl engineering
prectice for eltigazing eartoguake effects 4n high and eccerate sefismic
risk areas with bogth-high-and low awarenpss of the earthguake probiem
will be reviewed. Current research lp mitigate eartnguake effects 1%
reviened and probles areas are discussed, Finally, the paper gives com-
clusions and recormendatians. .

a
.

HiSTORY OF LARTHOUARE "DAMASE AND. SERSHIC SPECTFICATICNS .
LI 1 + r

This sectign will review rescrieg earthgqurake dapage LD power SysSLems
and the attendint chances im cesign pragtice adopted by utilities to im-
prova earihguake resistancs of pouer system facilities.
- T -
Jepzn eaperignged ' iis ~osttddzagyng earihguane and post-garihguice
fire in 1923, The eartnquaee and tire Look 150,000 Tives, destroying
EQC,000 dwelltngs, The earthjuaie magnityde is eszimated at 8.2 and
atfacted Foiyp and Yaishzmi. Seven different systems serviced the damage
egrea, although two of the systems suffored most of. the damane, which was
extaasiva, The Jescription of damage reporicd here will be rather do-
ta1ied, sfnce rapy of the Tailures Obgerved 1n this earthguake wiil oe
reparted in subsejient eartnguares. -The miterfal has been taken fram a

155;5:. vrof,, School of Mech. Engrg., Purdoe Univ., W Llafayetiic.
Indfana 7937, T
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report [12] which probably represents the most complete effort to date
to document earthquake domage Eo power systems. |1 15 wnfortunate that
iL did not terve as a moded for futere effcris.  The pader which is ped-
lished in English is "an owtline frga the original {published in Jaja-
nese} which was very extensive.™ This “gutline™ has sote 11 pages of
text and 66 pages of photographs, Tne coverage i5 broad, detailed, and
concise. The paper was prepared by The Japanese Electrical Committee,
consisting of 60 members representing che Institute of flectrical Engi-
neers of Jdapan, the Joint [lectrg-Tecknical Committee, and the Electrical
Resociatiagn-af Jdapan. The original paper was published cn December- 24,
192%. The English version was published in April, 1925, and at Jeast
ore U5, utility had 2 file copy by March 1327. .

The material described below will, of necessity, be brief and frag-
pentary, as the source material fs itself a concise suTery. To give
one &n Appreciation of the affort which went intc the preparation of the
origlnal, one secticn dwelt gn the possitility of the power Systea al 2
cource of fire. ln tnis study, some 35,030 houses (in unburned portigns
of the city] were inspected for fire damage and sources. ",

From an‘overall perspective, there was a total disruption af ser-
vlee with very limited seryice restoration after twe days. - It was felt
that the disruption of electrié power "greatly added to the chags and
turmail at the time.® Table 1 Shows the growth of power derand after '
the earthquake. The practice ¢f not providing sysiem redundancy, par-
ticularly for trasstission facilit{es, greatly affectied the extent and
dyration ¢f disruption. -

Lo TABLE 1. PIST-EARTHOUARE POWER DEMASD
¢ .

Cate . Pover Demand (KW} .
. = oengEy 0
osigeyt - " - g ; .
4023 35,000
v 9420723 70,900
' ' - 1001/23 - 9y God v - o Y
! 1141522 -t o TES, 000 . e
1241723 170,070
1258123 03,000
-2 193,000 v -
2fefis - #13,002 e e
) . - & .
L Maximum power cansurpiion priar tof * .
the earthquake was 203,000 kilowatts -
GEMCRATION . :

$team and gas units were, far the most pari, on reserve at the time
of the earthquake, power being supplied by hydrogereration. 5team and

™
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gas units required from one Lo severd]l nonktns to reésume opevatiom, Mass Tower-supparted cables behaved better, but St§11 experienced wrapping, *
units were on ppor soils. Boilers had no serfous problems excepr fpr and communications were, in gengral, disrupted. Public telephones which
leaks which developed at joinzs of tubes and drums from.cxternal Strugs wers operational and messengers provided communication to control the
taral fe{lures. Thirteen boilers {21%) had severe damage, 26 {&1%) haz transmission system.
the sidewall bricks of the cuui:ustinn chamber damged and 24 {3B%) had - . ] .- .o
no da::ge. Rithin builidings, . switchgedar and aceeisories falled due to buflding -
collapse ar improper mounting, Transformers broke power, ofl, and water
teel pressure piping was undamaged, but cast 1egn waler return connections due to poor mounting, Satteries Oveérturned and had shorted
pipes had cracked flanges. Prime movers were undamaged, although they plates, Lights were heavlly daraged (83T in one structure]. Motors
were typically an gasd foundations, associated with various bufiding systems failed due to poor mounting.
LT . ' Loss of power stopped all elevators and lack of emergency exits trapped
Some hydroelectric generation systems required a month or Tore to ' passengers. .
recover; while gthers were toially destroyed In the most severely shaken ’ :
area. Earth-filled ‘deTs experfenced sever2 cracking, althpugh thore At extensive survey {35,600} of the electrical systers within houses
were no fallures, None, hewever, were in the severely Shasen zrea. . fndicated that exizting Interior wiring stendards were azequate to avoid
. fires. .
The transmisston system experienced damage primarily from Jang- | . ,
slides and ‘foundation faiiures, In some cases, cyliedrical feotings o A sumnary of the varipus reccrmendatians and conclusions of the
pulied up, legs fafled if diagomal bracing did mot start cliose to ine _— - report follows: - '
footing: and poor workranship, such &% laose bolbs, was phserved. Co-- "~ .
crete towers responded relatively poorly becavse their weicht aggravated 1. 5iting with particylar attentian to sefl conditiens and
foundation problems. Wood towers experienced broken slays and also faundations {5 yital 1o tre earthguake resistance af
failed due to gvericad. Pin-type {nsulators faired worse Lhan suspengisn- fac111;1es .
type fnsulaters, - -
' - 2. The isprovement of the earthguake res{stance of structures
Foles on the dfseribution system -- primarily wood -- behavez weli, 15 wital.
Mary fonductord short-circuiced pacause of inadequate separation. LU= .
anchored pale transforrers, which were comnon, fell. Service wires : 3, 'There should be redundancy ir trapsmissicn and communica-
failed due to burilding damage. ; tian lines between major facilities.
k : . R
fhrect and tonduit-enclosed buricd catles (370 miles of cransmissicn 4, Earth-filled dams reguire further study. y
and 1025 miles of distributton) had twenty junctiom box fatiures and tws : =1
“sharts due to molsture seepage thegugh fadied casings.  Brick and gteel ~ . 8. Equipment must be sdequately SEthEd« -
ranzales and vaults were dazaged.. The c2maga tp stesl enclCiurss mas o . ot
‘raused by the fire. Reinforced ¢oncreie enclosures behaved well. firea: &. Adequate slack of elec rical cﬂnne{llﬂﬂi be Tween PQU1P'
difficulty was exparierzes in Jocating and repalring cable Jfamage due 9 0 ment 15 reguired. .
sdabris,  Extensive davage was esperfenced 2t brldge crossings dug t: ' ;
Jfire om wood, steel, and stare bridjes. Outside of the fire arez, tagre While present day fagilities are physicaliy much larger and the -

wera na farlures. state-nf-the-art for apatysis and design has made sfiqrifican: advaptes
simce 1323, 1t 1+ intervsting va mote fhat most of the recorpwndations
volged in this, the first corprebessive report of power Systcm sarth-

quake damage, have by and large, Seen redterated, in part, after each

Substations and simiiar faciti'les assaclatpd with guperating sta-
ticns mere oot Feavily daraced by falifng bulldings. Tramsformers,

which were gonerally o1 wneels or ynablached 1o pads, moved. Thirty gre dazaging earthguezke. The author 2oes not angw to what extent the recod-

Lvaits roved and deveiozad jeaks, brpien bushingt and broben Coriral lines. mendatiors fn the report were effectively acied vpon in Jepan. It

Sam2 foondatipns, whizn were afZen of poor grality, titted, alsc causing would appear that U5, uttlit{es did rot respond Lo the report.

units t3 shift, @it ciccoii-breskers, d7sconnect SHitthES, and control : )

yoards behaved w1l if they were in good structures and wall-secarel. The Llang Bedach Carthgquake of 1930 kad a4 magnitude of 6.3 The re-

Lightaing arresters were eatensiveoly damaged. For sowe uiflicies, all ported power System dandge wat nat too significant, consisting of bae

Tightring arresters of a given {ype failed, erphasizing the importange - Toss of twon 22080 buses ?450 broken pillar-type fnsulators, broken con-

nf design rractice, Batieries, 1n general, (7BL) ware turned gver) nectipns to transfarmers which shifted on thefr rails, shifted potestial
“short-circuited, or cossietely destroyed. Ond station had them tied to transformers, and averturned Sak tet1es} while the first puilding code

the Tloor and experienced ro camage, with selsmic reguirements was .initiated 4% & resuit of the Sants Barbara

Earthguake of 1923, the Long each zrthquake stigulated thelr wider use
Coerwnicyttan times used 1o control the transmiision systez were . in California. Prior to 1933 a .25 static lsteral force wes reed in

carried gn tre s5icn towers or on adjacent, but separite, poles, . the design of sooe utility facilities. Afier 1933 the .29 ¢ eation
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w25 used more widely, Alse, flexible bus was adopied for rew high
woltage facilities and then transformers were socured to thelr founda-
tfons. It was mat unkil after 1335 that the .2g latera) force reguire-
ment was forralily incorporated into eguipment specifications. 1t should
be noted that the dacision to adopt seismic specifications rested with
individial rtilizies [3]

The DlyTpira Earthquake of 1939, with #ts apicentor located 15 miles
froo Qiyzpia amd 60 xiles from Seattie, was af 7.1 magnitude. Damage
Twas mot significant, consisting of 2 233V trassforwer rolling and

breaking insulators and contral conduits: wrapping of wires on logng $pans
caused celays in restoration in outlying arcas, soil problems cautad
Lransforrer faglis) ao fnsulatign string broke and many wnils iripped;
and many service Vmes were polled from buildfngst A brick stach on a
stindby,unit wis alsa damaged. The Bonmevilie Power Administration

{BPA} experienced $ome damage and instituted a .29 sefsmic specification.
.-[-‘\HD, far new facilities transformers were Secured t¢ thalr Foundations.

Tre Aryvin-Temachap! sarthguake of 1952 with a magnitude of 7.7

_Caused JaTage Lo generdliom, transmitsion and distributfon facilities.

A cengritor thrust bearing w2s damaged and a thaft bent but was corrected
with-a hazt seax. Fifiy-sia zaoling fang, four fuel tank roofs, &nd a
teller feed water pump wire also dataged.  Transmission facilities my-
perienced tus bernt down dines and three towers were 105t due to 41idaes.
teveral tramsformers shifted bet thore werg no failuees.  Over BOD oole
trarsfar-ers fell ta ihe ground alihgugh none which were s2cured 1o
tredr piatforms feli. Ir was felf that relaying of tramsmisston Tineg
prevented burn douns on distributfon lines which were wrapped. Tre
Tires wera Jifficuit to ciear. As 2 result of this earthguake, some
Californiz utilities reviewed their facilities and secured older equip-
ment not coversd by the practices adopted in 1933.03,14]

The Nifgata, Japzn, earinguake of 19E3.was 9f 7.5 magnitude ard
caused extonsive powcr System dana'ge ang disrupttan pf custoper service.
Eleven of 202 hydroelzetric fagilities were Qamaged as were condenser
and coeling ducts a* 1 itherraelectric plant. Seven af sight substatisns
ware severely camaged, reguiring 3 dzys o restore, during which time
asoroxirately 507 of electrical service was Jisrypted. Portable trans-
forrers heiped restore service. Underg gund facilities were extensively
daraned and were difficult to repair.fd.13} - "

The 1964 Alaska carthauaie With a magnitude of B4 cavsed damage to’
the inlet of a hyZroetactric facility which maintained service but wish
remercus protlems.  Valdez Tost the fuel supply and start.up power-far
ity dietel generatpry.  Ca-aged cirvculit breakers were byrassed enabling
tha nydroelectric Facility to provide scrwice. Extensive damage, whicn
wii not reported in ceratll, was repatred so that service was 991 restiorec
within three days.[7,13] .

¥ns5r systemd ware Jaaded to different deorcos by four Sauth Amer-
ica earthquakes in Chile, 1930 and 1963, Nicaragua 1472 and Guatemala
1376, The now ¢omon am3ge af ynseured transformers and toppled bat-

Y
oy

tery racks was again observed but other types of danage were also obseredd.

Three turbine-gerdrating wnits were damaged.  In one case damage wis
. aggravated when the il lobrication punp stapped due to the Failure of

. - —
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epergency batlteries. "Also of note was the failure of high voltage sub-
statign eguipment from inhérent Inadeauase stremqth.

The San fernandg earthquake of 1371 of rmagnitude 6.6 severaly dam-
aged power Systems and oiher lifelines. while the magnitude of this
earthquake would pot it in & noderate class, thare was very Severe shaks
ing in the area cloie to the epicenter. -5 tnis earthguake was exten-
sively reported [ 5, &, §1 1 the exteasive darage will not be reviewed
1n derail, Because of the extensive camzge to high voltage substatign
facilities, this garthquare triggered ine oast extensive evaluation of
power System equipment done in tke U3, Some of the activities in the
post 5an Fernando pericd are disc.isser below, .

Caution must be exercised ¥n atiz~piing to surmarize and identify
patterns and trends rom damagqe rezarts fram oearthquakes which spin a
forty-three year perigd, occurred in oifferent parts of the world and
for equipment and facilities desigraZ $n many Jifferent countries. The
six recommendationt from the 1923 Toosc marihguake are not only appli-
cable to the U.5. today but remain u-_se2 cyiside of California. FRegent
garthquakes have a)so indicated trat nign voltage transmission fagilitfes
are inherently more wulrerahle to eav:ngoaie damage. Thit could &iso be
safd for large fuel storage tams.  Large.fossil fuel gererating fagili-
ties in the 1000+ magawatt ¢lass, rarzicularly coal fired units, have
rpi besp subiected to strong eartncudxa motlons to date. While the wal-
narability of underground transmizsior lines.may be no greater than
overkead ines, which have praved 20 32 Guite earthguake resistant, when
they are damaged the entire tine {s 2.t out of service for an extenced
pEricd, '

POST-SAN FERKAMID DEVELQPRZNTS

Hhile the Santa Sarbara and “co~3 zeach edrthquakes provided the ro-
tivation-Tor the development of seisTiz recuirements of building coces,
the San Fernando earthquake has sti=,ia+ed mare governmental, profession-
al ard industrial activity to mitizize eyringud=e 2ffects than any Lther
U.5, carthguake, A significant par~i = tnis activity hzs been assdciated
with Vifelines. It would be impcssit'e io summarize a1l of the develgp-
menls since 1971 related Eo power $y%t:™s in this paper, but a few of the
develuprents will be traced ang the crzsent situation relative to earth-
quike mitiqation will be reviewed.

Eazh of the utilities whicn grvcerioaced damage developed damage.
Also the federal governro-t 7“.nied through REF & stedy of
urprecedented magnitude to Siudy tne e ‘scts of Lne sarthguake wnigh
included a modest effort related to 7amer Systems [153. The utllitles
in the damaged area 2150 started este=tive analysds and tesd programs.
Directed primarily at transzissian ez.izoent this work was cone by wtil-
ity personnel 1n conlunction witn sgasuitants or manufacturers at
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consicerable expense to the gtilities. The Bonneville Power Administry-
tion (5P} alsa funded [ 1 ] detailed studies of the OC converter sty-
tton. kKhije the Bonneviltle wors has been published, mary of the ubility
studfes have not been released. There are several reasons for this
sltuatfon, [In some ¢ases manufactyrers have participated fn the work or
Rave pravided detailed Information abput thelr equiprent and consider
tha resclts a5 proprietary.  [n other cases the work was not dore with
the perticipation of the manufacturer bubt the ptilities are reluctant to
reiehic the fnfarmation, as to do <o may adversely affect their accessi-
bility to infamnation from the manufacterer in the future. -- :

host of the major Califarnia utilities have had seismic risk maps
rade of their service 2rea which are used o establish excitation levels
in seismic specifications for equipment and facilities, The utilities
kave 21sp Jeveloped relatively cophisticated seismic spectficalions for .
thetr ecyiprent and facilities. wWnfle specificalions differ for the
gifferent utiiities, izportant equipsent 1n high risk aress would re-
quire dynamic analysis or testing with inputs 2s high as .50 horirantal =
ard . 3g.vertical. One difficylty encountered by the utiifties is getring
rancfacturers to meet the specifications, In spome cases smaller manu-
fgcturers do not have the technical, resources to uoderstand dnd perform
the requived tests or analysis. Even larger manufacturers who have the
resources are unwiiling to bid on eguipment if all specifications must
be setisfied. Alsa, for some equipment The meeting the Sfecificattons
15 techmizally or economically impractical. A complicating factor is
that same equiatent must be mounted an Stroctures which may dominate
the dyrnazic response of the egquipment. 3obe manufacturers are nat in-
terested in designing the suppart structursas and will not be respensibie
fer the work of others. As the Lire from the San Francisto earthauake
trcreases 1t would appesr that some utilities are reluctént to provide
the resources for the detailed dyramic analyzis for new facilities,

&n important sspect of the earihquake resietance of Faciiities is
a559ciated with instailaticn detafls. The securing of bettery ragks
and trarzformers 0 thelr foundation$ had now been uniforoly adopted,
aithough spre ptilitfes have dome this since 1913, The commection of
buses *o squipment 13 Ergated in several differant ways and somewhat
unevenly z-ong tha utiifties. This factor is becoming increasingly
irportant sipee.the newer tubular structures tend to be more flexible
and have Jowzr dazping than the slder lattice type structures,

Califoreia State Sovernment has become more actively invplved in
garthouaie related problems, The Selsmic Safety Comnission and The
Energy Rescyrces {onservation and Cevelopment Coemission have been es-
tablithed. Tne latter 1z now voviewing the need for expanded earthquake
speiifizattons for fossil fuel power centrating facilities. The Caill-
fornia water and Power Earthguake Emgincer Forum has becn estehlished
L3 iZarave fooruRications on earthywake related gevelopments belween
water and power stilities within the State. The forum meets a few
tiegs § year and cansists primarfiy of fop civil engineering representa-
tives from each utility,

. The traciice to mitigate marthquake effects outside of California
is rariesty different. While EPA has done extens{ve studles of their
GY converter =° Fan = 2 mirror image of which was seyerely damaged in
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the San Fernando £arthquake - and they da have seiselc specifications
requiring dynamic amalysis for their important facitities, other utild-
ties in the Northwest have not implemented the sippie low CoSt mewsures
cuch as secuTing transformers to thelr foundations or providing adequate
slack in bys-equipment connectlons.

In other high seismic risk areas of the country (a5 defined by the
Und form Building Code] gemerating facilities have in SOme CAses satis-
fied the .29 horizontal static #quivalent lgad. HNat surprisingly, -
transmission and dlstribution facilities in these areas. have no seismic
specifications. . '

CURRENT RESEARCH ACTIVITIES

The foliowing discussion does not include work relaled Lo nuclear
nower genevation fagilities. As noted marlier, there wis extensive
research related to power systems being funded hy nuferous SgJTces.
Following the $an Fernando earthquake of 1371 rost of :his 2ctivity
dealt with the analysis of various power system components such as cir-
cult Breakers, switches, etc. At the present time the cheracler of the
research effort has shifted to looking at the system as a whole, major
facilities such as fossii fuel power plants and yndergraund facilities.
Tne majority of current research is funded by the Hatinnal.iczence Foun-
dation (NSF}, RANN, Earthouake Engireering Prograz. Appendiz A cantains
a Jist of NSF projects related to electrical utilities giving the title,
the principal investigator, and a brief sbstract of research objectives.
activity on structures which mignl ré-
late to pewer systems, this materfal is not ingluded. Pecently the
Celifornia Energy Resources Conservation and Developrent Commissfon has
initiated 4 modest effor: related L0 power geseretion facilities.

tnitial results from gne of the above studles are LoW availabie.
The major objective of the study was to develep & rethocology for evalu-
atfrg the response of en-electrlcal power systes in a retrapslitan fred
to a major eartnguake T8, 4, 10). The methedalogy uses digita! computer
simulation in which the power System is representes in de:ailr That 15.
power saurtes, transmission 1ines, transfarmers, circult breakers,
twitches, busses, etr. in the StUCY area are ineluded. fnr each of a
scries of hypathesized earthguakes tne probabiiity af failure for each
piece of squipment in the study area is evalyated takirg inic account
the location of the site relative to the earchquake fault, the soil con-
ditions at the site, the dymamlc properties of the equiprent amd 3ir
supngrt structure where appropriate.. The qperating STatls of eazh piece |
of equipment s then determined 50 as to be cnnsisten:‘uizn ity prokabil-
ity pf failure. The systam it then reconfigured to take adventage of s
recundancy. Load flows are performed to determine the existence of over-
laaded equipment. The importance of the various restcraiilen tasks is
determined, and availabie trews are dispatoned to resigre the systen. In
this manner system performance, &% measured by the exisnt and Juratizn of
service dlseuption, can be evaluated. In addition, effecis on syitem
performance can he evajuated for thanges 1n repair strategies or thanges
in selsmic specifications of equipment at specific sites or af a giwven
tiass, )

-3
o
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For the "typical™ power system modeled,ilt was found that servige
could be restored from earthquakes of magnitude 7.0 in about two days
while a ragnitude B.3 earthquake wosld require about 3 ween. For a
given magnitude, earthruake positicn alore of that part af the fault
which relezsed erergy, ¢2n nave significantly d1fferent effects on power
system response.  Results also indicate that rot all equipeent i5 equally

ireortent to maintaining system oneratfon,  For example, tramsformers
ray be mare irporiant than circuit breakars used A1in them. Secondly,
the high cdegree of redundancy in power SyStems neans that extensive da-
rage tan be sustaired withou* systec disruntions. For exazple, only
aheut 607 of daragad eauipment need be repaired to fully restore 5erv1ce
afier a rajor ear*hquaxe

in deceloping the simlation 1t was recessary Lo qot Fragflity data
far the warious pieces of eguiprent which corstitote the power System,
Hat only is this information J1ff1cult to obtain, but attempts by utlli-
ties to Jdeternice the st of infrezsed rarthguare resistance of eguip-
rant Fave Geen frustrated. For example, a reguest for bid for equigment
wanied guataticns for speciffcations of 2, .3, .4, and .5g. A] nids
had tne samre price. ; )

COSCLUSIONS AND RECOMMEWDATICNS
L]

AL the preseat tive, cajor {alifornta electric utilitles have fnsri-
tutionalized seismic specificalicas for equipment and facilities. Whife
regicnal seismic eish faps are used ard site conditions are sometimes
considerad,
through imporiant substations, (Oyramic anaiysis should alsp bie perforred
oo 21l high woltage equipment and SEeucturss $o a5 10 minimize deleterisus
interactian betweon equipzent and suoport siructures. Since mast utili-
ties use "standardized” structures wrhich evgive slowly, In time the Cost
of dynamic analysis par structure would be relat 1veiy Yow.

One of the =ajcr irpediments to irorowve seismic resistance of uiini-
tics gutside of Jalifornfa 1s that mp effective infrastrusture exists for
the wiility industiry ip insyre that ainizum earthguake mifigation meas.ires
are adopted.  There are no parallels for selsmic resistance in the pomer
Irdastry suth s the.boiler cade or elevster ¢ode which have been formu-
Yated prinarily by the affected industries atd have served the cause of
ruhlic safety effectively. Trade organizations such as Edisen Electric
[netitutz ar Elactric Power Resecarch imstitufe consider the earthguake
problem as regicnal in character {enclusive of nuclear safety} and give
it o low 4 prlarity as to enclude 4t from consideration. Likewise the
Federal Fower Commissian, the National Reliabiiity Councils,” and the
Ererqy Researsh and Development Adainistration consider the sarthguake
provlem outsfde of Eheir charters or of low priority. Thus there 15 2
read for sors organization at the national level to insure that at leas:
mintinal, cost-affective earthquake mitigation measures are adcpted &n &
rational basis,

PFraof essiﬁnal organizetions such as the Institute of Electrical and
Electronizs Eagineering have regional commitiess addressing soma earih-
guate related prnb1ens through the development of seismic design quiae-
lines.

this should becons standard praciice for all facilities down -~

{
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The development of design guideti{res for use 1n-high sefsmic risk +
areas outside of Califoraia ray be of licited value unless they are wiry
cpeeific as to things that arp to be dore. Tt has ariy been {n the
past-San Fernardo Carthquake peripd thai the CaliZarnia urilities have
developed sfgnificant exportise on structure and equipment dynaoic beha-
yvigr. 1t is highty unlikely that Mid-Western and Eastern utidlitles will
develap the espertise required to &ffecively utilize seismic design
quidelines which only gfve general procedvres. Humerous reazsans can he
cited for the ptitities autside af ine West Coast rot adopting earth-
quake mitfgation measures. These irclude the fact that there {3 no
record of earthquake damage to nower facilities fn these areds; most
utitities' experience with seismic requirements s reiated to nuclear
gererating facilities and thie aften has assoeiated with 1t excessive .
burcaucratic red tape and high cost; and the cninitiated wsually over-
estimate the cost of implementing earthgudke mitigation measures.:
Guides should alse provide informaticn on the cost-effectiveness of
recammended actions, With this iefoecatton, engineering staffs will be
in a better position to get the susport from management reguired for
{eplerentation.

Where sefsmic specifications for equipwent and facilities have been.‘
fmplemented, 2 uniform desfgn excitation level, usually expressed as a
fraction of the accelerstisn of gravity, 15 given for a1 equipzent
associated with & given functign. Simulatian situdies shaw that the
{mportance’nf different pieces &f ecuipment 15 different. Thus, the
level af selsmic specificaticns skould more closely correspand o tne =T
impartance of equipment functiom. Clpsely related to this s Che need ¢~
far incremental costs assoclzted with ixproved res{stance,

(Y 1

Since the cost of many of the reasures 10 redoce earihfuase hazards
on mew instaltations 15 very low, it wguld appear that the failure 1o do
g0 i5 duwe ta'a Yack of awargress of the probiem or 3 tendency 10 resist
cnange in a large orgasization. The low initlal-cost and the aifficulny
in retrofitting facilitles speak strongly for ensyringrthat rew facili-
ties have at 1easi minirue esrihouake resistance.  Also, singe the Norih-
west i5_aware of the Seismic hazard and $t117-has nat afted, 1% would
appear that code requirements will be fecessary to achfeve 1nplerentatinn

Invest1gat1uns since the San Ferrandg earthguabke kRave conficmed that
higher woltace transmizsion facilizles are in general mere vuinerable to
earthquake damage. The impartamce a7 a srowing 800%Y trensmission net-
work and the introduction of V104KV service in lhe Middest sugjests that
the earthquake resistance of these facilities should be evaluvated. ”

v

There is 2 nepd for better dr.tunentadon and communicaticn of earth=-
quake indured dameye. Substation dzmage s wiually repeired guize rapid-
1y because of the need to restore sarvice, . Whilte damage staeistics are
valuahle for the state-of-the-art to continue Lo progress. fore details
sbout the cquipment and 1is ifnstallation rwst be knewn. Thug, Informi-
tion on dadaged eguipment incleding its agh, manufasturer, pethod of
mognting, details on interconnections, and type of fafiura sthould be
documented, Frodecures For ohiaining this type of information are pro-
babTy mast impartant for Califarnia Secause it f5 the most seismically
1Ictive jrea.
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) A puteq;ial pra?lem assgciated with the comunication of
inferration”is that it nfght be restricted becavse of litigation asso-
clated with equiprent damage or disruntion of service. Historically,.
this has not been 2 problem after disrupzions due to natyral disasters,
However, the natienal attitude towards praduct lability end the gener-
al TECOUrse ta the courts im resont years hold the potential of aenying
access Lo infarzation which Is vital for impraving the earthquake resis-
tince Lf equipreat and facilities. 2% the procedyres for abtairing
dimaje informatian are most fmportant in Caiifornia, the prablen of
-Mtigatien 15 also cost eritical thepe, Foriunately, there would appear
10 be an adninfstrative way around the problen. California courts have
held that safety studfes conducted by the Department of Iadustrial Sate-
ty are :unfiden;:al and thus cannet be subpoenaed for purposes of 1itd-
gation. Thus, if danage reports can be sg classified, access of vital
information witl Be assured without jeopardizing anyene's legal pesitica.

damage
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APFENDIX A:  RESEARCH ACTIVITIES

Katfonal Bcience Foundation supported researzh projects relative 1o
power systems as reparted in LSF Suzrmiry Of Awards.

1. Seismic Safery of Electronical Power Eguipment; ~nshel J. Schiff;
Purdue University, School of Mechamical Engineering, West Lafay-
ette, Indiana 47907; §193,B0G for 24 months beginning June 15,
1971, '

A peshodology will be aeveloced to evaluate the response
of power systems to major earthquakes. The mecnodology will
enahlie the extent and duratfon of services gdisruptiot resulting
from garthquakes to be determiped. The effects om System per-
fornange of changes in equipment specifizatfons, repatr 5tra-
tagies and systes configuration can be avaluated. Efficient
melheds far wibratian testing of power equiprent in the fietdl
will be developed, : '

£. Seismlc.Resistance of Foscil-Fuel Fower Plants; Josn L. Bagr.*a-':

noff, Purdus University, Lafayette, Indiana; $372,700 fur 24

menths beqinndng January 1, 1974, :

A

This prajest will concentrate wpon the determination of

_the dynamfc beravior of Yarge fossil-fuel steaw power generat-
Ang plants when subjected Lo earthquake forces.  The results of
the research will be used to establish design guicelines &na
procedures For the principal comporents of a power plant far
earthquake resistarce. Trese guidelines and proceduires will
form the btasis for the development of selsaic coce provisiens
and recomrendations far the design and constructicn of fossil-
fuel steam power generating plants. ’

This ‘research will study, a5 a start, the tehaviar of the
principal comporents sugn as the furnace-bofler, 5teanm and
feazdwater piping system, coal handling egquipment znd conveyor

_— system, cooling towers, and stack.

3. Earthquake Respanse of Qams Tncluding Hydrodynanil and Founda-
tion Interacticm; A.K. Chopra: University of California, Berke-
ley, Califarnia 93720: 589,400 for 24 manths Seginning August
30, 1574

. oD
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The research progream will: {1] develop rellable and eFfe-
tive techniques for amalysis of response Of dams to earthquake
m3tions including effects of hydrodynamic and foyndation inter-
action; and {2) undarstanding the effects of interaction and

the significance in the gynamic response of dams,

The research

will include studies an ¢oncrete gravity dams, arch dams, and

earth dam;.

Ootimal Farthguake Desicn of Energy Production, Storage, and
Uistribution Systews; Alfred ¥. Freudenthal; The George Wath-

irgion University, Washingron, 0.0,
maaths beginning Fehryary 1, 1974,

T m ] Fl

0006, £340,400 for 72

+ - *

This project focuses on the elements af risk, cost, and
lass assaciated witn earthguakes as icportant design paraswiers

“fn develeping structural design methods.

pecifically, the

ebjectives gf this.prolect are 50: 1) establisn a new structursl
design concept on the pasis of maintaining a proper batance be-

tween the cosi of praviding & protective oeasure and the espected

coit af earthquake damage; 2) develop procedures of optima] de-
slgn for uitizate seismic load carrving capacity and functional
creliability of siruciures; 3) apply these procecures in tne de=
sign of fmpartant industrdal fasilicies, and &) make the results
.of the study availabie to user-groups, and prepare cufdeiines

fcrlmaking the gpiimal design and planning decision,

tnalysis of the Seismic S

=

Lamility of farth Dams; H.H. Seed;

University of California, Berkeley, Californie »94720; $173,500
.for 21 months beginning. February 15, 1976,

» 1

As part of this project, a study wili be made of the sig-
Jaificant differences -between earth dams xngwn to have: performed
well and dars kaown 1o Rave performed poorly during strong
earthfuake shaking to determine the factors respansible for the

cifferences in benavior,

Spegifie chjestives of the project are

to; 1] establith a dati base cencerning the field behavior of
garth dams during eeribguases io that adequate and inadeguate
Jty¥pes of coastruclicn can e fdentifleds 2) investigate the

adequacy of. dynamic analvifs rethads in predicting satisfactory

ard wsatisfaziory perfarzance of earth dams during_earthquakes;’

he earthiuale shawing,

cand 37 develor sirplified but -ationa) procedures Far evalusting

The reszlts of this projest will fon-

“tribute significantly 12 Sath improved safety and economy 1o
the design of these critical varth dam structures.

Yulnerability of Trymsporiation and Water Systems 1o Seisdic
Hazards; Irving Oppoarnein; Larmegfe-Melion University, Schenley

Fark, Pittsturgh, Penasylvamia

hegirnning ¥ay 1, 1376.

15275; $187.000 for 24 mgnihs

POWER SYSTEMS

This project focuses on i
and assoclated water systems 1n or
medel which can be used to measure the per
principal causes af f
The model W

. Systems.

L
24)

:he general transportation systea
der tg determine 2 1ifeline

formance and the

ailure or decreased performance in these
{11 recagnize the effects of redundancies

in the svstem, the geggraphical features of the toial system,
! he principai seismic fallure criteria,

and will contain t

7. LUnderground Lifelimes i
Hefd1in§er Acsociates,

1092,

Research will ¢
The specitic tasks include:

1 felines.

noa Seismic Enviranment; M.L. Barcn;
110 East S5th Street, Mew fork, Hew York

307,430 for 24 months beginning June t:_lg?ﬁ.

-

nﬁéentrate on ynderground water distribution
1] a survey of under-

?Fﬁuﬂd water 11felines; #} the development of appropriaie snismig

nput; 3} methedolo
methodology appiica

; f lifeline systecs.
benef it St e in the furmrnf design aids. quices, and speci-
. -

will be presented
flcatians.

gy development for ocd
tian to real systems,

eting and analysis. 4)
ard &) risk and cosi-
The results of the resparch



ASEIEMIC DESIGH OF S00¥V ATR CIRCULT BREANER WITH FRICT%CH DAMPERS

by Tare Shizogol and Shigeru Fulimoted

AMELract

Statistical properties of the response of & SOCKY mir olpouit
" breaker under ponatationery gelsmic excltaticn are studled by i =
"almplified mathemntical podel of the top=henvy tail ptructure Ard it 1is
shown that the’ lnllyticll results are in falrly good esgresment with the
ezperinentll Teaults. . '

Notatiam =
The following mymbols are used in this paper:

5.0, {i22,2,3] = =, y-:uordinl*el of the lower end position of
each atayi
f = frequency; N
g = acrelerntlon of gravity,
K = ptiffress of the mupport colutn {ratio of the restoricg momect
to the frclinetlon anglel: ' ’
X. k' # ptiffneze=p of the darcper;

L o
L = length of the support column; -
"LTg = {pitial length af the atey; v
My = nifngf3+=3 = gess related to the inertlaj
- Mz = 314m,/2 = 'oans releted to the gravity;
By = cavs of the mounted body: .
Ry = zaks of the support colwon; . oy
Gy = mags ol the stay,.
Po = frictloval force of the damper; )
R = radius of the clrele, on which the lower ends of the steys are
arranged; i
= tice;

Tp ™ iultial tenslon of the etay,

4 = irput sccelerstion in the horizontal dlrec-iuﬁ.

, ¥, 1 = eocrdinate syatem [ the z-axis is vertical };
v.= angle af the Input diregtian =aking with the x-axia;

1. Introduction

A SOANY alr cireult breaker 12 conptrucied Wilth & heavy Interrupting
chashbar installed on the tep of a long support column, the botics of
vhicn Iscannected with & rigld foundation rack. Three ztays are siretched
fram the {oterrupting chamber to the fourdation rack to iniresse the
mpriacis rerfarrance and wdditionnlly friction dampers are provided for
the stays to abyorh the vibration enerdgy sm rovghly (llussreted in Pig.L.
Tnis kind of construction can he avallable pot only for the cirpult
bresver but alsd for any tap-heavy tall alraciures to lnerease the

11 Prafessar of Mechanlcal Englmeerlng, ¥elo Uaiveraity, Japan
2) Sradumte Stutent, Xelo Univergity. Japom
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. interrupticg ctiamper 13 mamated to be |
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ppeiswlc performance. The friction’ fr*“'“m““'““""'ul
darpers opuch gs ring springs aTe
wsually used In practice for these
construrtiong, beegouse the frictlon
domper can he mede compact and absorba
relatively big wihration ererdl.
Eowever, 1t Lz momevhat dirfficuls to
esticate the selsmic respopse of Lhese ——
gtructurss by an srelytizal method
owing tg the nonllaesarlzy of the

FALge LA

LT [
rricticn damper. Alinouzh the SO0KV A, I
air gireuil breaxer in commaniy “

designed to witkstand an horizontsal ra—
earthqlake shock of 0.3 mirucaldsl \-I. 1T

wave Tor three cyeles at reaoCATCE
frequen in Japanese sleciric power ' PRI WA

fndustryil}, it i3 an important FIZFFTITIFITITT B
matter for establianlnz as anti- Fig. 1 The pcriene ¢f the 500XV

sarthgucke design prineiple of the WPE miT cireuir brecrer {1/2 phaxe)
rop=hesvy tRI1 strusiure equlpped T « F
with the stays and frictlon Jaspars N
that the dynamic chorecteristice are
exnmiszed cnderT nopziatlonary Thndcm

excitetion garresponding fo & horls -1

zontal sarthquake frput. Tn thla

paper ihe effecte of atructural T -
parpmaters such a3 frictiooel forse N
of the ga=per uron the ztatlstical T+l

propartics of thoe redponss are
wsTecinlly ewonired Ly using o
ploplified oathmaticel model and
these results are corpared with
the experimentel results.

Fig. 2 The load-leliection dimgram
uf the friction ?a-per [ the ricg
“  gprirg )

2. Mathe=atical Malel of <he Structure ’ z

A mathematieal =odel of the
structuse 1o, aimplified ynder the
following esomptions | see Fig.3 )

1) The coupiing eflects ceused
by the Bttachments guch as esbles,
EtayE, TAck And B0 GO ATe Rt tRhes
inte BeTQURE. '

{2} The body mounted en the top
of the support celimn guck as the

B 8ingle masze polot and the subport
column fe asgumed to Te a uniform
straight rigid ber, the bottch of
which {s replased by & flexible Jolnt.
Accordingly the whole structure 2s
expreased a3 & two-degresg-al-IreeloE
syaten wrder the torirental Flg. 3 The dyraz':s ncdel of the

excitation. giveult bBreaker stmiziur--
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{3l Tl'm‘\_‘.!ffzcti ¢f the materinl ond geomeirical nonlinearities mre

neglected with the exception of the friction danpsrs,. When the friction
ddmper {8 comstructed with s ring spring, the load-daflegtion chracteris-
tics of the Jdomper 42 rejresented by & bilinear hyatersals sz {llustrated
in Flz.2. In this case the frictionel force Py at the aguilibrium point
in prnportianal to the 1nitlnl tensfon Tg of the stay { Pg» Toll-ri/iler),
r=k'JE <17,

From the a'bovf‘-r:entianed aspumptionn the equetions.of motion ‘are
derived wa follavsil}

FEAP+ AL +CN + Ay = '-uacos*;-
d"'?dc‘+CE+B"I +By = ~Ugsinr } W
. wheTe - . ! -
T oEex/L oy AmWL L, .cewel (weevETL ), ugvlsgs - (@)
Ak TRped - Npe e Rpde R

o Bercu-p0pel - 2180+ ¥din
C T M poidy - MTeu 81N + A Tenbyx,
D AR-TARd) - ALy

r {3}

Bu""I.nMFﬂh‘ }.?E;ﬂi' L ¥ |
K= KMGL . p=MalMy , G- TofMg . A-L/Le 7
gi=ai/L , fi=b/L (i=1.2.3)
Fi=PofMig . ®i=kLMig  or a&gfa,ggcg
=10 .. *(ReKIL/2Mg) -+ =0 {5)
'EJ'HLQ . » KLMg . 20

\."*en 'r.h.e freut ucchz:—n“uq goourg | in the y-direction (v = 2f2 1, "™
”'1e esumtign of ._c.*iun in reduced to m eizple lora

--

© O RECA BRI Be= -y : : (5

becm.-u the struzture is pyreiTic abdul the y-1 plnr-e

Froa the above.ejzatlen the approximate walue Of the resonance
circular freguency o is e3tlcated by uslng the pean values of fricticnal
force apd stiffress of the dasper, that 13, by puttieg iy = O, wy =
{a+k*ILA{2%19) 23 follaws:

¢ {wpswels B —p - 858 + N §8iKn

- =n—p-27oMp? + 4P Rm S0d 3}
viere T P ER/L , Kme (KAKILADMG) - @)

3. Acmataticrary Selszic Inous

An approxicate value of the zean sguared responss of a ponlines
eyeten exclted by & nccstmiitoary random ipput 1s abtained by sclving
atatlatical moment egustisne whieh are introduced from the FokkersIlarck

alft CIRCUIT BREAKERS 241

aquntion In this case the in;p..l:.ei P
1n ansumed to he 8 Gaussian |‘
vhite nolme having rlunutur.iurur}" l

!

garacteriatice, tvhat ls
it} = pleigied {7

where T{t] expresses an envelope 35-
of the input acceleration and

git) 1a & statisnary randem fune-
tign with zero mean. Although 5
t{t] hus generally the domipant
frequencies, t{t] 1m approximated pag L
to s Gausalan vhite nolee in arder ..

to derive the Fokker-Flanck equa-
tion. Then the pawer apectral density !
function of Ult} ia given by the :
expression ;_'I

»
—— ]

The ngrcallzed enveloge funp—
. of the Fl Centro aelazlc wave

0 CEMTEG DGt |51
[0 XNy i

,i'u\\ )

Ive

sule.td = BeleID? (2], ~marem {nig
+ . .
vhere Sp(f] = 1 [1/Hz] {paver apectrel
denaity of it

For exmmple, the envelope of the H

o

Fl Centro relamic wmave {N-5 cozponent,”
the masimom woceleration tmy, = 9.3,
ia cbteined by & leg <indow mnd noT-
malized #o that the maxicem value {3
unity as shewn in Flg. L. The povesr
Jpectrul denslty of the statlonary
wive, which f3 ohtalined from the Il
Centro seinmle wave devided by ics
rormalized envelope Tinctlom, i3
represented in Fig. 5. On the otbers

L] " t\-e
bard, ohe epBreCE Y STNY Tia: 3 e Bmenstomient pover spec

oo F okl 2essl t:,r ur .."l.e s'u:i:—.a'-r wgve
::,:;E: ;ﬁt:u}fn;:d{byff: .iﬂ‘l 2:] 4'.':1----\:=.;:\w:.---.v:!_111r.a to the I Centra seiszle
N .

M b Gy

7o | DO-
RN sy
— I-:.Ei—“-

[y
-
t

a
i

- .;“--,..,-]_'I'_...

1

—Ft-xi

in the raie vhen the dimspzionlens ¥3¥¢

structural pareacters wre o=B 67, .-

vl 938, 1nmo.096, = 0.96, o= 7 1-1-" - - P - - -
0.287, =587 as o trpical - 1 .k - = oo .

mperical exanple. T may he §
asgused that the response of Lt I
rireult breeker mwinly depends * ¢ ,_“!
on the reconancs frequency :u:pn-i H
nent.w of the input aver the e
approprisie fange, say, 1308 &fF ¥
Lha resonance frequency, If Che
dacping ratio iw approximated I3
155, Thia rarge {# indicated with

& [] [-] L] =

k)
— L -Lr
the shadowed portion in Fig.5. Fig. & The dim.enn'u-a_.cu PCoVED SQE0=
Thereford the . ipput scismle vmve: rral deraity of the wonstesionary
may be replaszed by mn equivalent vhite npaise epprozimering itoc the El
white noise vhope Dower apectral Tentro pelemic weve

4
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"-‘1:':51?:-" has the pume value A3 the pvepnpe level of +he input. Tover
szecirel density over the above-montioned Treguency Yanfs. Io this
exaTrle, the Yalug of the dimensioniege power spectiral Zersity of the
equivalent white nolse 1a about $5+1073 Since this value correspords to
the =azinm walus of the powver spectral deasity of the ponstatlonary
irzut, the tire history of the dinenslenless pover soeptral Zenaity
Sle c Megis - 20t} 9L i Siven a3 the squared valte pf the nare
zzilred envelope fusction nulilplied Ly 5+1C-3 (zee Fig.6).

. (]
Y. The r.m.a. value of the Acceleration Response

+ [
- The Fokker-Planck equatlen geverning the asns.coghability denaizy
" fupztian of the responses i derived with the oii of ik ecuation of
Sotlom, and furliher thw egquatlons relating to the se2ond order moments
o the TIspGR34x are obtalnel fram the Tokier-Tlensi equation oo the
assimptian thal the responses are Saussian rendam oracesses with rero
zean. Wien-Y ® wf2 | the Gepent equatlonstare reduced ta

l:.":“.fd‘[ - 2”1:
tppfdv Ky, - 0iMy - 27277 padyhy o /F, {11}

"Qypfav w- 20l My - WETT sang ATy + Sylc)/ran

[]
where Miy w Elngny] { 1.0 =1,2], my=n = yfL, np = dglig {12}
= ’ ' t
Bp'm Pafdyg m rpller)f{l+r), s =x'/ < (13
i " ‘ "
The coment oeqdatiens (11] are mmorically soived by using the 1ppu pouer

speciral dersity Duled/-94L dndizeted in Fig.6 and potiing Ng= 0.2125
{r = 0.81€ |, snd the r.o.a. value of ‘he accale-ation response is
chtaired from ke values of Nyy (eee broken lire in Fig.7}.

“Te 3114 line In FLI.T rerresents an experizecial result. In the
experizaiial atudy, a physiecal mets] of the 2ircult Treaker vas oxeliied
Ly a wizreties tegilng caehine uider the Il Centro sais=ic vave irput
£n2 the r.o.d. response w3 tnvertlzated from ihe rovelepe of the mguarsd
‘value of tre EIzelerotion plckesd up at the wop ol the support eclueen.

A sinflarity oF the dynanleal
Froperiles Betveen the physical ar
calel aed the Tull-mize giruciure |
af cireuft BreRier was tiken into Ié I
1 1

[ A Y )
— TamnT
—— SRR O e T MR TR

L g

cansbieratian by palrg the prezed-
im¢ mathezatlcal madellld, In
this chya{cal eadel, L = 1,350
{eg = 2. 8cadfaes], Lym 1.300m,
2w 0.35Tn, K ® $1.3kpl-m, Mg = N[
|

i

Lootker, tag = hooSkgr, Ty = 323
kgT, Py =1.30%er,

Froa Fla.T it ic zeen Lthat i
the Rparozizute vulue of ther 4
reaponse sbtnined from Lhe mesent
equations are in pood noreckent Tig. 7
Qivh the expérimepta) regult with
the exgeption ©f the peaX values,

e dizeraionleas r.m.s.
volurs of the agrelerutign rocuponse
(theareticel end erperimental vulues)

. teggribed in zectian 3, whose

, The wvalur of Chi-sguare for tezting

rmatter of convenienco.
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g BT Y
['F, Ty L |
Toad | Mag'EWq

The Fact that the pear values of the
thearetleal result src oryecrestimated
ray be originoted in the varlntion ik
pf the domipmnt fregacacy of the Bl _
Cantro scicelc vave. The detinont .
frequency of the EI Centro aeismic

wave bacoprs somevhe: low and gseis

aviy friu the resonance frequency of

L
the struclure at the time of the rl I-LL‘—L

intende ocecleration, thus ihe peak 1 - C ' i

z aof th et are relatt .
values of the response at ¥E1¥1g. # The Frobabllity density of

Jow ln coxparlson with the theoret- . i
leal result. Hovever. if oaly tre e IRPUt white nolse for a digital

£l w4
- time history of the inpul pawer rimulation
speciral density at_:he TEEODRACE - - bt (.8
frequesncy of the system ¢8n be - I
estinated az the enserhle sverage-af g Bl N S
the ectual seismie waves, then the \m e piee EifTE

Pkt | By ®? ) i‘
analyticel method described in chin .

Foper I6 avallahle to estimats the
r.m.8. Yelys of the response.

4

B Effect of the Sonlirearity ar
the Friztion Danpers
’ 4 . " el ) -] Yy H
The response of the stracturs —
#as mRSumed to be = Gousslan procesd 18- 9 The probvability density of

fn.preceding thearstical treaiment the reafonse to <he input white oolse
rotuithsianding o nonlincal [rablem.o yuy a1citad sigulation { the case

1:021*1;:11-_? e“""__'j“ }f:hﬂ't—' of lower Initlal tension at the Elays
probabilicy dencity o € TESPONSE 4r Jower frictionsl force at the

J.{_.S

wial % dic -
deviates I‘rt_:_': thetﬁa:l..-siﬁ:l Ltribu danpers ) B
tlgn, & digiral s'=ulsticn is ¥
carriced Qut Ty usine & stationary L AT Ty b LW
Goussian white roSse af en {Fput at YT "'
. the cathezaticnl model. The level of Mia TR —— =R g
- e R, S R R

thlzs whize nolse {5 chosen tO be equal ¥orlt 16 R1
to that of the eguivalent vhite nolae

protability density is shown in Fig.8.

B Fitnecss with the Cuussian distrlby-
tlap is oire fndleated in thizs fMgurs.
In the siaulation, the ehoracterip- “of el [ [ 1
ties of the frietion damper %s =M
appracirated to be parallel hilineu::E‘r:Epn::: ErDE;hl}i;itd::;‘:"T Zir

. - = - LR LL] o e in 1 nalae
by putting k = k' = {k+k"}2 0 s at the digital gimglation { bhe case
6T hipker Initiel tenslon ot the stays
or higher fricticnal force AL the

L rE )

The prohoof{lity Jessiticn of the
roeaponde ochtained by the nimulotion
wre ehewn ip Fig.9 and 10 for

= B.G60, 1y = 0.058 and 15 = 1.1k%,.
Tegpectively, From tnese Cigures 1t

LT
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1% 3osn that the value of Chl-mquare incresses apd Lhe fitness witn the
Cougslen distribution becomes poor, when the inltial tenalon in the
slays 9r the frictignal force of the dampers becomes lacge. Howvever,
the snagpes of the probabllity Jdenaities are pot so Jargely different
freo the Gausafen-digtributlion wilthin the rasge of the jnitial tenszica
gr the frictiozal fores st the circult breeker and mcocordingly the
erroe cauted by the pasunption of the Gaussian process in the precedicg
theoary 1a not a0 blg.

Although 1t 1z geen In these puserical exa=ples Lhat the r.m.s5.
value of the acceleration response decreases for the higher Initinsl
tereion in the stpym, the acceleration responge may rather lnerease for
“Lhe extirezely bigh initial tenslon, because the relative dizplacement
ia the friction desper becoman small.

* &. Goncluaion

The optizal requlrements of the parad2ters of the tap=heavy tall
atructure, for sxemple, the inltiel censlon ip the stays, the Irictionsl
ferce of . the ds=rmarg,the gtiffneas of the support colusn, cay be '
joventigated by using the simpliried mathezatical model and the method
of statistlchl approach described In this phper. ) )
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CURSO INTERNACIONAL DI INGENIERIA SISMICA
DHSENG SISMICO DE PLANTAS INDUSTRIALES

Men C. Enrigue Martfrez Romero

Las presentes notas para diseno s{smico, pretenden establecer normas pa
ra definir el criterio de disefio slsmice a seguir, con al cbjeto de gue las

estructuras de plantas industriales tengan un comportamiento adecuado an
te un sismo de mediana intensidad, despuis del cual la operacién de la -
planta sea normal vy gue ademés para un sismo de gran intensidad no s -
produzca el colapse parcial o total de las estructuras y gue los dafios oca -

sionados puedan repararse ¢n un periodo de tiempo relativamente corto,

IZstas recomandaciones se aplican a la estructura completa v a todas sus
partes, incluyendo la estructura en s{, pisos, muros y sistemas de techo,

as{ como partes especificas de equipo y maquinaria de la planta.

MNOTACION

Cada sfmbolo empleado en el presente capftulo se dofine donde se empliza

por primera vez. Los mas Impartantas son

a { adirmensional ) = coeficiente ampleado en andlists dindmico modal.
(=] £rm 3 = base de un parel e vidrio.

C ( adirmensional ¥y = coxficiente basal (sin reducier por ductilidad ).

c { adirmensional ) = 0,95 GO/

D (adirfrensional ) = Factor reductivo por flexibilidad.



J { adimensional )

L (m)

@ [ adimensional )

T (seg)
W  (ton)
W (ton )
y (em}
Y5 (om )

It

»

altura de un parel gde vidrio o espesor de es  —
tratos oo sue-'lr::.

altura de un tablere ge muro entre pisos con -
sacutivos, .

factor g amortiguamiento,

longitud de un tablero do muro o mitad de la
longitud de un tangue rectangular.,

factor reductive por ductilidad

periode natural d2 vibractbn,

fue rza cortante horizontal en la base de la
construccidn. -

peso de la construccidn,

agesplazamiento dal centro de gravedad de la
estructura descontando el que proviers de las
ag=farmaciocnes logcales del terreno.
desplazamients del centro de gravedad ge la

estructura que se gaba a deforrmacionegs loca —

les dol terreng,

ZOMNAS

Para fines de diseio s{smico se considerari que las construcciones pue -

den desplantarse en las Zonas 1 & [, atendiendo a la astratigraffa local

azl terreno.,



Se consideran come pertencoienies a la zona | todos agquellos sitios dond:
exisla evidencia de gue no s encueniran o profundidadoes: may'cms de 320 om
suelos con mbdulos de rigidez menores de 50,000 ton/m2, o para los que
el nlmero de golpes por cada 30 cm. en la prueba de peretracifn estndar

sea {nfarior a 50, y en gue ademés se satisfaga la condicién.

2.5 1}-{;;’6.- <, 0.45 )

En donds Hi es el espasor, an metros del i-&simo estrato de suelo gue 52
encuentra sabre el material con mbdulc de rigitgez mayor o igual que -
50, 000 tonx’mg.‘{; as su peso volumétrico en ton/m3 v Gi es su médulo,

de rigidez en ton/m2. La suma debari incluir los términos correspandien

tes a todas las capas gue se encuentran scbre el material con mbdulo de ri

gidez mayor o igual que 50,000 ton/m=.

Para fires de ésta clasificacién, se tomarén en cuenta todos los suelos que
s encuentren debajo del nivel en que las aceleraciormes horizontales del te
rrenc se transmiten a la construccidn,

Se considerarn perterecientes a la zona Il aguellos sitios gue m satisfa -

gan los requisitos de los pirrafos antericres.



CLASIFICACION DE LAS CONSTRUCCIONES SEGUN SU)
IMPORTANCIA Y LAS CONSECUENCIAS QUE TENDRA,
SU FALL A

De acuerdo con este criterio las estructuras se clasifican en los siguien—

tes grupos:

GRUPQ 4. - Estructuras muy impoertantes para el funcionamiento de la plan
ta como son, la planta de fuerza, los soportes de tuberias, las chimereas,

los edificlos de procescs, los soportes de reactores, etc,

GRUPQO B.- Estructuras importantes para el funcicnamiento de ta planta
que no gqueden comprandidas dentra del Grupo A, vy todas aguellas estruc—
turas cuya falla por movimientos s{smicos puedan ponar en peligro otras

canstrucciores do este grupo o gel grupo A,

GRUPO C.- Estructuras que no intervienon en el proceso de la planta cu-

ya falla no causa danocs a construcciores de los dos primeros grupos.

GRUFQ D.- Estructuras de poca importancia, cuya falla no causarfa da-
fos a construcciares da los tres prirmares grupos. No recesitan disefar-

se& por sismo.

CLASIFICACION DE LAS CONSTRUCCIONES
SECUN SU ESTRUCTURACICN

De acuerda con su estructuracidn, las construcciornes a que se refieren

&s5tas recomendacicres se clasifican en los sigulentes TIFOS:



1. . &dificios oe cortante, incluywndo marcos oo soporte de cubler-
tas para nawves industriales.

2. Edificlos de flexidn;

3, Chimeneas y construcciones tipo torre,

4, Péndulos invertidos.

5. Tangues.

G, Mun:-sl de retencién.

7. tras E:E.tn..m:tur"aﬁ.

8. Estructuras principales.

TIFRD 1. Edificio de Cortants

Se consideracrin como edificios de cortante, las construcciones cuyas de-
formacionas ante fuerzas lateralas se deben esencialmente a las fuerzas
cortan‘es entre pisos consecutivos.,  Incluye el presan'e tipo, por ejemplﬁ,
edificios cuya resistancia a fuerzas laterales es suministrada por muros
cuande la relacifn de aliura a base no pasa de 0.8, o par portales o mar—
cos contraventeados o No Cuya r'.ﬂlac:ién de altura & base NG 25 mayor guae
2,0 si las rigideces de sus vigas son del mismo orden que las de sus co-

lumnas.

, -

TIPC 2. Edificios g2 Flexifn

Se considerarin como edificios de flaxi{fin agquellos edificios guyas defor

maciores se deben en Formar significativa a flexibén de conjunto, como es

-



el caso ge las estructuras cuya resistencia a fuarzas 'later*a‘les_ s odebe 3

la accidn combinada de marcos y muros esbeltos, o de marcos con crujfas
contraventeadas cuya accibn sea sermejante a la de mures esbeltos, de rmar
¢os con relacibn de altura a base mayor de 2 6 de marcos cuyas vigas son

muche menos rigidas que sus columnas.,

TIFO 3. Chimereas y Ctras Construcciones Tipo Torre,

Se incluye en aste tipe las construcciores cuya geformacidn ante fuerzas

laterales sea esencialmente cama la de una viga de flexibén en voladizo.

TIPC 4. Péndulos Invertidos.

Se incluyen en este tipo las estructuras en gue 50 por clento o MAas ¢ su
masa se halla en el extremo supericor v cuyo elemento de apoyo trabaja co

mo una viga en woladizo,

TIPO 5. Tangues.

TIFO 6. Muros de Retencidn.

TIAO 7. Ctras Estructuras,

TIPC 8. Estructuras Principales.

En este tipo se incluyen todas las construcciomes del Grupe AL En guneral,

tienen una estructuracion espacial que comprande uno o varios de los tipos



ya mencionados y dado su trabajo especfﬁco Yy SUS E:ar‘gas g2 operacidn ra-

guiaren de un estudio dgetallado.

METODOS DE ANALISIS SISMICO

El andlisis sismico podri efactuarse empleando el método de anilists es-

tatico, o el método ce andlisis dindrmico.

Se requerird anflisis dindmico en todas las estructuras en las gue los e-
fectos de modos superiores de vibracibn o la amplificacién dindmica exce-
siva puedan afectar significativamente la respuesta do partes (mportantes |

de la construccidn o de equipo costoso.

Deberin calcularse los efectos de \as aceleraciones verticales y los de
ias aceleraciones horizontalas para dos plancs ortogonales, segln los pé-
rrafos que siguen. Sc revisard la seguridad de cada elemento estructural
para la condicibdn mas desfavorable que resulte de considerar la accibn de
cada una de las componentes horizontal v vertical por separado o 1a come-
binacifn del afecto de cada componante norizontal con 0.7 wveces el efecto

de la components wertical,

a) £l efecto de las aceleraciones horizontales se tomaré en cuen-
ta supaniendo un sistema de fuerzas laterales obtenido de acuerdo con 1o

espacificado mis acdelante.

b) El efecto de las aceleracioncs verticales se considerara equiva



lente a un sistema de fuerzas verticales { actuando hacia arriba o hacia a-
bajo ) obtenidc multiplicando por 0.4 las cargas muertas y las vivas, Al-
ternativamente, puede efectuarse un andlisis dindmico que tome en cuen—

ta los modos de vibracibn vertical de la estructura v gQue considere un es-

pectro de diseno igual a .75 veces el correspondiente a aceleraciones ho—

L]
¢

rizomtales.

LIS

COEFICIENTE BASAL

-

Se entiende por coeficiente basal, "C", al cociente de la fuarza cortants
hortzontal V, en la base de la estructura, sin reducir por ductilidad, v el

paso W del mismo sobre dicho nivel.

El peso W, deberi incluir cargas muertas y cargaé vivas. Los porcenta-—
jes de carga viva gue deben incluirse en el andlisis sismico estan defini—

dos adelants,

.

Para el anflisis estatico de construcciones clasificadas segin las conse—

cuencias de su falla enel Grupo "A" se tomars C igual a 0,78,

Tratindose de 1as construcciones clasificadas en el Grupo B, el valor de

C se tomard igual a 0.80.

Para construccicres clasificadas dentro del Grupo "C" el valaor de C, sa-

r& igual a 0,48,



REDLUCCION POR DLDCTILIDAD

Para ol caleulo de fuerzas internas cn la estructura ge producto CW se di-
vidirg entre al factor @ que se especifica en los siguientas pirrafos. El

valor que adopta G depende di la ductilidad de 1a estructura,

Fara e! calculo de las deformacicres en la estructura no se harf reduccilin

por ductilidad,

£l FactorQ podré diferir en las dos diroceciores ortogonales en que 52 ana
liza la estructura, segln sea la clasificacibn y ductilidad de &sta en dichas

direcciores,

A continuacibn, se presenta una relacién de los valores del factor de ducti-
lidad ( @ ) v los reguisitos que debe llenar la estructura para podaer adoptar

Egte valor en el discfio.
=5

Este valor de Q se utilizard en estructuras del Tipo 1, cuya resistencia en
todos los niveles sea suministrada exclusivamente por marcos continuos
no contraventeados de concreto reforzado o de acero qur; tengan zona de
fluenc{a definida ¥ que cumplan con las siguientes condiciones,

a} Las vigas y colurmnas de acero, pose¢n secciones compactas s¢

gln las reguisitos d=1 AISC, f
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Todas las juntals_ deber:&n admitir rotacicres {mportantes antes de fallar.
Teniendo en cuenta lo anterior, el proporcionamiento y detalle ge las jur—
tas se hari de acuerdo con la parte 2 ge la "Specification r‘n.r* the Design,
Fabrication and Erection of Str:uctur‘a‘l Steel ﬁ::r: Butldings™" de la Gltima :?.—

dicidn del AISC. Estas especificaciones, deberan adaptarse para tomar

an cuenta gque se puede producier una ime rsién g momentos.

Ademas, todas las corexiones ce los miembros que inciden a una junta, se
disefarn para terer una resistencia de 1.2 veces la capacidad del mierm-

bro incidente, .

) No se permitird la Formacidn de articutaciores plésticas en las
zonas donde el &rea efectiva se reduce, ( por ejemplo, por agujcros para
remachas }a menos que la relacidn entre la resisterncia Cltima y 1a resis-

tencia do disefio sea mayor que 1.5,

) Enla determinacidn de la longitud efectiva, que intervier: en el
cllculo de la relacién de esbaltez de las columnas, se debe ignorar la ayu
da proporcionada por contrawenteos, ya que ¢stos deberan sar disefiados

para fallar ante la presencia de un sismo o2 gran magnitud,

d}y En estructuras de concreto, el marceo llenara los reguisitos que
para marcos dlctiles especlales fija el ACI 318 - 71 en su apéndice Ay

tendré ( por lo meros en la planta baja ) columnas de concrete zunchadas.



) Los factores de seguridad contra: falla en compresibn p::;.-* flexo
cormprasibn de columnas de concreto reforzade con estribcé; FL;EF"ZE cor—
tante y torsibn, en miembros de concreto reforzade, asf cgrm compresibn
axial y pandezo en todos los miembros, son cuandd menos | :3 veces los

que resulten en flexidn v en tensibn para resistir fuerzas laterales,

i Enﬁtodo entropise, la estructura debe ser capaz oe resistir 0.9
veces las aceclones de disefio bajo la condicibn més desfavorable gque resul-
te de considerar gue la capacidad critica de cualguiera de los miembras

ae dicho entrepiso se reduce a 0,5 de su resistencia de disedo.

s

g} El factor de seguridad para fuerza cortante ge entrepisos, dabe
ser mayor an todos los niveles que 0.8 dal promedioc de dicheos factores

de seguridad.

h} la estructuracibn no sufrird cambies repentinos en los distin-

tos niveles y en las distintas crujlas,

i} Se podrin usar contraventecs, con el fin de reducir las daflexio
nes siempre vy cuando estos No 5¢ consideren como elementos resistenie s
¥ Se disefen para que fallen © s dascorecten ante la accidn oe un sismo da

gran magnitud,

O=4.

Se considerard un factor de ductilidad =4 para estructuras Tipo [, cuya
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resistenci{a en ftodos los niveles sea suministrada exclusivamenta por mar
¢0s de concrato, madera ¢ acero con o sin zonas de fluencia definldas,

sean estos contraventeons o no, si se cumplen las siguientes condiciores:

a) Deberd cumplir con los incisos (a), (b), (e), {(f} ¥ (h)

del art,

b) El factor de seqguridad para fuerza cortante de entrepisc, 25
mayor 2n nodos 1os niveles que 0,65 del promedio ge dichos factores de

sequridad.

¢) La capacidad del marco para resistir fuerzas horizontales sin
contar con la contribucifn ge los contraventeos sea cuando rmenos 25% del

total. .

) Los elementos de concreto deberén disefarse, de acuerdo con
los requisitos para estructuras en zona slsmica del ACI 318 - 71 ( ApS&r-

dice A ).

Q= 3.

Estructuras tipo E que recunan los requisitos del articule 7.4 v cuya altu-
ra sea mayor gue 3 veces la dimensibn de la base. Para valeoros de [Vl
comprendidos entre 2 v 3 al valor de 1, se obtendrs (nterpolando tincal -
mente entre =3 v Q=4 donde h es la altura da la estructura y b la di-

rensién s la base.
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Q=2a.

Se usard un coaficlente de ductilidad Q= 2 en estructuras de los Tipos 1,
2 v 3, cuya resistencia a fuerzas laterales sea suministrada exclusivamen
te pﬂ.r‘ marcos o columnas de conereto raforzado, mMadera o acero O por
muros de congreto o marmposterfa de piezas macizas.

& =1.50,

El valor del coeficienta de guctilidad @@ sara igual & 1.5 para estructuras
el tipo 4 cuya resistencia a fuerzas laterales sca suministrada por una
columna o hilara c: columnas go concreta reforzado, madera o acero, 5i

la estructura se analiza dindmicamente puede consicgararse Q= 2,

También s& usard @ = 1,5 en estructuras de los tipos 1 a 4, cuya resis-
tencia o fuerzas lalerales en todos los niveles sea suministrada por ele-
mentos que se describen el el parrafc 7.6 v al menos en un nivel por mu-

ros de mampasteria de pigzas huegas,
o= 1,

Para estructuras de cualguier tipo, cuya resistencia a fuerzas laterales
sea suministrada al menos parcialmente por elermentos kechas e mater*li
les gue no sean los arriba indicados, se usari un coeficiente de ductilidad

Q=1.



Para estructuras principales Tipo &, el valor de Q, se proporciona adzlan

te.

Cuands las deformaciones locales del suelo contribuyan significativamen-
te a los desplazamientos de la estructura los valores da ) gue se espaci—
fican en los parrafos precedentes serdn sustituidos por una nueva an dada
por: Qm = { Qv t+2yg 3 S lw ¥+ ¥g J. donde y es el gasplazamiento en em.,
2l centro de gravedad oc la estructura, calculado 5in tem.r en cuenta las
deformaciones locales del terrenc; y., encm., es la parte del cesplaza-
miento dol centre de grawidad de la estructura gque 822 dobe a las deforma-—
cicres locales del terreno, y (& se especifica en los pirrarfos que antecaedan.
Para valores d2 G iguales o menores que 2 el valor d: @, se tomard iguai
a o |

Las recomendaciores que antecedsn, correspondan a estructuras con rela
cibn Fuerza-deformacibn sensiblemente ¢lastoplistica y para los cuales no
se realice un estudic de ductilidades. En otrazs condiclonas, se caleulard

Q seqln otros lineamientos,

Cuando la estructuracibn propuesta sea susceptible de tormar diferentes va
lores de @ se adoptard aguel valor de Q gue proporcione la solucién més

ecordmica.

CRITERIOS DE ANALISIS

En el anflisis sfsmico de toda estructura se supondrd gue de mansra inde-



pandiente actan los movimientos en dada una de dos direcciones horizon—
tales ortogonales. Se verificari que la estructura es capaz de resistir ca-
da una de estas condiciores por separado, Las estructuras de planta irre-
gular o astructuras gue son aproximadamente cuadradas en planta pusden’
reguerir anilisis en otra direccién. Ademé&s, enh miembros que son més.
gdébilas an direcclomes oblicuas gue s2qin los eles d2 andlisis, se revisara

la resistencia en agucllas direccicnes,

-

£l anilisis g2 los efectos debidos a cada componente del movimiento gel
terreno debe satisfacer los siguientes requisitos:

a) La influencia da fuerzas latearalas se analizari tomando an cuen

1 -

ta los despltazamientos horizontales vy vwarticales v }Gs giros de todos los e
lermentas integrantes de la estructura, asl comeo la continuidad ¥ rigicez
da los mismos,. En particular se conslderarn los efectos de 1a inercla ro

tacicnal en los pérndulos invertidos.

b)) En cada elements se tomarin en cuenta todas las deformacio-
nes que afacten seriamente los desplazamientos ¥ esfuerzos de diseto. Tam
bién se tomaran en cuenta las deformaciones locales del terreno y las de-
bidas a las fuergas gravitacionales gue actGan en la estructura deformada

cuando estas tengan efactos significativos en la respuesta,

¢} Enestructuras methlicas revestidas 08 concreto reforzado, se-

r& factible considerar la accifn combinada oe astos materiales en el chl-
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culo oe esfucrzos ge rigideces, debifndese asagurar ¢l trabaje cormbinado

g las acciones compuestas.

d) Se supondrd gue no obran tensiocres entre la subestructura y el
tarrenc, debiéndose satisfacer el equilibric de las fuerzas vy momentos to-
tales calculados. Se revisari la seguridad contra 10s estados 1imite d= la
clmentacién., Si existen elementos, tales como pilotes o pilas, capaces d2

tomar tension:s, se les proestars atencibn en el andlisis.

g} E! cortante en cualquier piano horizental, deberd distribuirse
entre los elementos resistentes proporcionalmente a su rigidez, conside-~

rando la rigidez dgel sisterma ge piso, diafragma o contravienteo haorizontal,
Se varificard que las deformaciores de los sistermas estructurales, inclu-
yendo las oo las losas de piso, sean compatibles entre s{. Se revisari gque
todos los elermentas estructurales, incluso las losas v log arriostramisn—

tos de los sistemas de piso o cubierta, ssan capaces de resistir los esFu.‘eQ

zos inducidos por las fuerzas s{smicas.,

Como simplificacibén en el disefo sismilco de construcciones de altura rma-
nor o igual que dos pisoes o 6m., con sisternas d2 piso o cublarta arriostra
dos mediante sistermas cuya rigicez en su plano sea peguesa en compara-
cibn con la rigidez de los elementos que proporcionan la resistencia late-
ral, podréa considerarse que cada uno de estos elamentos resistanies sa

ve sormetido a la parte de Fuereza s{smica que corresponde a su lrca tribu-
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taria por sismo en cada nivel,

F} En el disefia de marcos que contzngan tableros de ma.:'npnste r{a
se supondri que las fuerzas cortantes que obran en éstos estin equilibra-
dos por fuerzas axiales y cortantes en los miembros que constituyen el

Manrcc.,

Asimismo, se revisard gque las esquinas del marco sean capaces ge resis.
tir los esfuerzos causados por los empuies gue sobre ellas ejercen los ta-

kle ros.

ANALISIS ESTATICO

Fara calcular lasfuerzas cortantes ge diserno o diferentes niveles oo una
estructura, se supondrd los dos siguientes estados ge carga actuando si-

multarnsamente .

a)y Un conjunto o Fuerezas horizontales, actuando sobre cada uno
de los puntos donde se supongan concentradas las rr:uasas de la estructura,
Cada una de estas fuerzas se tomara igual al producto del peso de la ma-
sa correspondiernte por un ceoeficiente gue varia lirealmente, desde csro
en el desplante de la estructura { o desde el mivel a partir gel cual sus de-
formaciores pueden considerarse despreciables ) hasta un maximo en el
axtremo superior de la Imisma, de modo que la relacidén V/Wen la base
sea jgual a 0.95 CDJ/'Q, en donde C y @ son los coeficientes definidos, ©

es un factor reductive que depende de la fleximlidad de la estructura v gue



vale 0.5/T para construcciones en la zona [, v 1,2/T para construcciones
an ia zona I, donde T es el pericodo natural de vibracifn de la estructura
en seg., calculado segin se indica més adelante en eswe articulo. Elva-.’

lor de O no debe tornarse menar que 0.4, ni mayor gue 1.0,

J @s un factor reductivo que depands del amortiguamiento de fa es—

tructura, ¥ que adguiere los siguientes valores:

J = 0.8; Fara estructuras do acero remachadas o atornilladas, asf{

cCoOMmo para estructyras de magdaera. !
J=0.9; Para estructuras de concreto reforzado o presforzado, .

J= 1.0; Para estructuras ge acero soldadas o con juntas a base de

tornillos de alta resistancia tr‘abaj.indc a triccibn,

{a fuerza borizontal aplicada en el nivel { estari dada por la siguien

te expresidn: '

F;= 0.85 CDJ Wi M

—_— X

b
]

Fi= Fuerza horizontal en el centro de la masa de peso W, y altura

Hi sobre el nivel de la base de la estructura.

H, = Altura sobre el nivel de la base del centro de la masa consi-

" [
L]

derada,
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W= w1 + WE tWo+ ..t W= Pzso total de 1a estructura,
Wl = Feso de la masa i

n= NOGmero total de masas de la estructura

C vy Q definidos en los articulos 6 v 7. : -

D v J definidos en oste articulo.

El célculo del periodo natural de vibracién ( T ) de las estructuras de la
planta que se utilizari en el clculc dgel valor de O, 5 pc:dr*é efectuar™ wtili

zando la siguients expresifm

T=6.280( T Wiy /EPy ) /2

dorck:
Wi = peso de nivel i
y;j = Desplazarniente horizontal an nivel i
P; = Fuerza aplicada en el nivel {, proporcional a F;

d = Coeficiente para tomar en cugnta las variaciones en gl cllocu-

lo del pericdo natural fd=0.75 )

En la figura siguiente se muwestra esquembticamente ¢l significado de las

variables qua intervieren en el caloculo de T.
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B) Una fuerza actuando horizontalmente concentrada an el extremo
superiocr gde la estructura, sin incluir tanques, apéndices u otras elemen-
tos cuya estructuracidn difiere radicalments del resto de la construccién,

igual a 0.05V.

La astabilidad de tanques que se hallen schre las gestructuras, asl como la
de todo otro elemento cuya estructuracidn difiera radicalmente de la dal
resto de la construccidn no menor que el doble do la gue resulte cge apli-
car la especificacién anterior ni menor gue la gravedad multiplicada por
/2. Se incluyun en este requisitc los parapetos, pretiles, anuncios, or—
namentos, ventanales, muros, revestimicentos y cu anclaje: y otros apsin-

dices,

.5e ingluyen asimismo, los elementos sujetos a esfue rzcr:s- quic depenﬂén

pringipalmente de su propig aceleracibn ( no'de la fuarza cortante ni del
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incrermento de volteo ), como las losas gue transmiten fuerzas de inercia

o las Masas que soportan, '

Fara fines do disefio se tomari el momento de volteo calculado par cada
marca O grupo de elementos resistentes, en el nivel que se analiza, igual
al producto de la fuerza cortante que allf cbra por su distancia al centro

de las masas ubicadas arriba de dicho nivel.

La excentricidad torsional calculada en cada nivel se tomard como la dis-
tancia entre el centro de torsitn del nivel correspondiente v la posicidn de

la fuerza cortante en dicho nivel. :

"

La excentricidad de diszio s¢ tomard como se cdescribe a contlnuacién:

a) 1.5 wces el valtor calculado n-;és 0.05 veces la maxima dimen-
sidn del piso gue se analiza ( excentricidad accidental ), rmedida en la di-
reccidn normal 2 1a fuerza cortante [ para 21 disefic de miembros estruc—
turales en que los efectos de torsibn calcuia-;!a szan aditivos a los de fuer

Za cortanie directa. .

-

b) El valor calculado oo la excentricidad menos la excentricidad
accidental, parz el diserfio de los miembros estructurales en gue los efec-

tos de torsibn calculada y de cortante directo difieran en signo.

Adernas en ninglin caso se tomara la excentricidad de disedo menor que la

mitad de la méxima excentricidad de disefo de los nivelas que sc hallan a-
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bajo ozl que se analiza, ni se tomard la torsitn de diserio de entresiso me
nor gue la mitad de la maxima torsidn de diseno calculada para los entre—

pisos que se hallan arriba del que se analiza.

NOTA: Lo moencicnado ante riormente se aplica cuando se garanti-
za la transmisidn de la fuerza cortanie sfsmica entre marcas adyacenies
por medio de sistermas de piso rigidos, contraventeos horizontales, u otros

SisteEmMas.

ANALISIS DINAMICQ®

4 -

Son admisibles como métodos de andlisis dindmico el anilisis modal v al

chloulo paso a paso de respuestas a temblores especificos, o

5i usa el anilisis modal, podran despraciarse aguellos modos natura—

les ce vibracibn cuyo efecto combiinade no modifiques los ;asfue rzas oe di-
sefo sismico en {"nés de 10 por ciento, Pusde tambign despreciarse ol e-
fecto dinamico tersional que resulte de excentricidades, calculadas esti-
ticaments, no mayores do 5 por ciento g2 la dimensidn gel piso, medida
en la misma direccibdn que la excentricidad, El efecto de dichas excentri-
cidades y de la excentricidad accidental se calcularg cOMmo lo espacifica

1

2l artfeuls correspondients dal an&lisis estatico.

Cuanrdo sea aplicable 2! anilisis dindmilco modat, este se llevard a cabo de

acuerdo con las siguientes hipbtesis:



s
a) La estructura se comperta elasticamaents,

b) Tratndosc de edificios ordinarios, ¢l espactro de aceleracio-
res para disefio sfsmico, expresado como fraccibn ge la gravedad, es i-
gual a a{ T } <, donde C es el coeficiente basal T es el periodo natural g2
interés y a ( T )esti dada por las siguientes expresiones, en las que T es-

2 en segundos:

a (T)

N et I

Zona |

afT)I=1,s5 T 0.6 seg.

a(T)=0.6/T,si T = 0.5 seg.

—

zona i

a'(T}=1, si T 1.2 seq.



Y.

a(T)=1.2/T, siTZ 1.2 sag.

En cualguiera de las zonas (1 & I ) la aceleracidbn espactral esté dada por
la expresibn siguiente: A({ T )=a (T )Cg donde g es la aceleracién oe la

gravedad.

Las fuerzas vy esfuerzos caleulados con los espectros citados arciba debe-

ran dividirse entre el valor d2 @ aplicable.

Se supondri gue cada pericdo natural de vibracidn posde ser inferior al

calculado hasta en 25 por ciento vy se adoptara al valor mas desfavorable.

c) Las aceleraciores espactrales especificadas se deberln multipli

car por el cosficionts: de amortiguamiento J, definidos ante r‘icr‘@ Hte .

Si 52 emplea el método de caloulo paso a paso g2 respuestas a temblores
eape::l'l’icc:é podra acudirse a registros de temblores reales o de movimien
tos stmulados © a combinaciones de &stos siempre que s2 UsSen NO MENos
de cuatro movimientos representaiivos, independientes entre s{, cuyas irn—
tensidades sean compatibles con los demas criterios gque consigna at pra-
sente reglamonto v gue so tengan-en cuenta el comportamiento na linsal de

la estructura y las incertidumbres que haya en cuanto a sus pardametros,

CALCULO v LIMITACICN DE DESPLAZAMIENTOS HORIZONTALES

s

Se duberin revisar los desplazamientos horizontales de la estructura y de

partes v equipo gue 1o ameriten, debidos a las fuerzas producidas por un
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sismo de intensidad media.

Los desplazamientos se calcularén suponiendo que sobre la estructura o-
bra urna fuerza cortante total, V, lgual a 0.3 D W, si ésta es del grupo A,
dz 0.23 D M_sies r;ial grups By ode 018 0 W sl es del grupo C. Esta
fuerza so considerari actuando sobire la es.tructur-a con la distribucifin gue

se obtiarme de aplicar los criterios d2 los artfculos @ 5 10,

Cuande haya paligro de colisibn entre estructuras o partes de la misma,
debidas a desplazamientos horizontalas relativos, asf como cuando se re—
quigra revisar la estabilidad del conjunto ante un sisme de gran intensi-
dad, las fuerzas cortantes totales, V, que se consideraran, serén iguales
a .78 D .M, 0.80 D MWy 0,48 D W para estructuras de los grupcs A4,

By O respactivamante. La fuzrza se distribuve {gual que en {1

Las geformacionss laterales relativas entru entrepisos o entre niveles do
sujecidn de acabados ¢ dz piezas de eguipo se limitarn de acuerda con to
que se requiera para evitar dafmos en dichos elementos. Los l{mites imm—
puz stos a deformaciones en cuestidn, deberdin ser aprobados por el direc-
tor del proyecto. La limitacidn puede omitirse cuando los elementos que
ne forman parie integrantes de la estructura astén ligados a ella en tal for
ma que no sufr‘arll dafios por las deformaciones de ésta. En este caso no s

r& recesario limitar los dusplazamientos laterales sfsmicos salvo para o~

vitar chogues entre estructuras contiguas.
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En el clleulo do los desplazamicntos se tomard an cuenta la rigidez o to--

do elemento gue forme parte integrante de la estructura,

' PRECAUCIONES EN VENTANAS -+ . .

*
i

En fachacdas tanto interiores como exteriores, las vidrios de ventarnas se
colocardn en los marcos de éstas dejando en t_c:do el dorredor de cada ta-
bBlero ura holgura par lo menes igual a la mitad del desplazamianto hori-
zontal relativo éntre sus extremos, calculado a partir de la deformacibn
por cortante de entrepiso v divididﬁ-entr'e 1 + H/H, donde B es la base y H
la attura del tablero e vidrio g gue se trate. Podré omitirse asta precau
¢idn cuando los marcos de las wntamas estén ligados a la estructura gz.tal
marera gue las deformacicras da Esta nolas afecten,

PRECAUCIONES CONTRA CHOGQUES ENTRE ESTRUCTU-
RAS ADYACENTES

Las estructuras adyacentes deben separarse entre sf un minimo de Sem.,
PEro N0 M2Nos gue la suma de los valores absolutos de los desplazamien-
tos maximos calculades para ambas construcciones, rni gue 0.008 ge la

altura de la construccibn mas baia.

-
Estas separaciore s poeden reducirse si sa toman precavciones cspeciales

para evitar dafios por chogues.



-7

MURCS DE RETENCION

Los empujes gus 1os rellenos efercen sobre muros de retencitn debido a
la accifn de los sfsmos se valuardn suponiendo gue el muro v la cufla de

falla crftica se encuentran en equilibrio 1imite bajo la acclén de las fuer-
zas debidas a carga vertical, a una aceleracidn vertical igual a 0.3 Cg

{ hacia arriba o hacia abajo )y a una aceleracifn hor-i.z-nntal igual a 0.5

Cg, siendo C el ceeficiente del Art. 6 ¥ g la aceleracién de 13 gravedad.

A partir de los empules determinados mediante 16 que se especifica arri-
ba, deberin incluirse los siguientes conceptes en el disefio sismico de to-

do mure de ratencibn:
a) Disefo estructural del muro,

b) Seguridad contra volteo. Incluyendo 10s efectos de empujes es—
taticos v de sismo, el Factor de seguridad contra volteo, caleculado como al
cociena de los momentos son respecto al cantro potancial ge volteo de las
Fuerzas que tienden a estabilizar el muro entre aguiellos que tienden a vol-

tearlo, debe ser cuando menos igual a 1.2,

¢) Seguridad contra doslizamiento, [ncluyendo los efectos de em=—
pujes estiticos v sfsmo, el factor de seguridad contra deslizamiento, cal-
culado como al cociente de la suma de aqueltas fuerzas que tiendan a impe

dir el deslizamiento sobre una superficle crftica entre aguellas que tien—
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gen a producirlo, defxr ser cuando menos a 1.2,

OTRAS ESTRUCTURAS

El analisis y el disefo de estructuras que no puedan clasificarse en alguno
de los tipos dascritos se hardn de marera congruents con 10 gue marcan

las presentes especificaciornzs, para los tipos agul tratados.

VALUACION DE La RESISTENCIA ESTRUCTURAL

La valuacidn o= los fagtores de seqguridad y oc 1a capacidad dge miembros
estructurales de concreto, acero y mamposterfa, se efectuard segin se
especifica, respectivamenta, en el regilamento vigunte del Instituto Ame-
ricarnc del Concreto ACT { poniendo especial atercibén a su apSndice A )

v &n las especificaciones vigentes para disedfio estructural del Instituto &-

maricano do la Construccldn en Acero AISC.

Cuando se diserfe para los efectos combinados d¢ sismo y carga vertical
se seguiran los lineamientos de dichos raglamentos, utilizando los valoras
que se dan a continuacibn en substitucion de los valores que al respacto s

pecifican los reglamentos antes mencionados.

a) En diseno por esfuerzos de trabajo el incremento de esfuarzos
permisibles serf ge 30% para concreto, 50% para acero de refuarzo y 50%

para acero estructural. *



b) En disefic por resistencia Gltima se usari un factor o carga de

For lo que respacta & mamposteria se usarai el capftulo correspondiente
dal reglamento de las construcciones vigente del Distrito Federal u otro

¢bdigo especializado.
No deberi considerarse ta accidn simultérea de viento y sismo.

WALORES DE LOS COEFICIENTES SISMICOS

Las construcciores del grupo A, asf comeo agueltlas del grupo B deberéan

ser capaces de resistir:

a) Un stamo de mediana intensidad, después del cual la operacidn

e la planta no debe interrumpirse. ( Sismo de operacidn ).

b) Un sismo de gran intensidad en el cual no debe r producirse el
colapso de la estructura y en el gue 1os danos sufridos puedan repararse €n

un periodo de tiempo relativamenta corto. { Sismo de diserio ).

Las construcciones de los grupos B y C, se disafarn unicamenta
\
para resistir el sismo de disefio seglin se indica en el pArrafo b precedern—

te,

A modo indicativo, la tabla siguiente proporgiona los valures dgel coeficiente

basal para construccionzs de los grupos B v C.



La tabla es aplicable para estructuras Grupe "B"Y. Para construcciore gru
po "C" los valores de la tabla deberén multiplicarse por ©.8 y por las de

grupo A por 1.3,

Fara anilisis estitico deberd usarse el factor reductive "D" que toma en

cuan a la flexibilidad de la estructura gua se dofinid anteriormante .,

REDUCCIONES DE CARGA VIvA -

Para el calculo de las fuerzas sismicas el valor del pasc "wW", debers
incluir las cargas muertas { cargas gue actlan permanentements sobire

L3
la estructura ), mis un porcentaje de las cargas vivas utilizadas en el

disero por fuerza vertical. E£1 valor de este porcentaje se da en la tabla

siguienta:
POR CIENTO DE LA
DESTING DEL PISC CARGA VERTICAL
Oficinas, habitaciores, pasillos . . 20%
Areas de almacenamiento E0%
Tachos con pendientos mayores o2 5% 20%
'I R
Techos con pandientes manores de 5% 40%

Contenidos de Tolvas de almacsnamisnto
tuberfas y tangues 100%
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COMBINACIONES DE CARGA '

Las estructuras se analizardn para las siguientes combinacioras de car—

ga:

1y E.L. (debidcaD.L. +L.L.1 +L.L.2A+C.L. )+ D.L; +

L.L.2+C.L. +T.L.
2y E.L. (gebidoaD.L. +L.L.t Y+D. L. +L.L.i+T.L.

3) E.L.H. (debidoa D.L, +L.L.L+L.L.2A+C.L. )+ 0.7E.L.V.
(debidcaD.L. +L.L.1+L.L.2A+C.L. Y+ D.L. +L.L.1+

L.L.2,. +C.L, +T.L..

En cada caso, se tomarinen cuenta Unicamente las cargas que procedan y

con el sentido mis desfavorahls,

E.L. = Efectos de la fuerza s{smica horizontal & wertical caloula-

dos segan los requerimientos de este reglamento.

E.L.H,

T

Efectos de la fuerza sismica horizontal dnicamente .

(M
'r
<
n

Efoctos oz la fuerza sismica vertical Gnicamente.

D.L. = Carga muerta, incluye ¢l peso propio de todos los elamean-
tos estructurales ge acero, concreto, tabigue, etc. Tambign incluye el

pesc propio de todos 1os elemaentos de la Planta que estén ligados a ta
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estructura ( cables, tuberias, etc. ).

T.L. = Efectos debides a termperatura,

L.L.1 = Incluye el contenido de tuberfas, tanques, tovas y otros
recipientas.
L.l-.2 = Incluye equipo mbvil, cargas de mantenimiento, cargas

en zonas de almacenamiento, etc.

L.L.2A = Es la fraccién de L_L.2, usada en el chlculo de las

fuerzas sismicas { wer Art, 198 ).

C.L, = Cargas da grias, consta do su peso propio ¥y una fraccion
de la carga que levanta. ( Esta fraccibn deberf ser aprobada por el clien

te,

L.L., = Cargas de Impactoc,
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TORAES ¥ CHIMENEAS
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Frof. Hefralf Aodriguez Cuavas Lo e ’ . '
r . ' | R i (D
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1. Intraducclén - 1 u_[l-f;;re__,,f_

Lat CLorres y chl-eneas son esirpfburas esbyitas, de fTunglones miltizles, cue 3o

i
|

deben disetar para seportar ta geclén de fuergzas horfzongales, provegedas por

vienta & slemo. Va3 cunles [ndugen efectos dinfmicos =n las gafructuras de o=

porie, . .
. + - . - "~ .
4 1&_ []
En los figa, | 8 5 s2 muestren slgunns dea los tIFos comunes de torres y chlmes | I!:__ "Trﬂ,lﬁ'--—i__:__.
) . . L - i
neas conttrgldas en diversas partes del mundo, * - - i
. ) - :
£ andlislis dinfmleo de astar estructuras requiere do algunos sipecios que no \ it 'J_JJ{,
- - ' : 3 ]
3on comuned § otrot tipos de egtructuras, y en edte trabajo s muestran las . ) as
. . it 1 r——

cons{deraciones ¢Omuncs pera su andltlsls, '

2. teeatlzacldn pary’ Fines de angl1s1s dinfmico

opuna 1ap l:-'#._;ll.‘d ECEIBATP Ud CUpInijpued FRIigl 3§ 5okl woundpy

Las ¢3tructurss de este tipo 1e (deallzan tomunmentn g vigas Barnpuill-

Fuler, y su #n311sls se reallze et base o la georfe elemental de flexién, l1a

":"i“
f]:'!J.E -
{

4

cual [mplica gus tas secciores pransversales permacecen planas al feforrarse

{

baje la sccldn do fuerzas rormales & 4u cle medio. e acepla que lor e3fuer

zos san proporcigrales & fes deformaelones wnitarclas, ¢on Flexide €n un tolo

imr mw —m

‘ptano. 5e canildera ademis, que los Ee;pl;zamlentoi 100 prquedns ¥ que la de .

farmacidn En coreante &4 pequefa. ’ - . . . ot

St conslderan 3alo Yoy efwctos de nercla provecadas por la traslecidn normal

al a)s du elementos dlfarencislas do Ja vige. No 1k ceasiders o' ofecto da ; - !
. 3 h " .
1a Inkreis rotaclonsl, lgusl & = | 1—1—34 per unldad de longitud, provacade - e et

in;t , . , . i
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-por ¢l glra angular %E- de cade elemento, slendo v la transtac/8n normal al

ele de 1p barra,

Cuando las dimensiones de la vigo en au seceldn transversal no 3on pequedas
- N . T ' 4
en corparacidn con au lengitud, endll11s que tonsideran loy efzctps de Ta Fuers

Za cortante ¥ ta {nercle rotaclona) se deben Ilevar a cabe, - - - ;

En este escrito s& preseatan los IlF;:tu! sobresalientes. dal anklfsis drnimlcé

de esbte tipo e pestroctutazr, presentando 'a influencis relativa de I',’“F}za'
cortante y la inercla rotaclonal, 237 como de la fuerza n:;rml+ Cuzndo s::':nz_.-r
riders gue #3101 efectos no ;unﬁilgnIficatfvn!. se rzalizan andlisls dindnlcos ©
s{mpllflcadas que permiten conoc=r los desplazambentus riellmentdi mecinicos .-

que permiten 3 3o ver, revisar o] andlis)s de lax caracterfetlcas geomftricas

y del materlal que forms & &s5Tas estructuras,

¥iga Bernpull!-EvTer

Al consldecar la vigs BE, cuyes carseterfatlicas te muststran en la flg, & 30-
metids & ta acclén da efectos dindmicos, consldérese que v= vix,t] <ms el'dqll
ptazamlento transwersal gel @je neutro ¥ k& {x} la masa ﬁﬁr unldad de run;ftud. :

Los desplazamlentos wix,t} producldeos por Ta cerga p = pixt} 3pn coterna-

dos por la ecusc/dn diferencial

2 1 i
3 i ¥
(el ] ==y * P
axt 2x2 :? ..

r— - fe .FIGB

wanda 14 generan vibraglones 1lbres, o3 decir p = o, aparecen sodgs norrales

l¢ vidrar del cipo

win,t] = 4i{x) 3en f;t +5) . I . ] | E (3.2}

-+

iuu'nl'ter su;tItufdos en (3.1} conducen a la siquiente ecuacién diferencia

2 2

d 2 .
- ! -E? )= wia .
dx . de ,

P, . . - . .
LI - ' . ' -
1 L] -

Este ecuscién, Junto con las condiclones de frontera de 1o viga, constltuye

wun problems de valores caracterfeotlcos, cuys sclucidn conduce 3l conoeimlen:

(1.

de las frecuenclas naturales de cadd wno de lox [-esimos modos de vibrar y 4

Ta deflﬂ’tl&n de sy formas caracterlaticas,

’ L]

¥ibraciones 1ibres en'piezas de seccldn constonte.

Cuando E | = cte. la ecusclén 373, admite Tw 1o0luclén general

,:_~ . _ffni'-tt; Fh {%{H *C, fh {1{4 + cjcu;[lfq:+ ca";{lfi .

donds

o a e e L

o) = #100) = (U S ) me - .

i ., "

4

"Cer A Ch A+ 1=

Cuyay rolcer resultan ser ¢

Ay s LES1, Ay . ﬂrssni, "hy = 7.8548, ), = 109955

-

- Fars torres y chimeneas,” las condiglones de fronters resultan ser

4

tme

v

(1.6

'i.3;:; p;;tlr de 131 cuales se obtlene T8 ecuacldn carscterfatice de frecuenclas

{1.

L



¥ para valoret granded do A

1o« {20 -1} 'I.|f-'i ' . 1.€)
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b partir du Tos walores sntarioras, 34 d¢flnen los pariedos mrrnﬂmdhntu

wdlankn L = I'Ifun 1

Las Fermis eardcrerTsticon deban sar Fonclonan gea lul-nl"um Tns nigulantuy

condicionay de ariogsnsl ldsd
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dlnrdl‘nuld'n pooroplnatd rowowns b mds Pusrrss concancrades F: a dinrtencian H'
dal apoym, la azusclén de Legrenge conduca o {a mepranlén
- t I L- -
v{-,l}na ‘n{f]_ [ln Con wyt + B can v " - fy T i1ivang {t=1) I‘} f3.9
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i-:m:dl Qh at la Tvarts genarsl lrads dafinida por
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Yibraciones forzadan gon smortliguas|ento

tuando en Ta wiga [BE) uaf;t: una Fuerza d4 smargiquamiento digtribulda,
lgual » Ci%] % donde Cfx] % wn conficiente de amortiquamlento wlvcosn,
wariagble en n, definion comg €0 = Bulx] cdonde B w3 vha constanle posi-

4

tlva, #] garplazsmicntp npreal v gueda descrilo por ¢

.14
wlat) =1 e {:T {4 con L p“tl .
1

e
+ ';—n j"l- () :‘i! r't'\’}.llﬂ P {tee) 4t | R
donde
Po=fu -
¥ -
A= % ,rﬂL v, e, dn », - 1'_,,.;': Iﬂ" ;u"n“ . ;:i .

influsrcla Fa Tas cond|clonet 4o cimantasidn

En torees y chimenaas |a, condiclongy de clmenucifin son fmporiantes &0 0
EompOFiaMienTo b?]ﬂ Iv pcelbn dlndmica da fuerray horfzencales,

Lit propicdgcer del terfrenc v £1 tipo
de cloenlagifn selectionado Iafluvren
dr mprers [rportanta en 4l andlisly 41
nimico da gated #SEFuctyras.

Al consldarar redoriay que delinan Iy

acclbn del yualo solre 1s chimenaa,

wiboy alteram Jot perfedut Aatursles de 1o estrecoers ¥ 1o Forsg e los modes

de v[hrar,

Lo ecuac|fa caracterfuLlcs s& triniforms en

i ) L]
u[i’—-}]un Achaen }1&-} Jeoy m Bh W -] «’:'-I-+ 1]cos lcnuf[-'i-}—ll-u

donids

Ta. 1}
K
-— . e . 5
El/L R . ) ElfL
LY rigidex dul rasorts horfronesl
Ky riglder angulbar d#l resorie que restringe al gire da ls cisntaciba, ,
] - wlk
u freguenels dol prismere rodo
La Precuencla natural du 1o eptruciura purds 3¢r pacrits om0
"'iz El
< - a = te.2]

Lod valorgs ae ll dependen de lan carpcteristicas da lon resarten L J IL.

Para a3tlmprins o pusde recwrrir & los dlsgramiy plgulentes; (raf. 1)
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candlisls de este :lpo de resulrados ha permitlido ertablecer las siguiente:r

condlciones para Tor endtisls dindmlicos

a)

cl

Cuanda | ¥ ] seon sgp:rlar=1 2 10, para el anSlivis dindmico se pueds re
currir al planteamienta del ¢opitule 3, a fin de estimar perfodas formas
caracterisricas y raspuests dindmica, conslderands empotrada la estrueciu-

ra,

Cuangg 9,1 < §j€ 10 y 1 €] < 10 se deherd considerar 1a Tateraceldn

sucla-estractuca a Fin de efecivar el arSlisis dindmico,

S 1 €= ¢ ] %1, 5e recomiends revisar lad condiciones de climents-

c{das para alesrzar valeray corprendldos en el incise a} & b).

Esta dleima Dimicacién se¢ dede @ que s corga crftica vertical de la extructura

-3

“a

sensible o ia rigidez de Tos rusartes &, y X

L é c?andu exlsta & Ao Ri

resuleca inferlar a:

=00 -

PL -
) cpre ™ AfPEL tanm e {s.

donde P ¢y Jo carga vertical, 1a vlga BE Ze vuelve Tnestaoble. Al sl se
establccen fa. condleloncs o) la estructura resulta inestable y tiende a pr

ducir desplazamlentos granded 2l generarse la aecifn de fuerzas horizontale

Las furrzas herlzentales, a1 actwar en Ja seccidn transvorsal, y modificar
& rigidez, alteran también fay frecuenclas ¥ modos de e estructura. Para

t3timar este efecto se utllfce la eapredlén

{4.

donde ub frecucncis modiFleada por Ja fuerzs axla! F, eoeflclente sbhienldn

ta siquiente préfica.

-La fugrra axisl P gueda de~

finida por al peso gor unid

[ i de longlitud da 1a viga {BE£)

mulelpllcade por 1a alturs

de la #structura,

Yalar de D
iy

onzu.n.a W 2 % W 20 +0

Yalar da |
Fig 1



En adiclin 2 los anflssls pravioy, wx debe revlsar Tg eatabllidad contrs mos
rento B¢ wolteo A, chlculado & nlval oo Is cora Infecior da 1a Taan [nferlop

dt 18 subaitructurd,

En claeatacionct por #=pilatifn de base, £ lar cuater & eg 2l ¢limatry ans

{erlar redic de & yubs:irgglura, £y reconendanle lograr que |
8} [n 1uelar con capacidad Inferlor M 50 1;{;;1

H' % 0.)] M pars rapata glrculer u octagenal

n

B}

d . R
] repar du 0.3 El * [Ezir]Pd. 6 0.375 Pd -pore zapatas sanulsres,
AT

5 el Allmetro eaterior y d w] dilmgirg inlerior,

¥
dende ‘I 5 2

—
« m) In sunlos con capecidad svperior a 50 Ip!tml

B,% 0015 M4

Coando en 1o cimentacide yva returre & Allotes va Buscar] envellar la apariclén
de {enslones en 1ov pllotes, & wanoy da que te Jurtiffgue ¢ anclaje sdecvadn

dnl plloie & 1o 3vbestructurs, v cun &b refyerzo tea suficlenta,

11 ;ttohrﬁé;hlc n rife G1Lrn; tipo de cimemtacidn gue 1o diserblbucicn da pi=
lowes 3ed Saving a e de soporLa ol morenla de volleo, considerands 14 in=
teraceidn entre 1ot pileces que formin 3 la circntacidn,  Andlfsis de grupm
de pilotes, medlante algoritmos numirigos, Jdebe efactuarie pars variflcer

Gua far pobrecargas producidan por Fyerzas horlponcaTes teen s0porfacas :ln

dafo, ni pdrdida da gapacidad. - .

. K. flectg det cortante y 1o Inercla rotaclonsl

El anillsty cléafco de [OF) es Inadecuado pard aquellss wigey ¢n lsv cualan
yut disemaloney ¢ Ta vegeida tranaverial sran grandes. Agylelgh [ref, 2}
Intredufe €1 efecha de Inercls rotscTonal y Timackhenko {raf. 3 ¢ &) consi=

gerl, en a2lciin, &l efecto de Ja glstorslén prodeelda por eoftania.

Lay ecypaclones pcopladas para ol desplazasfento tots] v, ¥ 1a pandlanis pro=

duclda por flenldn ¥ |, devarrolindss por Timoihanks son 1

-
.

vy :
u--!--ul:}}-uu-;—”—g- -0
[ 3

ix H
(5.1}

1 1 ’
T e v _ad
I luiy2, ag -
9 it ;:T FE]
Huang [ref, 5) desacopld Loy expreyfones snteriorenr, pbtanlende

L] k4 h &
;.L;..:!.L;..;:L.L'I;“ " LS 5 K. P

L g it ] gh & a3 9 ghb Gc " B

W 1. 1 : 5 5 :

L xA AR Ed vl Elv ., 3 I 'y
it S S B -R e i A frviows B t5.2)

™

donde: wddulo ¢ elarticldud

[

addule de rigider a1 corvangs

womsnto 44 [nercls de Lo seccidn pransversal
A Bres So le seccldn tranjverial

peio por wnldad dw wvalween

-l

R constanta dal Faceer de Fforsa de o seccifn

q sseleragidn de 1a gravedad .



Waclendo v - h"" T.0 {ersas modaley

i- - g Tnt p Frecuencla saguler

L. i | = ..r‘-I r
Las rivecioned (5.7) 3¢ tranaforman wa :

4 1
12 s wie? e sh ——-—: :II - lzh-h!r:.z] r=10

H'tl lr
5.1
‘o 2,1 2 3% 2,272
'L_T &h{r*l]—n—r-lﬂ'hrilt'ﬂ
alti . 1)
L
7. 1 yA B R I N 1

dongs b° = — 9 r = HE -7

£ g ’ :I-.T AL

A partir de sicas axpreclones y 4l fonsidarar lar condiclonss de frontera

piguitntes 3

pare L =10 T -0, pla) = &

£ =1 Lrr - e -e, v -0

Su obtlfane 1o ccyacidn carpcrerfanics
L-Irz- i

R

$ond . . .1'_ ;tr!‘f ‘1} -, |I|lr1+ ;zlz* i: 15.4]
l- {E‘;‘ b

2~ [aftefalie :] thhacar b B shamisang =0

Las farssy carsctarivilcas du low sndos tarrerpondientuy guaden dascritap

For 1

T ofeh bag 1tE Shsel - cor b B0 4 yen b BC) . {5.81
e fth mi s T%-sn bad = cou b BE 49 sen b AL
A .

donds
1
¥ Sh 3% - 3en b8 b o MABE s gen bl
Xn ‘f + Coy B8 2 th ¥ & oo !
_e ¢ o Sy e By
[ ., Bl L

A partfr de Tps tetuliadph prevics 3o pucden chtengr

L]
la E} desplazamlanie total ¥y=r -F TI .‘m Flt » t:
Tl
2o.la pendlenta geacrada pot Tlealdn - 7 :I ‘-‘ |'FT "t':f (:
I =1
Jo Le pendiante produclda por corcenke - -.;E - '
ko ti{ moreate Tlenfonants “a=oepgl 2
F.3
s La furrzy cortants . Q=& $C N

Las cotblences o), TR E[, o valusm an tiralnes o lup condiélonas ©

riafelelen do 1oy vibraclonay |loews un satudlo
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Fig, 1!

Refacidn entre Ta frecoencla de 14 wige

[ 13 U“‘] ¥ 14 da TIocabenha (F)

A fln de Huitrar el efectn &y |
1 Tnercly rotacionel y &) fur
tancw, & contlouagidn an muays
iren rriultades cbienldos &)

atwatar-

=i} en pletan da sxars

—u h

1

an £l t3levlo du Tos claca

primtran modos

1 v 0,01 44 obtlene
ot Primerg| Seyuwwalo | Tercero| Cuacte | Tulnte -
. " ratacicn
p [resyencih
p}pn . 983 n.97% 0.%20 | u.B32 0.835 ©on
costante
) frecvencls
sercer | 3 3 i 13 28 % {ar}

Per o que raspecta & Ia forms Jiscoeslonada de |m asfrudtura, aa Do Figura

sigulnnte su psurntrn nl afecte Sa ta frercls rotaclone] ¥ 41 Lorisnta.
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b} Pentarte provocodn par flingh
Fla.

Flanteamlentos reglantes [ref, E) en vigas dorde aw consldersin sparicldn

éa amortlguamlento da wn 16)ldo visroaldstico muestran ia porlhiildsd de

Inelule estos sfactod en ul andlis)y dinfalee do anirucivial sibaltay,

v Infiurncin del camblo en rownto de Inarcla

£n ocasionaa la3 chlmenaae y tarral e hacen con momanto de fnarcla varlably

ton la altura, |

u-cniwda por o] camklo on Jidmtro y aeprr 4o la pared.



o mem

fn rala caso, al aaflisle dinSnleo parte de |z cousclda diferencial [

medisnte ~Etpdor awririces s encucntra s solusidn 4l probless de cefinle

las Fracvencias y fotmat taracterfstican

Erm la referencla 7 3x proporcioran takles de despletemientas y Sut primerat ¥
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a) Aznoetam s¢ncenalon

Sz ltustra o continuacién la sccusla de andlists que prnvlazizfi'
1e dlsewetd, eplicads al eflculs Zinfaleo We vna chimanra o2 conerete

_de &0 m de alturn, consimafda ea 1z zona del Bslo Mo Zflsex, en done

e Serrtﬂ=cntﬂn las condlclanes nis raveras de disado desde el punto
de wiste sfsnico, i
La pcomecrfsa de 1n ehlreoes gueds definlda poy laz alturas
no= 2.4 moy by = 245,40 é qug son los distassias desde lg parte
superler de la chilmenca, hazto el wértlee de los conss fuo definen el
ranty orterfor ¢ Lnterigr respiotivamente, del fusta de la chlzenea.
El radlo Inferlor externo dil fuste se onziderd frual a

Rll = 4.63% m, mientray que £l racio laterior RII = 5,125 A en la

secclén tronsversal de la base da is chlmenca.

S5e constders nue el phlulo de clasticidad del contreto cra
ffucl a 2.5x:05 tanfnz ¥ tu Teslstencla Clxfra fé - 1500 :nnfnZ,
con wa pesn velvmdirico e 2.4 tunfnj ¥ un nédulo de PojEson
HEATED S .

Sz aceprd ls extstedcin de coaos de tablque tefractaria, con
un pess velioitrico dg 2,3 tnnfmj. rariers Con peso voluwdivica
de 0,55 :nnf:] ¥ recudrinience de la elmara de ventilaeldn can poso
volumdaries de 2 tnn!uj. Sz acepté que loz congs de rarerlal yefrag
berio tuviesicn un €fpaior ¢e 0.2 m, ron Copa oo mortero o0 0,801 |
¥ Feeunrimbunts €0 0,985 mo Fara todas las ¢dizaras de ventilacidna, |
ke consldard una separegida da 0.07 é entkra cl fusto ¥y ol conp de )
macerial refractaria.

Se aceptd 12 cilstencis e mlnaulas rectoutuwlares Jdo coporke de
los cnnn:; con dimgnilones be=5,305 v he 0,40, situsdos a distanciaa
de 10 m. Esio forzd la 1dealizacidn d; la chlmones ¢omo un Sistama ™
da £238% conceniredas, eituadaa a 19 m Qo dlstracia. B la tobla i
32 russiran Yas cargeterfotieas geendtricas y diotribucidn <o mangs
de 1z chimensa en estedio,

_Pa:a chiener la resmuecta del arfticls @infaive, e zolecefond
vn esoetrg con conficienee sfcatea riximo 1aual a 0.7), con grdeneda
el origen 1sual a 0.20; el perlede caracigefstics i1nferier sc tonslde
8 {rual z 0.4 soa ¥ ol perfgdo caragtesfstice miyer frval a ) 4
1a rara deacerdonte del éspcctru oz tonsiderd ropresentsda por un exe
poncnte 1,0 v ta &eeptd un foctor dﬂ duttilidad Lpual a 2,0

fa respucsta de la chimanea ce ooalizd tonande on conslderaclén

el cfecto da la fucrza rovranse y <o la fleslfn ¥ co detprecld el



J.

efeeto ¢ lnorcia votacional, Foras ol ellevlo de lax deformaa

zlones de corianio co coaniderd un factor de forma frual a 1.5,

b} Zetverela de cfteuls

£l undlisls Sfud realizada medionte un erdensdor Jigital que st

ue le sigvlente cecuencial

1) Cdleula el vald=cn €2 concretn fel fuste y d2 las ofnsulas’
te 1; chimonea, a=f covg el revestiwmientio ln:er!;r. redian
ke £l CLoorena de fappus, ¥ con estes dates ub::cnn'la Ca5d,

o la egal ¢ontentrs ¢n 183 mdnsulas, seléeeionadas como pun
top de concentracidn d2 las mazas do lo ehinenga.

i) Caleula, em bate o mitedos de [lexil!llidades, g matrlr da
rl-idecea de la catructura, uisndo métodes sunfricos

3 Tronsiorma al problona en un problema Ze valeresz carzcter{s-
tlens ¥y ¢¢gjur teg valores do laz fresesonstiaz n::uralés. ==z ..
forpis Carccierfacieas podales o loo cozllctentes 40 pauslel
paclin nodal redionie vl algotitse da Jacobi.

&) A partiz de un esazciroe de cceflceiente sfamlco, calcula la
teopuesta sfamica modal, sl;uiEndo tyes erltorios dlisyantes,
para el edlcule do la respuesta, En el mrimer casa, la res -
;r.-::ia 1a ¢bslene podtants 11 - Zﬁf i en ¢l se-undo caso

1 (] ]
Ilf-lf_:'tl ﬂr el tercer ¢rvleorios resulta ser ¢l woleor codin da
loa E;: cases antariores,

2 Crafica las Curvas fue dafincn o 18 confiruractdn deformeds mfa

i~y Ia roo-sgazptilva ol dlasrea €6 fycrza ¢oftanie ¥ ol
dizsrama de neacnte ilexlenonfe lidwélides por la sectdn sfsizica,

€) Fosulcados obtenldan
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DISERO SISMICD DE ESTRUCTURAS
DE TIPQ INDUSTRIAL .

Mauricio WHancs G, *

RESUMEN

Se describen algunas caracteristicas que presentan lasn
eglructuras de tipo industrial por las gue difieren en
su tratamiento, desde el punto de vista sismico, de las

estructuras de tipo urbano.

Se plantea la problemftica existente por falta de regla-

mentacifin para estructuras industriales.

*  FERMA, Ingeniercs Consultores, 5.5,



1. CLASIFICACION DE ESTRUCTURAS

Las estructuras para plantas industriales son muy variladas
y difterentes entre si. Pueden haber GdifiCiSE semejantes
a los de tipo urbanp, ¥ hav edificigs muy irregulares <uya
funcifn bisica es el albergar el ecquipo de proceso de la
planta. En estos edificios la estructura ticne gue
adaptarse a las configuraciones y arregleos caprichosces del
equipol '

Existen otro tipo de estructuras que no pueden considerarse
come edificios, tales como: puentes para transportacores
elevados de banda, plataformas de gperacifn alrededor dé
eguipos que se encuentran al descubierto, torresﬁpara el
almacenamiente de flGidos.o gases, estructuras para ¢ama

de tuberias, etc.

A continuacién se enlistan algunos tipos de plaptas inQus-

triales:

- Papelcecras

- Ingeniocs Azucareros
- Quimicas

- Potroguimicas

- Petroleras

- Cervegceras Y Malteras
- pe fuerza

-~ Mineras

- MetalGrgicas

- Manufactureras

- Etec.



En todas estas plantas hay edificios gue son bisicamente ;
del mismo tipo, come serian lgs edificios de servicios al
personal * oficinas, comedor, banos vy vestidores; asl come
edificics de bodegzs, casetas de entrada y/c-vigilancia.
S5inembargo, hay edificios gue son muy caracteristicos de cada *
tip01de planta. Algunos ejemplos serfan: el edificio de
miguina de papel (en Plantas Papeleras}, el e@ificio de fuerza
de los Ingenios Azucarercs, el edificio ce Salas Frias en
Cerveceras, edificios de trituracidn en Mineras, etc.

Estos edificios se caracterizan por estar sujoetos a slicita-
ciones de carga muy elevadas: consecuentemente el aspacto

-

sismico adguiere una especial importancia,

ASPECTOS ESPECIALES DE EDIFTICIOS IRDUSTRIALES

En forma simplista Se puede pensar que todo cdificio consta
de trabes vy columnas, por lo gue no tendrfa ningQna impor-
tancia el distinguir un edificio de tipo urbano de otro de

tipo industrial.

Existen diferencias importantes en lo gue se refiere 2
cargas y estructuracién, gue implican un tratamiento cife-

rente,

2.1 Cargas.

En edificics de tipo industrigl ¢ tienen gue considerar
una serie de condiciones de carga gue gencralmente en
edificios urbanos no aparecen; como serian: cargas de
grGa en diferentes posiciones y condiciones de izaje,
peﬁos de equipo en condiciones de operacibn'y de prueka,
.equlipos con caracteristicas vibratorias, wvarlantes én

la carga viva para diferentes condiciones de operacidn

y de montaje de equipo, ete.



El ntmero de con@iciones de carga para el andlisis de
este tipo de edificios generalmente es mavor a 8, y en
ocasiones pueden llegar a ser hasta doce (12}, y el ni-
mero de combinaciones de carga pueden serf hasta de 25.
Las sclicitaciones sfismicas generalmente s¢ tienen Que

considerar como varias condiciones de carga. ‘

Fstructuracidn.

LLas estructuraciones gue resultan en los edificios de
tipo industrial son muy variadas y al mismo tiempo di-
ferentes al las de edificios convencionales. Esto re-
sulta de la necesidad de adaptarse al arreglo de eguipo
que haya gue albergar ep el edificio, ¥ que coma resul-
tado sc obtienen irregularidades importantes de estructu-
raciétn. A continuacidn se enlistan algunas caracterig-
ticas de estructuracidn de Edfficims industriales:
— husencia de diafragmas rigidos en los sistemas de

piso por la presencia de huecos de importancia, asi

come por  la falta de losas do concreto.

- Estructuracibén no uniforme en planta.

- Estructuracién no uniforme en elevacibn: falta de -
algunos niveles en ciertas crujlas, diferencias en
alturas de entrepisa, falta de tramocs de calumnas
en ciertos entrepisocs, etc.

~ Distribucifin no uniforme de masas en los pisos ¥y
a lo alto del edificio.

- Rigideces de entrgpiso muy diferentes de los marcoy
de un cntrepise v a lo alto de un mismi marcoe, causadas
por la presencia irregular de contraventeo vertical,
cambio en la posici&n del sistema de contraventeo de

entreplso 4 entrepiso.

Como ilustracién se mustra en la siguiente figura dos cortes

de un edificio de magquina de poapel.
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3.3 Criterios de analisis.

Eaificios con las caracteristicas descritas con anterio-
ridad, reguieren ce criterios de anflisig mas racionales,
eliminando la posibiitidad de consideracicnes simplifica-
pprias, COoOmD 2N ?casiones se utilizan en edificics do

tipg urbano.

Algunos .conceptos gue deben incluirse en el anilisis de

edificios industrizles son:

— Incorporar dentro del ardlisis el comportamiento -no
rigido- de los sistemas de piso.

- An&lisis dipdmico sismico en lugar de un znilisis.ests-
tico cquivalente; esto no necesariamente debido a una
gran altura de lus+édi[icios, sino mas bifn por las
irregularicades de rigidez y de masa.

- Andlisis dihdmico sismico en la direccibn vertical.

- Incorporar lia interaccidn suclo-estructura en =1 andlisis.

3. REGLAMENTACION

-

Loz ¢&digos v reglamentos exlstentes, no solo en Mérxico sino
en general, estdn orientados hacia estructuras regulares como
las que se presentan en la construccidn urbana, Yy eh mMUChos
asbectos no son aplicables a edificios y estructuras ce tipo
industrial. 4 falta de la reglamentacidn correspondéiente,

so ha Intenlado extrapelar las especificaciones errongamente
conduciende a consideraciones peligrosas para las estructuras,
-Los criterios de aniilisis descritos con anterioridad, implican
una mayer compenctracidn on Los principios bisicos en gque se
fundamentan los reglamentes y hace posible utilizar procedi-
mientos mas raciconales, primordialmente en lo gue sc refiere

al aspeeto sismico.



Se requiere definir por medio de ciertos .pardmetros, el sismo
"para el cual se tiene gue efectuar el disenc, gque en el caso de
un anflisis dinfmico, serfan los gue definen el "Espectro de
Diseno". .

En el Reglamento de Construcciones para el Distrito Federal
[MExicao), se¢ definen los par&metros del espectro de diséfo

para diferentes tipos de éuelos. En la reglamentacidn para
construcciones del INPONAVIT, y ©n otras, se amplia a la re-

gicnalizacibn gismica de todo el pais.

Estos "Espectros de Disenc", tienen implicito un porceﬁtaje de
amortiguamiente del 5%, ¥ consecuentemente un cierto nivel

de danos estructurales aceptables (agrietamiento}, . gue para
edificios de construccidn urbana puede ser correcto, pero

ng necesariamente para edificios de tipo industrial. La fi-
losofia basica de los reglamentos, c¢n el diselo de estructuras
para resistir sismes, es -evitar el colapsc aln cuando ocurran
peguenos danos a la estructura. Este criteric no puede aceptar-
g en algunos tipos de plantas industriales y se intenta refle-

jar en la siguiente clasificacibn de estructuras,

4

3.1 Clasificacibn de las estructuras segfin su uso

A continuacibn se clasifican las estructuras, tanto urbanas
como industriales basandose cn la importancia de las mismas
en lo gue se refiere al evento gue guedara inoperable o

inhabitable a consecuencia de un sismo de gran intensidad.

GRUPO A1l
Construcciones urbanas importantes, gue en caso de falla por
sismo, causarian pfrdidas directas o indirectas excepcional-

mente altas, tales como:



Centrales telefdnicas, estaciones de bombeo ¥ archivos,
hospitales, escuelan, estadios, awditorios, ternplos,
csalas de especticulos, estaciones terminales de trans-

porte, monumentos y mMuseos.

GRUFO A2

Construecciones industriales, cuya falla por sismo causaria
una contaminaci®n ambiental tal gue pondria en peligre la
vida de los habitantes de la regi&n, tales como:
Plantas ¢ue generan gases toxicos como cloro y derivades
clorados,” insecticidas, etc.

GRUPO A.3 N
Construcciones indusiriales cuya falla wor sismo causaria

un potencial de oxplesidn y/o incendio, tales come relinerias.

GRura a4

Construccicnes industriales cuya falla por sismo dejaria
inoperantes plantas completas y complejos industriales, :ales
CQmo =
Cuartos o edificics de control, subestaciones eléctricas,
casas do fuerza.

CRUPO B.}

Construccionecs urbanas gue en caso de falla por sismo cauvsda-
rian pérdidas dc magnitud intermedia, tales como:
Comercios, hancos, restaurantes, casa habitacibn, edifi-

cios de departamentos y oficinas.



GRUPO B.2

Construcciones industrizles, ng incluidas en los Grupos A,
cuya falla por sismo causaria una psrdida local, pero gue

pueden poner en peligro construcciones de los grupos A, 2
a A.4.

GRUPO B.3

Construccicnes industriales, no incluidas en les Grupos A,
cuya fa-la por sismo cauvsaria una pérdida local unicamente,
tales como:

Edificios de proveso, bodegas, casctas de ontrada e

-

instalaciones exterijiores aisladas.

GRUMD C.

Construccioncs cuya falla por sismo implicarfa un costo
pegueiioc y no pueds causar dalios a construcciliones de los
Grupos A v B, tales como:

Bodegas provisiconales, bardas con altura monor a 2.5 m.

+

Afecctacidn al espectro de diseno. para difercntes tipos
de estructuras.

En la siguiente hoja s presenta como propuesta los coefi-
cicntes par los gue se debieran multiplicar las ordenadas
espectrales maximas en la definicidn de los "Espectros de
Diseng"” dependiendo de la clasificacidn de las estructuras

seglin la seccifn 3.1 de este articulo.
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10.

3.3 Duectilidad.

En las reglamentacicnes nacionales (M&Exiceo) los espectros de
disenc no estan reducidos de acuerdo al efasto favorabie
de.la ductilicdad que cada estructura pueda desarrollar, vy los
coeficientes de ductilidad especificados estan orientados

a estructuras do construccidin urbana.

A continuacién se gresentan comg propuesta algunos casos de
estructuras gspeciales e tipo industrial no ceuhivrtas por

el reglamento:

. DESCRIPCION . FACTOR DR
DUCTILIDAD

Chimeneas y forres de proceso de acero

{un solo "elemenic residtente™) e e e e 2.0

Chimeznecas, s5iles, torres cilindricas de concroto

{un solo "elemcnio" resjistenta) - e e e . - . 2.0
P&ndulos invertidos cuya estructura de so-
porte de la masa cencentrada superior ostd
compuesta de:
Marcos de acero con o sin contraventeo . . . .0
Margos de concreto . . . . o L. L . e . 4.0
Cimentacidn soportante de recipientes hori-
zontales alargados, hornos rotatorios, etic.
Direccifn transversal:
Murc H/b 7 e e e e e e e e e e 2.0
Murce B/b 7 e e e e e e e e e e e s 3.0
Mure con hueco C e e e e e e e e e 4.0
Direccidn longitedinal . . .. o+ v o . 4.0
Fedestalen de conocreto de turbos C e e e e .. 2.0
Muros de pieras macizas confinados
por castilleos y dalas . . . . . . . L e o . e 2.0

Muros de piezas huecas confinados
o_con refuerzo interdior . . . L . 0 4 . . - 1.5



DISTRIBUCICON DE FUERZAS SISMICAS

EN EDIFICIOS CON DIAFRAGMAS FIEXIELES

Hauricio Nanes GF.

En edificicos tipo industrial de elementos de acero, ¥ con siste-
mas de piso de rejilla, la accibn de las fuecrzas laterales, ge-
neralments debe tomarse, de manera gue cada mareo absorkba, las -

fuerzas correspondientes al area tributaria.

5in embargo en edificios donde existen concentraciones fuertes

de cargas en cicrtas areas discretas, conviene forzar la prescn-
cia de-diafragmas de piso flexibles por medio de contraventeo~ -~
horizontal en ciertos pises { o niveles ) discretos, '

La distribucidn de fuerzas sismicas segln el procedimiento des-
crito en el {follcto complementarico, solo es aplicable a cdificios

gue cada nivel sea un diafragma infinitamente rigido.

A continuacién sé describe el procedimiento para determinar las

fuerzas sismicas gue actuan en cada marce cuando hay diafragmas
flexibles en niveles discretos.

* FERMA, Ingenieros Consultores, S.h.



Para visualizar mis claramente el procedinien

L0,5e plantea

@ continuacifin la sigquiente gctructura;
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SECUEI:I\:

peterminar rigideces de entrepiso, censiderando como "entrepisos”

unicamente entre diafragmas flexibles:

&5f por ejemplo para el marco transversal mostrado en la hoja

antrerior:

. 1.0 " , ‘ :
\./ fl‘..h
~nl T
Vot Ve
1‘0 \" R I
n —~
. ‘ Lo
A a tal
¥, S

. 5¢ determinan asi las rigideces

los marcos, tanto transversales
de un andlisis de nmarces planos

rales a nivel de los diafracmas

3
!

R

de "Superentrepises" de todos,
come longitudinales, por medio
con las cargas unitarias late-
flexihjes.



2.

considerando pesos por area tributarfa al marco.
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Determinar las fuerzas sismicas laterales de cada marco

Efectuar el analisis de cada diafragma flexible aplican-

doc en cada marce el cortante sismico cntre superentrepi-

so0s comg fuerzas de anilisis,
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DiATRARMA - N3 -

. Del andlisis de diafragmas se obtienen las fuerzas en los

"resortes™

{ ¢gue simulan las rigideces de "Superentrepisos”)

Obtenaer la diferencia de fuerzas cortantes © de cada marco

a nivel del

diafragma (de cada diafragma ).

Fij _ V4n - para ¢l diafragma N7,

P Vim - para ¢l diafragma W3,

= fza., resultantec del anfilisis de diafragma

en el resorte correspondiente al marco m .

Serd negativa para marces flexibles {( en contra
de las fuerzas sismicas calculadas por area tri-

butaria }.



5. Analizar cada marco (Vertical) en ferma aislada aplican-
dole las fuerras sismicas calculadas cn base a8 areas tri-
butarfa, y ademis dos fuexzas concentradas 2 { una en -

cada nivel donde existen los diafragmas ) como se ilustra
a continuacion, -

-

1
—— — 1
f e
“\- ol N
— —_ . —

MARCO FLEXIBLE MARCO RIGIDOD

Las fuerzas Q representan el efecto del.diafragma scbre el marco;
en los marcos flexibles, los diafragmas " dntienen " al marco,
perc on los marces rigidos es donde los diafragmas se apoyan o -

incrementa sus fuerzas laterales.

Utilizar los signos de las 015 due rasulten de las diferencias
de fuerzas anteriores,
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RELLYISGIS DI PIED
CONTRAVENTEIREDOE TLEVWIZLIESR
Mauvricio Nencs G.*
¢

RE SUME!L . - " '

Se describe ¢l comportamiento de estructuras con sistemas de piso
conltraventaedus, comp afectan la distrivucién de fuerzas sismicay
y de viento. Be plantean modelds ostructurales para el andlisig
de los sicltanmus de pilso con diafragmos {lexableos enfocados a sa-

tisfacor la cumpatihi]idad de dersplacamientos do los marcos vrans-
versales praducidos tanto por cas gts horiZontales como Dol cargas
verticalog.

Se discuten dos de lis funclones bisicas del contrdventeo neri-
zontal de piso, qgue son-: . concencrar fverzas laterzzles vniformes
cn marcos de mayor rigidez y el distribu fuerzas laterales con-
centradas entre varios mexcos Dﬂlﬁl?lﬂa. Sc describes un EEtudla
paramétrice en el que se zprecia ol eiecto de tipbs de contraven-
teo, ¥ su geoemetrioa on la concentricidn o distribucidn de dichas
fuerzas latcerales, Finalmento se aplican estos concepbos & Naves
Tncdostriaies.

"'I
!

£l FERMA, Ingenieros Consultores, S.AL



ce ilustro en los runtos anteriores el andlisis de diafragras
para sismo paralelo al ladc corta, Se debe efectuwar un ané-
'1isis semejante para sismo en la direccidn laxrga { Como otra
condicidn de carga éel " marco-diafregma M ), .
Las fuerzas gue se cbtengan en las barras diagonales éel ana-
lisis de diafragma, se pusden utilizar para el diseno del --
contraventec horizontal.
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El anglirsis estrnucrural de =dificigos industrioles con sisfemas do
piso contraventeadps presenia una serie de ceructeristicazs cspe-
cizles en lo referente & las condiciones €e carga gue Inugplucren
fusrzas horizonteles. El concepto de distribucidn de coriznies
sismicos del método estdtico ecguivalente, no es apliceclie Tzl como
se ha plantesdo (1), v& guec tiene implicito gue los sistemzs de

igp =sorn indeformebles en =u nleno, ¥ en ceneral ol corsicderar les
CeEryes cstéLIC‘" cguivalentes &= viento, caleuladzs en Lese e Zroasg
trivuterias, es vélido en cisrios cazses Unicamenice,

En recalidad los sistemazs do piso de edificios industriales de acura,
en pocas ocasiones pueden ser considerados come indeformables con

su plano; por ol cpntrario, resultan ser bacstante flexibles, ya sea
por la necesidad funcional de dejar huecos de acceso o DBEra equUiIpo,
o por la utilizacidn de pisos tipo rejilla o placa arntiderrapante.
En ocaslones €5 nécesario contraventear ol sistema de Diso para
aumentar su rigidez para lograr una mejor distribucidn de czrgas
entre los diferentes marcos, -

Este tipo de estructuras, tradicicnalmente son analizaczs y diseiia-
das considerando cada marco en forma independiente. (por area Lribu-
taria), sin tomar en cucenia el comportomiento del conjufto de mar-
cos ¥ siglemas de piso“ fﬁ% el Iimite {51 temas de plso sin lesa de
concreto ni contravientos), los WArcos tento transverszles como
longitudinalaes se cempoartan en forma independiente:; sin cabarngo
existe an rango amplio en el que ¢l contraventeo de piso aiecta, on
mener o nayvor grado, la interaccicn enbtre marcos varaleles v oorto-
gonales redistribuyendo carges vy alejdndose del criterxio de consi-
derar las cargas por drea tributaria, y sin llegar al caso de dia-
fragmas rlgldus.

E]l objetivo bisico es el poder efectuar una serie de eandlisis de
estructuras planas de tal manera gue simulen, en.la forma més rea-
liste posible, el comportomiente tridimensional de la estruciura,
Y lograf de estd mancra disefios mis econdmicos,

En estc articulo ye presentan las herramientns para poder cfectuar
la distribucidn de cortantes sismicos v de viento incluvendo la
flexibkilidad de los sistemas de piso, s¢ presenta una evaluacidn
cualitativa y cuanticvativa del comportamiento de diafragmas flexi-
bles por medic de su modelacidn y andlisis estructurales, '

* piperos on, parénatesis son referencins enlistadas posteriormentc,
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2. LoD DRE DIETZECICMA

2.1 geoeneralicdades

Todo_entrepisg de va.edificio tiene une cierta rigide=
n

_____ g Cel sistema de plso e conslce-
{BClﬂn- ﬁn el czsp de pisps e Conerets, estos pueden
vigvalizaree como trabes de concreto muy peraluedas.
En ¢l caup de cistemas de Tise contravenicadosn, sS& DOe-
den considerar gomo ormiaduras noerizontales. Bl paréme-

L]

tro imporieznie es la rigidez relativa entre el sistema
de pise y la rigidez de los marcos.

En edificios indusitiales. de acero, cuando no exisie
losa de concrefo ni coﬁ“favenLeo horizontal, cada mrco
SC COMpPOriaréd cono qp cstuviera aiclade (Pig. la); con-
secucenltiemente, los deuplazanientes laterales, o Un cicr:
nivel do la estructura, de todos los marcos paralclos,
seran ‘funeidn de las fuerzas horisontales a gue esté su-
jeto cada marco, consideradas por Srea tributaria drice-
mentie ., . . -

En edificios cuyos sistemas de piso scan de conereto, vy
cuando 1o rigidez a flexidn en el plano del piso sea
grande vomparada con las rigidoeces de entrepiso de les
warcos, cl sistema de piso pucde considerarse come Un
diafragima rigideo, el curl hace (ue los desplazamicntos
laterales, a un cierto nivel de la estructura ¢e Locos
los mmarcos parzlelos, sigan una variacidn lineal, ccomo

se ilustra en la Fig, 1P paca el caso gue no haya torsiém
en planta, v en la Fig. lc cuando si hay torsién. El
diafragmn rigids hace que las fuerzas lateralcs totales
se distribuyan a cadu marco de acuerdo a sus rigideces de
entrepisc relativas.

Los dos tipps de edificios.descritos.son. i0s.Ca505 XTIe-
mos; sin grnErgo, existe un gran namero &c estuctures
Cuyos sisiemas de piso tienen.ciervn rigidez a flexién,
pero no ppeden considerarse como diafrogmas rigides. En
la Fig.—2 se muestran dos casos ae diafragmas flexibles,
uno sujeto a cargaes simétricas y obro con cargas vsimétri-
cas, e miestra tambidn la configuracidn de desplazamien-
tos laterales, v las fuerzas gue absorben cada marco en
funcidn de la rigidez de entrepiso K vy del desplazamiento
lateral en el nivel en consideracidn.

’

En estructuras con diafragmas rigidos o flexibles, las
fuerzas que absorben los MAICOS ya no son on funcidn dec |



oy aaa

s ciorgas latarales colculadacs on bease o 4rcos Lributa-
riz%, Sino scon tules cue deben sitisfacer le compatibi-
Yidad d¢ cdesplzamicvntos laterales de diefragnma,

2.2 :Funciones del diafrogma.

Un disfracme, sea rigido ¢ {lexible, hace gue lzs fuerzos
herizontales totaeles en un cicrto nivel gesn trensmiticas
a loz marcos dependiendos de gus rigideces de enireDdlso vy

de la rigicdez del diairsgma

Los dos vens més jmportzptes guc se puede hacer del com-

portamionto de disfireigma non:

2. Concentraciin de fuerzas laterales "uniformes" en los
marcos mis rigidos. )

h. Distribucidén de fuerzas laterales concentradas entre

varivs marcos adyoacentes a la loealizacidén de la fucrza
concontrada. : . "
La primera aplicacidn seria por ejemplo, en edificios
indusiriales en los gue se proporcionz contravenieo en
el pliano vercical en los marcos transversales cabecera ©
cxlericres; osto resulfa en una difcrencia grande de rigi-
doces de entrepisn entre leos mircos tranasversales inter-
medios y los cabecera,

Las fuerzos sismicas y de viento se concentrarin en los
marces cabecera 3 través de los diafragmas de piso,
Este ¢5 el comportamientio real de la estructuraz y debera
tomarse en cansideracion,

La secgunda a2plicacién seria el considerar el diafragma
para gue la fuers2 horizontal sismica de grin aplicada en
un MAarct no solo sea absorbida Por <icho marco, sing entre
varios merces paralelos,

compatibilidad doe desplazamientos laterales debidos a
cargas vVerticales,

El comportamiento de diafragma (rigido o flexible) del

‘sistema de pise, forza las condiciones de eompatibilidad
de desplaramicntos laterales do les marcos cuandp estédn

sujetos tanto & fucrzos heorirontales comg a cargas verti-
cales,

El anilicis de estrucluras compuesios POy marcos planes
de mircada diferencis geomdtricd, snuietos & cargas vwoer-
ticales, conduce o desplazanientos laterales distinton



en cade mE2reo anklizedo zicsledonegnte {Fig., 3). En estc
caso teshién deze conciderarze el comportamiento disivug-
ma pors forzor lo compatipilidad de desplaozamientos.
Una forme de lograr dicha competihilidsd nare el caco
parhlculav gue se tengd diazfrzgmas rlisidso v ogue no
exista torsidn en planta, se preseris en ! mosSselip esi-uc-
tural de 1a Fig. 4. Se modelar tedos ics marcsos narmlelos
una @ continuacidn de otro unidos con zlepmenteos Ticticios
de rigicoe inflnit& gue simulan la accidn del dizfrasme
rigide, v fprrfen z gue los desonlazamienter horizontiles
de todos loz nmEreos en cadzs nivel scarn iguales. 20 este
citse los oromicdzdes geoméiricas v las cargas nera el
modulo del mereo 1y-5¥ y 2v-4Y debon duplicarse,

Cuando el diafragma no se puede considerar como rigido, vy
para el caso ep gue no haya torsldén en plania, se ctueds
modelar a8 la estructura como se inédica en la Fic. 5, en
la que las barras de uniédn entre marcos tienen una rigi-
dez finita obtenida a través de un anslisis del diafragma
flexible, . .- )
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Z DILTRAGHWAES PLEMTOLES. -

POENT RS Y AITLIIEIE T
n sistemz de Diso de un edificio industrial disefiado como
structura met&lica v cue esfe controventcados on su plang,
zrd un diafragma flexikle, FEste diafrezema puede conside-
arse ccmo ung armeatara en el plane horizontel somortada
obre una ssriec do soportes elésticos, los cugles simuizan
28 rigideees del entreorpiso inmedigtzmenie abtajoe del wmise
n consideracisn.

MM H DO

En la Fig. € se muesira ¢l modelo esirac
fragma. Lzs Darras verticzles y hiorinont S
de 105 ejes del ecificio, remresentin lzs vige
cos. Todas las dizgonzlos vy oh*?' barras son
cvontraventeo horizentzl dél sistema de piso. La rigidez de
los resortes mosirados, son las rigideces de ‘entrepiso cal-
culadas como se indica esguemdticamente en la figura,

A este mnodelo estructural se le aplican las cirgas corres-—
pondientes al efecto gue se gulera analizar, sea concentra-
cidn o distribucidn de fuerzas sismicas o de viento., Se
pbticne del anélisis las fuerzas en los resorbes, due a sy
vez son las carges horizontales gue se aplican posteriar-
maente 4 cada marce naraz scr analizades como estructuras
planas, También se obtiencen las frerzas actuantes cn el
contraventeeo parn efcctuar su diseno por resistenciz.

Yn edificios indestriales de acero los sistemas do pliso a
veces pucden contraventearse uniformemente come sc muesira

en la Fig, 7, mero muchas veces resultan diafragmas flexibles
tan irregulares como ¢l mostrado en la Fig. 8. Para estos

dos .casos particulares se muestran los porcentajes cbtenidos
de las fuerzas totales gue aluscrben los resortes y sSo CcOMRaran
‘con los pox renLﬂjed que corrLrponmefluq 4l caso particular de
diafragma rigido.

En cierto tipe de indostrias, los edificios de wroceso de con-
creto reforrmado, roguieren de huecos grandes en varios niveles
‘para alojar eguivo como se indica en la Fig. 9. Ewxistiria la
duda s1 se puede o no considerar a estos pisos como diafragmas
rigidos. En la Fig. 10 se muestra cl modelo estructural on
forma csguemdiica, como un marco cerrado con tramos de seccion
wariable en forma ezcalonands, sovortade schre resortes eliisti-
cos; 2l modelo estructural detellado se mucestra en la Fig., 11,
el cual fud analizado (2) como diafragma flexible y las fuer-
Zas gue se obtuvicron en los resorics se aplicaron posterior-
mente come corgas herizontales a los marcos planos,

Tode sistema de pisc vuede ser modelado y analizodo, sed comnoe
armadars o como pioca {elementes finiteg) o como wmodelo simpli-
Ficado.
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P ety o

DIATPAGH: COMO ZLEMLUTO COUCENTRADOR DE FURPZAS IATIPALES
U

4.1 Estudio Paramétrico.

En ciecrtas ocasiones es conveniente el acentuar la
diferencia de rigidecés dé entrepiso entre marcos parale-
los, para aliviar a los marcos mencs rigidos de esiuverzos,
producidos nor cargas laterales, y concentrar en los mar-
cos mas rigidos mayor vorcentaje de la carga lateral to-
tel de un cierto nivel.

Una condicion dpbtima seria el digefiar a cierto nimero de
marcos lntermedios piara cargan verticales, y con est
sceclones e miembros caleculur la intensidad de Las
zan laterales gue dichos marcos registirian con un sobre-
esfuerzo del 33%. La diferencia entre la fuerza horiz
-tal total y la absorbida por leos marcos intermedios, ¢
. ser absorbida por los marcos mids rigidos en los que se
quicre concentrar las fuerzas laterales,

Un caso particular seria el de naves industriales en las
gue sc contraventea los marcos exteriores y se procura
gue todos los marcos intermeddios no scan penalizades por
absorbar cargos laterales. -

Se ofectud un estudio paramitrico (3) de la concenkracion
de carga uniforme lateral eon los marcos exteriores a cra-
vés de varias configuraciones y rigideces de diafragnas
floxibles,

Los paramctros que’ intervienen cn este estudio son los

siguicntes: . o :
a., Tipe de contraventeo.- Sc consideraron cuatro conficu-
raciones geométricas mostradas en las Figuras 12 ¢ 13,

b. Geometria @e ‘contraventeo.- Se considerd un rango
ampliao de prepicdades geomélricas de lag sscciones
transversaltes de contraventeo {(Arfa, momento de inercial,

¢. Rigideces de entrepiso.- Lo rigidez de entrepiso de
lop marcos intermodios considerada fué de 42 T/M ¥
420 T, Los narcaos exteriores se consideraron clncoe
y cincuentd veeces mas rigidss que los intermedios.

d. Dimcnsionces en planta del diafragmna,.- Tres relacicnes
de lado Inrgo a corto (A fucroen consideradas,
A=, 2.2 v 3.0,
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El modelo estructural urilizado ern gl wndlisis fyé sim-
pliiicado ¢e une armadura pland, 2 un Darco cerrado CUYES
barras tienen asociadas propiedadus geondétricas de Srua

y momento de inorcia eguivalente a las de le armedara,

En las Figuras 12 v 13 se mugsiran lcs dos modelos super-
puestos paréd los cuatre tipos de contravenieo, Ista egui-
valencia fue hechia con el cbjeto de reduciy el nimero de -
nudos ¥y miemnros en el modelo dié anclisis parz reducir .
tiempo do computadors (2.

Las cargas & las que se sujetd el modelo fueran fuezzas
concentraudas en todos los nudeos simulandeo una cargz uni-
forme come zuria la de sismo o viento.

En las Figuras 14 a 16 se muestra como afectan los dife-~
rentes pardmetros al- poreentaje de la fuerza horizontal

. total gque absorben los marcos exteriores o caboecera (YCR).
Se entiende por geometria (a2bscisas) en osta curvas, los
valorcs rcelativos de 8rcas y momentos éde Incrciz del con-
travenceo, tomande como valor unitaric o punto de partids
los mostridos en la Figura 17.

S5¢ observa on estas curvas gue a medids que se robustece
¢l contraventeo [aumento de geometria), avmenta £l por-
centaje de fuverza (¥%Ch] gue abhsorbe el marce transversal
exterior contraventeadp, & mayor rigidez de entrepiso de
los marces intermedios Kmi, se roguiere mayor geomneiria de
contravenleo para aleanzar el mismo % Ch.

También sc observa gque para mayores relaciones de rigide-
ces de entrepiso de marco cxterior a interior {Kme/Kmi),
e logra una mayor concentracion de fuerza on los marcos
cabecera {¥CA), o bien si dichu relacidn ne/Kmi es bava,
o =ea dee lns ricldeces de entrewviso de todos los marcos
es mas uniforme, habri menos cencentracidn de fuerza en
lo=s marcos cabecera (3% CA).

La condicidn cde diafragma xigido es el limite superior de
stas cuarvas, Se gbserva gue este linite cy alcanzade
més rapidamente cuando los marcos intermedios tienen menor
'rigidez; o saa, un diafragma menos ricido (menor geomatriz)
es suficiente para lograr la condicién ée diafragma rigico.
A medida gue oumenia la rigidez de los marcos incermedios
{(Kmi), so reguiere de una moayor geometria {diafragma mds
robusto) para alcanzar la condicidn limite de diafragma
rigido.
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El iLipo de contravenstes no s may imporiente para &i
mas con /8 Lajos 3 ocon mATCos int r:nc104 e baja
dez (Fig. 14). Pera e
dimencicnes an o
marcos interm
son los més e
15 ¢ 16,

e e
ES, Y uue aumente le rlFlLE: GE loe
mr), los contraventeos tipo 2y 4
s, como se anrecia cn les Figures

-

Es cunvenlente redusir el nlmero ge parinmot
vicner en lgs Ticure 4 a 1%, wace es 5 arc
rigideces de leos diaZracmas {#d) cen funcidn e la geocne-
triz v del tino cde contrzvenieo., Ist igig <

trezn cn la Filg. 1RB. )

Finalmente, los reszultados de cste estudio paraméirico se
condensan ¢n las Figuras 19 y 20, En la abscica se tierne
la rclacion adimensional: rigidez &e cdiafragma a rigidez

de marco intermedio (KdE/Kmi), y en las ordenades el oor-—

centaje de la carge totzl ebsorbids por uno de los dos
marcos cabecera (YCA). Se muestran ¢os curvas pera dife-
rentes relaciones de rigidez de marcos exteriores o cabe-
cera a marceos intermedios {Hmo HAmid .

-

Dl utrlb'LlC'LG"'] C]L fuerzos sismicos

Una de las funciones de los diafragmas es el concentrar
fuerzas laterzles "uniformes", ¢n los marcos de mavor
rigidez, Las fuerzas sismicas son funcidn de la masa le
cuzl,en general, puede considerarse Como una fverza late-
ral__EEiig:mﬂf, excepto cuando haya pesos concentrados

de considern c1on

Cuando los sistemas do piso pucden considerarse como
diafragmas rigides, la fuerza sismicn toinl sc dist-ibueve
a los marces Gnicemente de acuerdo a sus rigideces re
tivas de entrewniso tzl como se indica en la Figura 2}

+

En estructuras cuvos sistemas de piso sean dinfrasmes
(TEAABlEE TS ¥4 808 afectUar primero on analisvis ¢a éia—
ragma en cedr nivel apliclndole. la fuerza sismica i
en ¢l nivel en consideracidn como fUuSrLxn congentradis en

todos los mudos v cuyas intensidodes scan toales guo su
resultante guedse lecalizada on el centro ¢e masa 1
vel, Do esie anflisis se oblicnen las fuerias e
tes, las cuales se aplican nposteriormente a log
cargas para efegiuar su andlisis como estructuras e
independientes,

-

Oen

=

H 2
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Dictribucicn de fucrzzs Go viento.

Las cargis estaticas eguivalentes de viento tenlién puedsn
considerarse como fuerzes "vnifgrmes”.  Log slsztenac 6o
piso de los edificios, 2l comporsarse como diafregmes ri-
gidos o Zlexibles, nacen gue las fuerzas £o viento tasiién
se distritbuven entre los marces ¢e severds & sus rigideczes
relatives ce ertrepiso y gependiendo tarnkidn G2 la rigi-

deg de) dizfrzgma
hndlogzmente 2 les fuurzas sismicas, lac fuevzas de vienio
no pucden considn L i, SiT0 S¢ OLno
tomar en cueniz el comporiamimt r 2 logs 5is-
temas de miso.  La excoencidn = ieIragmac
rigidos y rercos de igusl rigidez de entrepiso, en el ¢
si smeopuede distribuir las fuerzas de viento por arcs
tributariz.

-

~a
—

A continuecidn se describe la secuela para distribuir
las fuernas de viento: _ - '

a, hplicar las fuerzas laterzles totales de vienio (P) en
cada diarfragma caleulada en base a Arcg fributaria de-
finida come una frunja horizental a lo ancho del edi-
ficio, con tna altura jgual a la del premedio de los
cntrenisoes adyacentes (Pig, 22).

L. Por medic de un anélisis de diafragma flexitle, obte-
ner las fuerzas Fl que absorbhen lcs rosorTes cue simu-
lan las rigideces del entrepliso inferior =1 disiragma.
En el casc particular de diafragma rigido sin torsidn:
) ) Fi= _}:1_ T

- .Y ki

Culrfilese la fuerse concentrada de nudo en Dase a Arad
tributaria;

d, Obténgase la diferencin enire esins dos fuersa@s COnoon-
tradas: :

Di=I—‘i-—Fi]t

Esta fuerca difercencial es la quc,1 Lravés del diairag
ma, se cstd distribuvendo hacia otros marces. Para mar-
cos-mids rigides 0L serd positiva, ¥ Dara marcos mMenos
rigides Qi serd nuegativa.



10,20

(Eh
o
an

Lfectuar £l analisis dufinitiveo de cads marco plano
e 1o

A

o

¢

=

-

F_i

forma &islada sujeto a prostones caicy
is come franjn veroical,
fuerzas concentradas co

i

"

14

a

9
oo
=

“ N
LI bh
1

2o

(SR
| ]

Heo
ﬁ‘-l"-lF i
rE o=

B L

Zren btribater
cadda nivel las
se indicz en la Figura 23,



L1/20

5. DIAFPRGUA COMO ZLEMSITO DISTRISUILAE DR FUEDAAS LATEBRALES

COUCEUTRADAS

3.1

L]

Estudio Paraméetrico

En edificics industriales de proceso hay necesidad de
transportar cargas pesadas de un lugar a girg por medio
de una gria viajera, ya sexn cargas del nrodacito termo--
nado, 0 bicn de eguipo en ctapa de instelacisn y/o
manteniniento.

La fuerza sismica horizontal de griss de alta capacidad .
puede llegar a ser la condicibn de carga gue rije cl
digefio de los marcos transversalesg, Esta fuerza concan-—
trada horizontal puede distribuirse entre varios mearcos
paralelos a travis del diafragma de manera gue se reduz-—
can sus efcctos en el diseifio.

e efectud un evstudio paramétrico (3) de la Jistribu-
cidin de fuerzas lutersles concentrados a varios MEIrcow
parnlelos a través del dizfragma. Los sarametros que se
hicieron interveniry en ¢ste estudipo son los mismos gue
en ¢l estudic deé concentrzeidén de fuerszas laterales des-

critec en la seccidn 4, R
1L modelo estructural utilizado fud simplificado aldn més
guc ol narco cerrade eguivalente a la armadura horizon-
tal, Se considerd una viga continue acoyada Cn SOROroes
elésticos con rigidez lineal dnicamente, los cuales simu-
lan las rigideces de entrepiso de los marcos. La rigidez
de la viga se igunld a la rigidez del cdiafragma Kd que a
su vez se corrclaciomd con el tipo de contraventeo y su
geometria (rig. 18).

En la Figura 24 se smestra el modelo estruciural asi como
1o variacidn de la relacidn de rigideces de trabe eyuiva-
lente a diafragma (E1/X4) con respecto a la longitud tofal
do la trzbe., Conocida la rigidez del dizfragre Kd v
longitud L =s¢ pucde deiinir el momento 2 inercia Ge
Lrabe eguivalenta,

(LT

|= 1=

{1

Se consideraron dos condiciaones e cavrga on este estudic
paramitricsa, 1a primera aplicande una cargn ceoncentrads en
el centro de la vigs (colncidiendo con un resproe), la
scqgunda anlicando una carga concencracda cn ol excromo de
la viga, simulando 12 grizx on una posicidn cantral y en
olLrn posicidn extrema,
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En )z Figare 25 se muastran los recualiados de este
e5cudio czremétrico, Las crdenzcas oson rorce‘:ajcs

de la fverze concentrada gue sbscrae ¢l rooirie cuas
coincide con el punto de aplicacidn de la cargs; o see,
gae del) 1004 de lu fuerza apliceda, el mearco ansorborlia
dnicarmente los poreentéjes indicados en lo Figura. Las
ahsciscs son valnlcﬁ Gl momonto de ingrein & la wviga
cruivalente,

se’ obeservz de la Figura 2%, cue a un migmo fiefregme

oara L1l

el porcentalje de cargz gue £sorde
mayor ¢ntre mavor seca su rigidez 3
oara podor obtencr un nismo porcentzlic de car
que absorbe un marce {urdenzde) se deboerd hacer més roous-
to el diafragma {aunentar I) a medida gue aumente la rigi-
dez de eptrepiso del marco.

{(valor de 1z abscisa),
el mAarco csg
0 hien,

fambién se gbserva de la Figura 25 gquo para diafiraomas
mﬂs rigicos (I mayor a 1}, cuando la carga concentrada

=t en el crxtremo del edificio, el pnrc&ntdjc de carga
%P que absorbe ¢l marco en el gue coincide la carga, es
mayor al porcentaje de carga %P gue ahsorhe gl marco -
cuando la carga esta aplicada al centro dcl edificio,.
Sin embargo para diafragmas muy flexibles {(Imenox a 0.1)
e) efecto vuede llegar a invertirse,

25 conveniente reduclr el nfimero de paramcliros guc inter-
vienen en la Fig. 25 de manera de obtener una grafica con
mayor utilidad prﬁcticn Todas las curvas da la Fig. 25
se transformaron & dou, al graficar en las abscisas el

pdrﬁmetro adlmenvlondl R/ Kmi (relacién de
diafragma a la rigidez de entrepiso de los
esta figura, conocidas las rigideces de diatragma vy del
marco tipico, se pucde obtener el porcentaje de 1a fuera
concentraca aplicada (¥P) gue ahseorbe el marco @n consi-
deracion. Este vpeorcentaje pora diafragmas medianamente
contraventeades os menor del 304 para carga sl centro del
edificic, v menor de 40% para carga en el extremp del
edificico.

la rigidez del
marcos) . De

Distrilbucidn de Fucrzas concentradas.

Es estudio paramétrico descrito en la seccidn anterior
puede utilirarse vara determinar el porcentaje de ia
fuerza concentrada horizontal P gue absorbe el mz2rcc cgoe
coincide con la posicidn de la carga. Este marco ©s ¢l de
interds, gue otres paralelos asbsorbeon un‘po:ccntaje

VR
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de carga nenor, vy ciende lo cargi conoent

v reda 1o producd-
di nor gr&a, a4l cumoiar lu pezicidn de lp grio & otr
:lelo vdvacente, e pbiondria nricticamente el

are
niemo aaler de P,

El hecno cuu el %P que absorne el marco on ol gue coln-
cide la carga concentrada horizontal paermanece prictica-
mente constante, Independientements ¢o cual de los marces:
centrales eg el gue se carga, seré cierto 2 pariir de un
cierto nimero miniro do mar-cos pavaleleosz, » de lz rigi
relativa entre diafiragma y marcus: 1o cual tanknid
apreclarse de la configurncidn de decplazaminntes late
les del diafragma.

En la Ficura 27 se muesntran dos conficuraciones ée des-
plazamientos. En el croguis superior de la Figura so
aprecia gue el diafragma ecs bastantc rigideo y alcanza a
distribuir la fuerza ontroe todus los marcos. En el
croguis inferior ¢l diufragms cs mids Llexible y distri-
buye la caryy entrc mocnos Marcos.

para diafragmas mas rigidos, a mayor niimero de marcos
entre los gue se distribuye 1la carga, menocr seri el por-
centaje del marco s rhrgaﬁo %P, pero en diafracmas

iy flexibles el wvalor méximo de %P depende menos del
pinero de marcos.,

En el caso limite de diafragma rigiﬁo, cuando las rigi-
deces doe todos los marcos son Jgudl B, ¥ PAra unas CArgn
simitrica:

i ok = E
i

Carga concentrada hOlldDﬂhdl
Nimexro de marcos.

nonde - F
n

i

cuando la carga esta aplicada en el extremo de un dia-
fragma rigido, se puede obiener el porcentaje de dicha
.carga que absorbe el marco cxiremo [(S:P} como la suma de
la componente rotacional. En la Fig. 28 se moestran
dichos wvolores para diferente ndmero ds marcos (n).
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O, LRPLICALCINN A IIVTS INDUETRIALLS OO GRIF-.

6.1

Setrugcturecidn.

La estiructuracidn de unz nave industricl oo muestra on
forma esgueratica en la Fig., 2%, Coneie €n maroos &2 odors
eguac eorientzdes en la direccidn corte o transverszzl de
lz nave con claroes cue puseden ser de 1D ¢ 20 metros o
mayorus, y cuva separacitn generalmente zedd onire 408 7
metros o mavor, dependicndo del matoerizl cde la eubisria

y Jos larguuros que 1o sczortan,

Lac vigas inclinaduas de los marcos SDpDrtLﬁ a'los lzargue-
ros, gue o su voar Boportsn la cubleria
bosto cemento o lémina met&lica acanalaca. La Ssenara
de los largueros ¢s funcidn del material de la lémina
cubbierta, Debide a la inclinacién de los largueros, se
proporcionan tirantes para reducir su flexién en ¢l plano
de la cukicrta, ' ’

I:D
'_!
'.d
|
o

' o
i
i

] L:I'I'-

-

Los dos marcos lopngitudinales =2 contraventean en crujizs
discreotas, yva que lasg columnas de seccidn I estdn orienta-
das de manera gue el menor momento de’ inexcia colincide
con la direccién longitudinal,

En l1a dircococidn trans vcrth los marceos cahocora o exto-
riores, se consideran en cste gaso gue tarbién estén con-
traventeados,

La cubierta de este tipe de estructuras siempre se contra-—
venten; sin embarge la configuracidn del contraventeo
depende de la funcidn gue sca necesario cdue desarrolle.

En la Fig. 30 se muestran dos tipos de ceontraventeo. La
funcidn bisica del contraventeo Tipo B es para reducir la
longitud libre de pandeo lateral de la vica del marco.

Lz funcién bisica del contraventeo Tipo 5 es el concentray
o digtribuir fuerras horizontales entre los marcos frans-
versales y disminuiry los desplacamientes horizontales rela
tivos gnire diches marces. E1 diafragma flexible gucda
compuesto por todo el sistema de contraventes de lz cubler-
ta. ’

Compatibilidad de desplazomientos laterales.

6.2.1 Cargas verticnles.

Particularisnando 2l ceso de cargas verticales de
Grda, ce tendrdé una fuerza linetl v un ROmento &
nivel do ménegvle o cambio de socuiin de la eolunnn.,
Ly mux1m1 asimetria o logra moviende ¢l coarre de



la gria hisio
3la ne moestra un o
gas de gria vy

Ll mismo mirco =e CLrgd con ung fuerze horizonsal
uniteria ¥y se chiicne nu desolrnzaninito latersl I
{Fiy. 31B), con el objote &o eveluar la fuerza
horizoncal (¢ M) a nivel de lea cublerfz gue profuo-
ciria ¢l miscd cesolazemiente he-izontal cue mro-
cucen las carcee verticales [ S gl; o sen:

Po=__Aa oy

h

4

EL moreo de la Pig, 31a se analizné on forma aisla-
da para obtener el dosplasemiente Ag, sin embargo
esle desplazamiento se debe reducir ya gue el mar-
cCo no se encuencra aislado, sino 2 través de la
cubicerta {diafragma flexible) =ze hace participar 2
otros marcos paraleleos adyacentes. Por nedio de
un anadlisis de diafragma flexible (Fiy. 3l¢) so
obticne el porcentaje da la fucrza Fj, que absaorbe
el marce ¢n consideracidén ( L i). El anfilisis
definitiivo doe dicho marco se hard aplicindole lus
cargas verticales de yria y una fucrza horizontal
de resliriceidn en direccidn centraria a la de A ¢
con valor (1 - bfi}Fh- Q sea, =1 el marco on
consideracion abscorbe o i de 1z Sverza horizontal
eguivualente Py todos los oLros mercos absorben

(1 - vii]Fh {ver Pig. 31a}.

En realidagd, debido'a las dimensicones dal puente de
la grila, para una ciertya posicidn del puente, se
deben cargar deos o Lres marcos aﬂyacentms {Fig. 32a}.
Por medio de un analisis de diairzgma, censiderarndo
la posicion de cada marco cargado como una condicion
de carga dec fuerza heorizontal, se puede obtener
lineas de influencia de fuerres en los raesortes.

El porcentazje total o i se punde obtener por super-
posieion lireal, (Ver Fig. 32b}:

i i= (39 o io + (31 ol i1+ @: o 12
Donde: @i = Pi/P max
QD

El anfilisis definitivo del marco sz hace como se
describe en los pdrrafos anteriores,

1
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Cergac horigontalecs debides o graa

Las {uertas horizontales, con 1o diraceidn tranc-
I

versal del edificic, gue preduce el cobeceo da luo
gria o la fuerza zismice de lz ¢riz, esudn aplicidas
2 nivel de la ménsula gue seoporto Yo Lrake-carril,
¥ en general el dlzliragma distribuidor ze wncuenura

2 nivel de cubicreas, -

El diafrayma,en conjunto con los marcos pe
adyacentus, funecione cono c¢lemente vootring
los decoplozamientos laterales del marceo; =i :
e la flexidn local en lazs columnas dol oarzco pra-
ducida por la carga horizontal coneccnitraca existiy

a su mdx¥im2 intensidad, a menos cus se prgporclcnﬂ
un armbdura herizontal a cada lado de le trehe-ca-
rril, cuyo peralte sea igual a la distanciz entre
dicha trabe y.los paties exteriores ge las columnes.

El efecto de restriccidn del desplazamiento lateral
del mareo transvexrsal cn concideracidén vueds cunnti-
ficarse y tomarse en cuecnta en el andlisis de la
siquiecnte forma:.

rplicuese 1a fuerza horizontal debida a gruaa Fe al

marco eome si estuviera aislado y obténcase vl des-
plazaminto lateral a nivel de cubicrta &, (Fig. 33a),
Apliaquese una carge unitaria al mizmo marco a nivel
de cubierta y el cesplasamiento gue produce con dicho
nivel 4, (Fig. 33b). '

La fuerra horizontal Fp ‘aplicada a nivel de cubieria
gque produciria el mismo desplazamiento horizontal
en la cubiierta que =1 despld"aman o de la fucrza
do grda ¢s

As |
Esta fuerza F, es la que sc¢ aplica al modelo del
diafragmid para cbitener el porcentaje de fuerza que
absorbe ¢l marco en considaracién o 1 (Andleao a la
seccidn 6.2.1). Para la obtancién de ol i se puede
hacer uso de la Pig. 206, (Fig. 33c).

El andlidis definitivo del mnrco se hace aplicando
las fuerias actuantes F,, y una fuerza horiczontal

de restricecidn en cireccion contrariz & la del des-
plazamicnto As, con valor (1 - ol 3y F, . Esta Gleima
fuerss on 1l omie wodeos los otros mafc = vavralelos al
merco on connidevacion absorbon.
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Procedindenco porea ol anélicis tlo noves ind'"“rlalc

A ocontinuecilin se deseribe un precodimiento racionzel y
pueudooptiminado de neves industriaies. La filosoflisz Téasica
consiste ¢n concidarary v hacer vso del cemnortamiento trici-
mansional de la estructura por medlo c¢e artificiocs gue pen-
miten reducir el anéilisis tricdimensionnl a uha serie de and-
1li e estructuras plancs., FL arSlisiz de la cubierta
congideredn como dinfragirg {lexitle, poemite gue se efcolic
cl anfilisig de los marcos trarsverssles come parte integral
e la estruccura v noe on forme independiente come se hz hiecho

tradicicnalmentc,

"le

Bl objectivo bBiésico e¢s o) dizeriazr todos los marcos transver-
sales para los elementeos mecinicos producidos por les cargas
gravitacionales dnicamente, y permitir gque absorban cwna car-

-git lateral tal gque Gnicamente produzca un sobre-esfucrzo del

33%. La diferencia entre la carga lateral total y la cue
aboorken todos los marces intermedios con el critoeria des-
erilo, se considera (ue cg la cargo guoe delen abisorbexr los
dog moarcos cxicericres o LauLL T,

Lo transmisién del exceso de carga lateral de los marcos
transversales intermedios a los dos cablecera se haco pox
imedio del diafragma en la .cublierta. Los marcos cabggera
dcberdn estar contraventeados pera forzar su diferencia do
rigidez latceral con respecto a los marcos intermedics, y al
mismo ticope, para gue puedan absorber dicha carga lateral
MAayor.

A gontinuacidn se describe la secucla de anfdlisis y disefio
del procedimicnto propueLio:

a) FProponer un contraventeo preliminar en la cubierta, deter-
mipar la rigidez de la cubierta como diafragma flexikle
{Kd}).

1) Efectuar el cstudic de compatibilidad de desplezemientos
laterales producideos por gria como se describe en las
scceipones 6.2.1 y 6.2.2 para definir las fuermzs de res-

tricocidn correclaivas,

c]. Analizar v disehar los marcos intermedion LIuﬂstIFﬂlDS
para cargas gravitacienalcs y de agrda, asi como determi-
nar su rigidez lateral {kKmi). Las cargas de gria que sc
deben considear son las propias mis las correctivas de

restriccidn deoscritas en ol paso b.



q)

h)
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Evaluer la car¢e horizontal tcotal c¢obhida a cismo v 1o
depids 2 wiento {Pu).

Calcular la carga horizontal en loo 5arcoes transversia-

les intermedios gue producirfie un mobpreu-csfucrze del
33% en sus elerentos (Pas).
ad

»

Evaluar lz carca horizgoniel cue deben res

r “ir lon
marcos exteriores o ceoecers [(Pe) sz Yead

-

(R
AN

M, P
denpeiando Pe;

Pe = £ 4 23

donde:
: - My o= Mamero de marcos intermedios.

Entonces, cada marco exterior deberi abisorber:
Pc
P

t

WCh =

Hacer ‘el andlisis y disefio preliminar de los marcos
cabiccera, incluyendo su contrivwoentoeo, nccesarias parn
absorber Pe, asi como su rigidez latcoral Mo,

Revisar el contraventeo de la cublierta de m2nera gue
se¢ garantice la transmisidn de ¥CA & los marcos cabe-
cera., ) )

"Com relacidn Kme/Kmi concclida, ¥y para ol HCh necesna-

rio, determinar Rd/Kmi de las Piguras 19 & 20, o su
interwvolacidn, Conocido Kmi s¢ puede determinar la
rigidez del diafragma a pertir de la relacidn Xé/smi
obxtenida.

$i dicha rigiden Kd difiere de la supuesta inicial-
mente repetir ¢l ciclo una was.
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‘use de las comuateado
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CONCLUSTONTE

El conziferar los sistonns de pige de estructuras vipo inducirizd
como diafrogrzs flexibles cenduce a urna uwtiliziacidn mis racionul
de lon clementos estructurales, y conscodentaemente & disehos wdc

" econdmicos.,

Bl proceso de andlisis regquicre de ciertos vescs adicisrales,
gue incluye el analisis de les sistemas & pisc como estructu-
rag planéis, vy ¢l forzzr la conpatibilidad de despnlazomierntos

laternles do los narcos al analizarlos también como cstructu-
ras planas, fHste trabajo adicional resulta mitinarieo con el
3 ¥ & pesar ¢el ligero incremaento cdel

3
ooran ahorros imporiantces en 2l costo

5

1%

'

&
osto de znélinisg, =o
de la ostructura,
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DESCRIPCION:

Cascardn cilindrico vertical de 14.5 m de diametro y de 71.6 m

de altura { H/D25 | y 0.30 m de espesor de congreto, con cua-
Ctro {(4) losas de concreto de operacifn { Diafragmas rigidizan-
tes. 7.

Sobre el remate del cascar®n, se levanta una plataforma metali-
ca de cyuatro niveles de 17.9 m de altura.

Ademas, .sobre una losa-Diafragma intermedia, se soporta otra 7' .

plataforma- metalica desligada del fuste. ¢

La cimentacidn fué un tanto especial debido a las caracteristi-
cas del suelo 50portanté (Baja capacidad de carga - _muy defor-
mablel. Se estudid la posibilidad de desplante por superfi-
cie, la cual se elimino de inmediato y se mpt§-pur una cimenta-

cifn profunda a base de pilotes de punta.

LOCARLI ZACTOW::

Lizaro Cardenaz Michoacan - - Zona Sismica - D
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AWNALISIS:

Se efectud un analisis sismico dinfmico modal espectral y se .
considerd la interaccifin Suelo-Pilote-Estructura.

Debido al tipo de cimentacién y & las caracteristicas geom&tri-
cas ¥ de rigider del) fuste, la interacci®n es de primordial -
importancia. '

Se procedid de la siguiente manera:

1. Se estimo el nlGmero de pilotes regueridos por carga vertical
-y su distribucifn aproximada. . f 8360 Ton. ).

2. Se determind el espescr preliminar de la losa-cimentacibn.

3. Calculd las rigideces de L%es f3} resortes de interaccidn.

4. Utilizando estos valores de rigideces como minimos, se efec-
tud un estudioc paramitrico wvariando estas rigideces. sin -

preocuparse por la distribucidn real de pilotes corraspon—-
dientes.

bl

5. Una vez estudiados los resultados del estudio paramétrico
se gligif .la "mejor" soluci&n, 'se obtuvo la distribucién -

equivalente de pilotes y se procedid &an 21 diseno. .

NOTA: El estudio param@&trico se efectud con uvn modelo sim-
plificado ¥ el caso clegideo s¢ analizd con un modelo
comroleto.



L3

34
a b nbia 22
iV i i
NZOMNA D
D.65 . SUELpEIT
0.60 ;"fg-gi
0 55 ) T,20.45
) T,=2.7
0.50 FEl
045
040
Q.35
030
025
0.20F
0.15
0.10
0.05 6
I Il [l i 1 !. 1 L T
1.0 2.0 .
{ .
.
f Q:Iiﬂzzlnz'fr{o:ﬁ o
o2 |50 |o.34560{0.17250 io.asam 0.05750 .
05704;2.7 {0.64 [022 016  [010EET | © e
272221045 0,64 |032 0.16 010667 | |
275 10.3636i0.55172 030514 ED.lEIIE 010346 | Co /] | ‘
3.50 [0.2257|0.472061023874 10.16251 10.41308 N ! v
450 |0222210.,407 16027256 [0.16408 [0 11737 i fnc;_ﬂm z'ﬂzz >
5.50 |[0.1BI8 [0.36556|0.26055 (0. 16539 [0.i2114 - \
-'m.oo 0. 10000, 20222 (023081 0. 18933 |0.IZ360
.iso,oo 0.02000.20044|0.18181 0. 17685 |0.16400 fo=0.1042



OBTENCION DE UNA: FAMILIA DE ESPECTROS

A PARRTIR DE.UR ESPECTRO DEL RCDF
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La pormalizacidn de los foctoraes de amplificacion de Newmark
se indica a continuacidn

FACOTOR LE AMPLIFICACION
& %

Nawmark () Hormalizado (F)

0 6.4 2,46

Q.5 5.8 2.23

L 5.2 2.00

2 4.3 1.85

5 2.5 1_00

7 1.9 0_73

10 l.s 0.58

20 1.2 0.£6

1.

rara gl especlLro-correspenciento a un amortiguamiento Y
la unica varigkble sera la gcelerzciédn aespectral mérima €, -
gue debe muatliplicarse por el factor de amplificacidn norma
lizado £,

4

1
c = cCc %



Se obtiene asi 1a

-]

femilia de espectros:

’.

- ¥
donde ¢ = C,
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= """ "RIGIDECES DE RESORTES EQUIVALENTES -

\
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DE INTERACCION PARA CIMENTACIONES

"PILOTERDAS

# Decisibn de inclinar © no pilotes depende de varios 'factores:

h]

=~ & 5Se puede tomar en cuenta la interaccifn Suelo-Pilote ?

o sea, .examinar.relacifn de rigideces suelePilnte. )

- p )

- Valor requerido de la rfgidez del resorte horizontal para
optener un nivel aceptable de respuesta.dinamica del con-

junto Suelo-Estructura.

- Se utilizarian pilotes inclinados unicamente cuando sean

de punta' 1 y no de friccibn ), para poder contar con la

componente horizontal de la rigidez axial del pilote.
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+ INTERACCION SURLO-PILOTE:

En este caso se considerd un CGmpDItﬂmlEnLD elastlco del suelo,
-ungue en general se puede tomar en cuenta el ccmport‘mlentﬂ -

inelastico { Curvas P-y Reese, Matiock y-otros autores ).

" Viga" sobre cimentacién elas-

Fxl
..-——-..__-q.,_—--—-‘j ! — tica:
} RET R
K}{] = i -
u
é 4
I,
G

Rigidea horizontal nnitaria
por pilote-Suelo.

Se deben considerar las condiciones de frontera superior de ma-
. hera gue roeflejen lo mEs cercanamente posible la realicad, por

ejemplo:

=T e
J %ﬂ;i j | - Yo T

|
f
1y



RIGIDEZ HORIZONTAL DE PILOTES INCLINADOS :

-
b

"Punta" Indeformable:

L -
Kx} =" EA SEn?(;
u L

% "punta" Deformable:

- -

RIGIDEZ HORI ZOWTAL TOTAL:

ni N°© de pilotes inclinados

o TR N® . total de pilotes Lt
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VALORES UTILIZADDS PARA:

DUCTI LI DAD: Q=20

— AMORTIGUAMIENTOS:

ESTRUCTURAL B 5%

L)

INTERACCICH

“ HORIZONTAL LINEAL 5 = 20%
CABECEQ % = 6%

TQRST ON € = 20%
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- CALCULO DEL AMORTIGUAMIENTO PROMEDIQO PESADO



Taris 13,1,

N T

-

Valescs tipicar de orzsptipvamicnte on Ja) inslalocionss

de rearlorey ruglezecs, .'.'Lr;h_'u'l Kewrnars 3 Hall [109680) ¥ Fewinark {19&91;]

Nivel dr eafverza

Tipe y rendicidn
de la rilructura

Prrcentaje del

nmnariiguamiculs

erltice
P Bajo,imuy poralnjo del  Tuberiae viiales 05
Uniite de projorriona.  Arero, concrewe relirzade o pres-
lidad, olucrzos inferio- Tureade, madera; $in grietas; 1in
tes 8 4 del Lmite de” destizamicnios o0 las conexsioncs . 05-1.0°
Hoeneda : f )
2. Exfuerzos de trabajo, no  Tuberiay vitales - - 0510
mzpores qut apreximi-  Acvero aoldade, concreie pradorra-
damenie  del Luite de do, coneraiy Licn refarzade [»la .
" Muencia peguciing agrictamicnto ) T2
Cuncrele reforzzda muy agocado 5
Accrw alomillade yfo remachada,
eyt ruciuras de madera con juniag -
clavadas o alomnilladas 57
I, A Wmiic de finencda o Tuberfay vitzles 2
jurtamente abajo de @i Acero soldado, concrero presforza- -
. ) T . da (nn pérdida tozal de- pres-
laermo) 5
. Concreto teforeado y cancrera pres-
forade - 1-10
Accre wtomiltado yfo Temachade,
evtrucluras de maders con junas
alornilladas 1015
Estrurroras ~de madera con jumiat :
. ' elavadas 15.20
f. Pasando ol punio dec Tuberda -5
Mutncia, ron deforma.  Acoro soldade 10
cibn peroanente mayor Coprretu relnmzado y concrelo pres- -
gue ta delormacifn al Iorpade i0-15
Wenite de Hlucneia | Acero alornillade y/o remachada,
’ - ¥ estrutturas d¢ mader 20

AMORTIGUAMIENTOS ESTRUCTURALES
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. . CABECEQ (N. Newmark)
, T -
—r . J— ‘L- e — 4 - _..—_l
DESCRIPCICON PEL VEIDC!DAD ONDAS PORCENTAJE DE -
SUELO DE CORTANTE AMORTIGUAMIERTO
CRITICO o -
- 3
ROCA Uy > 1800 m/seg 2. -5 i
SUELO FIRME 6004 Vi < 1BO0 m/seg 5 - 7 <A
SUELO COMPK., Uy < 600 m/seg 7 - 10
- 1* ] I
!
HORIZOKTAL Y TORSION (Preliminar) 1‘ . o
- -_— — 7;1
DESCRPICION DEL PROFUNIDAD DE ., . PORCENTAJE 'DE. oy
 SUELO LA ROCA C . AMORTIGUAMIERTO ..
o {m) Y CRITICO . o
—_— : —
" ROCA. ¢.0 5.7 T
- ‘ i_ ' I‘ .
SUELO FIRME 5.0 m 7 - 10 - I
- \ T rI-
SUELO COMPR. 5.0 m, 10 - 20 ]
Lo
SUELO COMPR. 10.0 m 20 - 40 ,

-

. AMORTIGUAMIENTO DEL SUELOD



El ahortlguamlentn promedio pesadc se calcula modo A mo-
dn de la slgu:LnLL manera:

=

1. Calcular =l vector velocidades
I R— F‘ -, s .
U‘u] _] :.J %/MJ

donde: F&:facLor de participacidén del modo ]

?ll-cnmpcnente del vector caracteristico

en la direccidn del grado de libertad
1 del modo j.

% = aceleracién de la gravedad
wh = frecuencia natural del modo 3

las unidades correspondientes son:

S I VA
[vu«l [‘“][“%*ﬁ 1/[*’“5/5&3]

"

Uij

[""*/5&3]_~ ;

i

2.. Calcular la endrgia total (cinftica):

] * l
ET] E wm . vy /2.0

3. Se calcula la Lnergla abdorvlda por 1ldés resorxtes de
interaceidn:

s.l.-:l = L'fh Aiﬂ /2 _[horizontal del modo 3)
Est KM_ Qiﬁ_;ﬁcj (cabeces del modo j)
E“-]j = Ky - Qu:]j/?-ﬁ (torsidon del modo j)-

donde: Kgp. Kge, K 3¢ son las rigideces de los resortes

de interaccion.

ﬂzﬂ1.§§5c,695t scn los desplazamientos de la -
mzsa de la <limentdacidn para el
modo 4.



n

La energia abs'.-::tgvida' por.la estructura es:
B D E) - Ea) - B < Gl
. I TV~ LA N sc]- st
J J b ~J
Se .calcula el amortiguamiento promedio pesade como:

gr]J B gl’ te]j ha S’“". Esdl‘ ‘"g.u +Exe li + gsf.‘ Est}

Ex] N

donde: S sON amortiguamientos, cuyo subindice

identifica estructura, suelo horizontal,
suelo cabeceo, cto,

y g ] es el amq-:rrtiguamien_tn promedio.
3 J .pesado del modo j.
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DIRECTORIO DE ASISTENTES AL CURSO: DISERO SISMICO DE ESTRUCTURAS ESPECIALES
DEL 9 AL 25 DE AGOSTO DE 1983

KROMBRE Y EMPRESA

. tng. Jaime Alvarez Escobar
CRA. ASESOR!MA Y DISERQ, S.A.

fOso 127-307

Col. Dal! Valle

peleg. Benito Juarez

Méxlfco, [.F.

Tel. 524 76& 78

Ing. José Andrés Luis Apango Lbpez
|STHE, S5.A,

Legaria 252

col. Pensil

peleg. Miguel Hldalgo

11430 México, D.F.

Tel. 399 6% 22 ext 215

. §8r. Marcellna Arellano Gonzdlez
<. C.T.

¥ola vy Av. Universidad

Col. Vertiz Narvarte

peleg. Benito Judrez

03028 México, D.F.

Tel. 530 30 QO

. Sr. Enrique Baker Diaz
F.C.A, .
Divisidn de Empresas de-Ingenieria

. A. Barrouuss Miguel
5.C.T. :

Xola y Av. Universidad

Col. Narvarte

MBxico, D.F,

Ing. Marcos Luis Chivez Mineros
Empresa Naciona! de Energia Eléctrica
EdIf. Principal-Antiguo Puente Hallol
Tegucigalpa, D.C,

Honduras, C-A.

Tel, 22 85 10 ext. 225

. Lic. Robarto Dam Lau
Universidad Hacional de Panama,
Facultad de Arquitectura
Cludad ;de Panama-.

. 5r. Gustavo Del Rio
5.C.T,

CTRECC!ION PARTICULAR

Av. Chapultepec No. 146-3
{ol. Rama

beleg. Cuauhtémoc

06700 México, D.F.

Tei. 286 17 05

Edif. 51 - Entrada A - Depto, 201
Unidad Loma Hermosa

Deleg. Miguel Hidalgo

11200 México, D.F.

Tel. 335 04 68

Nifics Héroes No. 42
Col. Tepepan

Deleg. Xochimilco
16020 Méxice, D.F.
Tel, 676 33 80

Selva No. 53-202

Cal. Insurgentes-Cuiculco
Daleg. Coyoachn

04530 México, D.F.

Barrio Abajo, Av. Jerez
Casa Ho. 236
Tequcigalpa, 0.C.

"Honduras, C.A.

Tel. 22 05 80

Urb. Las Mercedes, Lasa 10
9000 - Zona G
Tel. 60 79 57



10.

11.

12.

11.

4.

15.

16.
17.

18.

tng. Carlos A. Fernandez {&rdcha

Instituto Tecnoldgico de CR ¥
Municipalidad de Cargagc
Cartago, Costa Rica

Tel. 51 70 24 y 51 00 S8

§r. José& Florido Lépez

Comisidn Federal de Electricidad

Ing. Arturc Fuentes GSmez

Instituto Mexicang de! Petrdleg

Av. de los 100 metros Ho. 162
San Bartolo Atepehuacan
Tel. 567 66 00 ext. 2657

ing. Mumberto Gargcia Diaz
Universidad del {auca
Popayan, Colombia

Tel. 30 23

5r. fFrpacisco Garcia Ranz
Facuitad de ingenierfa, UNAM,

Ing. Humberto Alejandro Girdn Vargas
Disefic de Sistemas Estructurales, 5.4,

Calle Huichapan Ho. 14
Col. Condesa

Deleg. Atzcapotzaleo
México, D.F.

Tel. 553 12 72

Ing. Pedro Goyos Dominguez

Sr. Angei Guzmdn Alvaradc

Sr. José Luis Hernéndez Avila
Facultad de Ingenieria

Civdad Universitaria
Copilco~Universidad

Deleg. Coyoacén

04510 México, D.F,

Tel. 550 57 19

Sr. Benjamin Herndndez Gallarde

5.C.7.

Av. Fermandoe No. 247
Cal. Marvarte

Beleg. Benito Juirez
031028 Héxice, O.F,
Tel. 590 8% Bé

Cartago, Canton Centratl
Costa Rica

Apda. Postal 318
Cartago CR,

Tel. 51 46 75

Los Encinos Qriente No. 36
Arcos del Alba

Cusutitlédn lzcalli

Edo. de México

Tel. B7 3 27 21

kKra, 10 Ho. 17H-87
Fopaydn, Colambia
Tel. 38 &4

|.Balcares No. 98

Col. Ampliacién Cosmopblita
Deleg. Atzcapotzalco

02920 México, D.F.

Tel. 355 14 08

Sewilla Ho. 719

Cal. Portales

Peleg. Benito Juarez
México, D,F.

Tel. 539 29 02

Rinc. Fauna - Edif, Vicufa Int.

Unidad Yilla Panamericana
a4700 Méxlce, D.F.

Oriente b Mz. 24-Laote 35
Cal,. Cuchilla del Tesorn
Deleg, Oustavoc A. Haderd
Méxica, D.F.

104



15.

20.

21,

22.

23.

24,

25.

6.

Ing. Antonio Mariano Islas Azpeitia
PEMEX

Sullivan No\ 133-25. piso

MExico, D.F.

Tel. S4& 19 75 ext. 154

Ing. José& Florida Lépez Andrade
Comisién Federal de Electricidad
Rio Mississippl No. 71-Fiso 11
Col. Cuauhtémoc

México, D.F.

583 71 33

&r. José& Pable Lozano Gonzdlez
S.C.T. :

Av .. Universitad y Xala

Col. HNMarvarte

Deleg. Benito Judrez

México, D.F.

Ing. Roberto Magada Ldpez

Ing. Rafael Maldeonado Sanchez
5.C.T.

Xola y Av. Universijdad

Col. Marvarte

Méxica, D.F.

Ing. German Martinez Santoyo
Comisidin Federal de Electricidad
Mississippi Ne. 71

Lol. Cuauhtémeoc

México, D.F.

Tel. 553 71 33

Ing. Wilson Meslas Med[na Pazmifo
Universidad Técnica de Amhato

Av. Colomhia- Hingahurce

Ambato, Ecuador

Tel. 82 42 05

'ng. Jos& Maris Méndez Santos
5.C.T.

Xola v Av. Universidad

Col. Marvarte

Peleg. Benito Juirez

México, D.F.

Tel. 519 65 43

~ 3 -

Calla 1810 No. 25
Coo. Del Parque
México, D.F.

Tel. 6§52 65 25

Calle 8 - Hanzana 68 Lote 11
Col. Valle de los Reves
La Paz, Edo. de MExico.

Hotel Minero-Napoledn 613
Calle Montealvan No. 21
Col..Marvarte

Deleg. Benito Judrez
03020 México, D.F.

Tel. 519 42 43

Calz. México-Tacuba Ho. 411-7
Col. Popotla

1400 Méxice, D.F.

Tel. 546 42 41 ext. 154

Judrez MNo. 177
Deleg, Tlalpan
14000 Méxica, D.F.
Tel. 573 €5 29

Grama No. 112-1

Col. Rosario {oycacdn
Deleg. Coycacdn

04380 Méxiceo, D.F.
Tel. 594 29 03

Las Acacias Ficea
Calle Los Cumbie y Las Ubellas

* Ambata, Ecuadar

Tel, 82 &1 59

Conv. Churubusco No, 45
Jardines Sta. Ménica
Tlanepantla

EL4n50 Eda, de México
Tel. 398 18 77



27.

28.

29.

i0.

.

3z,

33.

34,

5.

Sr. Fernand¢ Monroy Miranda
Fagultad de (ngenierfa, UNAM

Ing. Gianfranco Dttazzi Pasino
Pontificia Universidad Catdlica del Perd
Final Av. Bolivar s/n

Fundo Pando - Pueblo Libre

Lima, Pari

Tel. 62 25 40 ext. 259

Ing. Manuel Pavén Flores
COVITUR

Av. Universidad No. 810
Col. Sta. Cruz Atovac
México, D.F.

ing. Juan P&rez Marquez
instituto Mexicano del Patrilec
Av. Lazaro Cirdenas Mo, 152
Atzcapotzaleo

México, D.F.

Tel. 567 66 QD

&r. Angel Pujalte Pifleire

5r. Antonioc Ramirez Guzmin

Ing. Gerardc Reyes Engstrom

Sr. Rigoberto Rivera Constantino
Facultad de lngenieria, UNAM,

Ing. José Radl Rosado Lorenzo

J.R, Estudios, Proyectos y Construcciones
Benito Juarez Ho. 101

Gardenias No. &

Fracc. Los Raobles,

Coysacdn

DLBTOD México, D.F.

Tel. 684 44 &1

J. Basadre Ho., 1435-502
tan lsidro

Lima, Perd

Teli., 22 72 10

M. Lépez de Legaspl No.
{d. Saté&lite

Edo. da Méxica

Tel. 562 21 40

Av. Del Riego Mo. 145
Villa Coapa

Deleg. Tlalpan
México, D.F.

Piamente Ho. 22

Col. Acoxpa-Miramontes
Deleg. Coyoacan

14300 México, D.F.
Tel. 6B4 55 47

8. Calacoaya No. 4 - Cas
Rinconada Capistrano,
Atizapan, Edo. de México
Tel, 584 40 22 ext. 28

a 20



36.

37.-

38.

39.

40.

41.

ing. Fernando Spinel Gémaz
Universidad Hacional de [olombia
Faoultad de Ingenierfa

Ciudad Universitaria

Bogotd, Colombia

Tel. 2 BB.57 g1

Ing. Harie Robaertoc Valdeavellano Mufdz
Universidad de San CArlos de Guatemala
Ciudad Universitaria 7-12

Guatemala

Tel. 76 07 90

fng. Gabriel Pedro Valdés Rodriguez
5.C.T.

Xala v Av, Universidad

{ol. Marvarte

Deleg. Benito Juirez

MExico, D.F.

Tel. 519 92 21

Ing. Roberto G. VYaga Guzmin
Institute Tecnclégico de Costa Rica
Apdo. Postal 159 '

fartage, Costa Rica

Tel. 51 53 33

Ing. Jorge VYega Jamaica
5.C.T.

Xcla v Av. Universidad
Col. Karvarte .
Geleg. Benito Julrez
HMéxico, D.F,

Sr. Mario E. Zermefo de Ledn
Facultad de lIngenieria, UNAN,

fanera 35-A Ho. 57-91
Bogotd, Colombla
Tel. 2 1% 05 6D

ba. Av. A" 13-25 fona 9
fuatemala, Guatemala, C.A.

Tel. & 12 B&

Zempoala No. 108-11
fol, Marvarte

heleg. Benito Judrez
03020 México, D.F.
Tel. 519 36 63

Victoria No. 315-31
Centro

Deleg. Cuauhtémoc
06050 México, D.F.
Tel, 518 52 66



