Martes Z8 de julio
Jueves 30 de julio

dartes 4 de agosto

Jueves 6 de agosto

Martes il de agosto

Jueves 13 de agosto

Horario
17 a 19 h
19a 2l h
i7a 19 h
1t7a 19 h
19 a 21 h
17 a 18 h
9allh
17a19h
19 a 21 h
172 19 h
13a 2t h
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-TGRAES ¥ CHIMEREAS

' ' Prof. Neftali Rodeiguez Cuevas

1. Introducs(én

Lag torres v chimeneas fon estructuras asbiitas, de funcianes ablciples, que se
deben dlseflar para aoportar le accién de fusrzas -horizontales, provocazdas por
viente o sfsmo, las ¢tuales Inducen =fectos dinfmlicos en 1A% astructuras de so=

-

parte.

En las Ffigs, 1 a 5 se muestran algunos de 1ot tipet comures de tarres ¥ thime- .

reas construidas &n Jiversas partes del munda,

El anilisls dimimico de ei1tas estructuras regulsre ¢a algunes aspegros qua no
50N comunes 3 OIros tIDOS ce estructuras, y en e3¢ fradafo $& mgesiran las .
consideraciones comunes para sy anflfals,

+ .

2. tdeallzazldn para’ fines do andllcls Zinfmico

u i

Las ;;truc:urls de £5Te tiéu re Id;alizan comunmente coro uig:s_!t;nouill-

Euler, v su andlfsis 32 realiza en basa a 1a georTa elemental de flgxién, ta
;ual.fmalica qua las secciones Lransversales ;EFHIHECEF slanas al deformarse
baJo 14 acclbn de fuerzas normales & fu ajn medlo.  Se azepta que 1oy esfuer
Tas 10N prupur:lnnltéi 4 las defarmaclonas uniririls. con Flexido en u; ;ulu

‘plana. 5e consldera ademSs, qus Tos desplszamientos son pequedos v que s de

formaeelén an cartante s pegueds.

Se zenslderan 0o los =fectos ce Inercla provecadol por la trasllnjéﬁlhorm;1
al efe de elementas dlfarenciales de la vige. Mo $4 cansldera =) efecro de

la irkrcia rotaclanal, lgual a por unldag de longited, provacads

Qpuny jap ﬁ#]]vd ECZIJATT ua aup;n::anéa L AT - b bplsmdgj wound py

‘ﬂlj
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— e
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Fig. 4 Kafinerfa en el narte del pals, con torres ¥ chimeneax







* ra cortante v la ipercia rotdclonal sa deben |lavar & cabe. - - --I

. r . ]
4 . .

L] 1, ]

por &l glro angular %E de cada tlemento, slendo v I transiacldn normal !

efo de Ta barra. .
. - " -

{uando lay dimenslones de 1o vlga en su seceldn transversal no son pequedast ©°
i ! .I'

en comparaci8n con su longltud, andlisls que consideran lot efectas de la fuer

b

En este ts;fftu se presentan los aspettos sobresalfentas;cel snkilsis dindmica

cortante y & inercia rotagional, a3i tomo de I» fuerza norcal.. Cuands selcon:

slders que €5105 efectas no 3en slgnificarivos, se reallzan anflisls dinimlcos

-

~de este tipd de estructuras, presentandos le influencle relative de 1a_fu:}z|~' o

simplificadot que permiten conocer loe desplazamigntes yielementds mecinlcor .
I

L

y del material que Forma & eSCAs esfructuras.

Viga Berpout]lefuler
- ' _‘}

Al censiderar la wlga BE, cuyas caracterTaticas se Muestran an 1g flg, E.:iﬂﬁ;1

metida & 1a scclfn do efectdd dinSmicos, considérese gue we= Q[x,tf sea gl Ee:.j -

plazemiente transversal del a)e neciro ¢y uw (=] la mata por unldad de Teegltud,
Los desplazanientss vIx,L] producides por la corge p = plxit}  son goSerna-
dos por |a ecuseién diferanclal -TT ' o . H

|
13; + P

LY R

2 2
3 i
;:f {E I — } = "

e b r

Cuando 3& generan vibraclones 1lbres, ey declr p = @, aparecen modol noroales

de yibrar del tipo

wix, t] = gial son {;t + &) &

r

que Permliten & su wvez, revitar el andTlsls de las caractaristicss geométrjcas -

) - . .
- - - « " L] £ r

.:'.__.1_1 .

" fysndo E | = cte. la ecuaclén 11, admite la solucidn gentral

éuu'lr'ser :ustitdfdo: en §3.1) conducen 8 ta siquiente ecuscifn diferenclal

i
F)

, dx

{E 1 1.£ - uzu¢ T i i . . _: f1.1

LI ' . . . i
a.l.‘

Esté ecuacldn, junto con 1a3 condlelones de frontera da la viga, tonstiguyren
un problema de.valores carscterTstlicos, cuva solycifn coanduce al.comocimient
de las Frecuenclas naturales Je cads ‘uno de oz {~edimos modos de vibrar ¥ 4

; )
la definicién de aus Tormat caracterist|eas.
L] -

.-.I-' - ' . B . o
Vibraclones llbres en'plezss de secelén constante. 0

' '
' . it '

Fl i} . a

Tl s sl =ty oh 25 €, $h 22 catu;:l§4_+ £ sen 2y (3.4)
L
donde. .: - . - . _- . . -r .
versf w0 L

T
: ?-fi.ﬂr :_: ST L

FIGE .

LA " L. - i 1 r
S N - - 1 -1 . - B
. C | ]

. 'Fara tarres y chimeneas,’ 133 condiciones de fromters resvltan ser

$00) = #00) = (L) = prrith =0 -
,f: R . .! : : .- : at ,I 1 )
partir de las tuales se obtlene la ecusclfn caracterfstica de Frecuencias

b

i CosALhA+1.=0 {3.5)

B . .
- . . 1 f

“_:urii rafces retultan ser & "

‘_ _:'_ R T t.8751, 1, - h:ﬁﬂﬁl, '13 =« 7. 8548, Ay = 10,9955
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¥ pars valoras grandes _d¢ n

Juﬂ = [In =1} 174

con las formey mxdales correspondiences

#ix) = tnf % —tost 1".1 jo Chle s Cos in

Las frecuenclas naturales rasviian sur :
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{1.s360) T : :
R , .

.t

4 partir da los valoras antarlores, se definen lox perfodss :urruﬁnndltnt“

wrdlanty Tﬂ - !'lfun I

Lai Fforwas cavscterisclcns dubesr sar Fonclomar qua satisTacen Lo piguicniet

cond Icipnes do artogoae] ldad . |

" % ;I
m (Sh[ ""{_i 1*’!“{{‘!‘}] O .

L. - . 4 - L ! 4 = -
- L . : " o p
Ig"'"n*-.“" o of modp -7
-'; . Ml mwan
. . * (3.8
il Loy ™ "m0 . . al mén
. fo EV e b - )
'rnnu! 1 n--n_
. . . .
donda . . .-‘n “n da -

Wibreclones Forzadas aln amr LT quami anta

Cuanda o conuldara & 1a vige 1omatide » un lstess sncltador definlda por wns carga
1
dlatribuide p = pln,t) ¥ » una & iy fuarray concentradas 'I a dlatancins II

LI
dul apoye, 1n ccusclidn de Legrange conduce & o wxprasidn

"Ih"]':fl #nl’;]. {M Cos u"t - In:u:n .nt *

< ;

dm:i- qh #t a Tunrtw geneval fzede definide por

_“}_“ 1.t trhvase et) 1] 0.9)

g (ed = 1 b plate, (xldn 5 1) ) 0 gx) .10}
¥ 1ot valor~y dn i.“ '1- ln quedar Mlinldﬂl por t
Catel gt -
"n - ‘rﬁ 'n“n“ ]
. . ©oA1.)
: . . Lot
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VibracFones Torasdar con lnun'[gu.-hnu

fuaneo en le vigs {BE) ruiste uns fuwkrza e smortiguz=fento dlsceibuide,
igual a C[¥) v, donde Cfx) ms un conflelence de awriiguamiente viscesg,
variable an k deflnido comn C{W = Buix) donde F e3 una conscante pos|-

tiva, el desplazamieato ormal v queda deszrico per :

L1 )
vix.t} =1 U EH {l T {an cos RN Ten p”:} *
[
. 3
I st g . - ot
. s ‘s 'Jnh-} . ran Fnl't e | {1131}
donée e
7. . 8.2
Pn - - { L3 1
¥
RA
1 L 1 L. A .
Mmoo g vg b, de B o=t \'Dhiﬂﬂ! t I
" fon n

Iefluencia de bas condiclones dp clmentac(ba

En torres v chimeneds las condiclenss oo clmentacldn son [mparranies ea sy
comsortamfento bajo la sicién dfnd~fce &8 fearras horiiontalas,

Loy propiedadet del tarreno y 2l tipo
du cleentaclin selecclongds Influyen
de manery imartsnie on wl andifsfs al
pnimfco de eaftas Fairuciuras.

Al comnsfderar resories qua deflinen Ta

acclhe del svafo sobra Do chlseres,

12,

ettod #ltaran los periodes natureles oo la &3tructiurs v la forma de low wodoy

de vibrar. .

La ecuacifnm coracteristica sm 1rn1.l’orm1en

: 7 . . i :
:EI—&-I-]!M:EH;J-!]}#-E-IHH uSh!=|.?Ta :l:aixthu-[.h__q.n

donde

b} .
. e h
B/ EIf
K.L rlglder 22l resorie horipomtat
5 rlglder angular 421 revortw gue restreinge ol gire do la clmeataclin,

n - whk

™ Frecuoenclia del primarg mado
La frecuencls catural de 13 estructurs puade sor grcrits comm
20
- _— (5.0
| LE )

Los valarmy e &, dependen de lay caracterfsticas die 102 razorees Il. 4 .'L'

Fars witlmarios s puede racureiv & lot dlagremayr sigulentas: {ref. 1}
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Coamficianis Ay pora al sagundo mady

El andlisls de este tipo de resultados ha pereiitido sstablecer las siguientel

condlclones parz los andlisls dindmicos

a} Cuando | ¥ ] fon suparicres a 10, para e1 anElisis dinimico se poede re
currlr a! planteamiento de! capizuteo 3, a fin ce escimar perfodos formas
caracteritticas v respuesta dinsmlica, considerandn emaotrada 1a &spructu-

rd.

b) Cuamdo 0.1 < {€ 10 y 1 ¢ ] < I se dederd conaiderar Ta [ntaraccibn

suslo=estructura & fin de efectuar ¢l anflislz dindmico,

e} 5i P % -1 v ] %1, se recomienda revisar las condiciones de elmentys
cléa pers alcanzar valores conorendidos en e} incise a] & b,

Esta GQlgime limitacidn 3¢ debe a que la earga critice vertical de !! estructura

3] sensfhh.; a la rigider e To% resortes Hﬂ ¥ KL i cuando exfste KL o vy

K, resulta jnferlor &:

A

PL -
{KA} erit -\JPE] tan _E'_E- {4,

donde P es la carga vertical, la viga BE se vuelve Trestable. Asf s 1e
establecen las ceondlictfanes ¢) la estructucs resulta fnestabla ¥ tiende a gro

duclr desplazamientos qrandes al generarse la accién de fuerzas horizoniajes

Lasy fuerzas harizontales, al actuar en Ja seccidn transversal, ¥ modlficar
la rigldez, alteran también las frecuenciay y modos de s estructura. Para

extimar este efecte se welllza la expresifn

L

(b &

donds up Mrecuencia modlfleada por 1a fuerrs sxfol P, coeficlente obtenldo

la slguienta g-ifica.

La Fuerza axlal P queds de-

r _,__i:‘;‘:_;uiﬂ_g_";_':;___:_______, finida por el peso por unida
2 _.._I — | de longltud de la viga {BE),
L .
Ec,u ! — muliip“udu por la altura L
'E ﬂaz:n; oz 4 W D ' da la sstruciurs.
Yalor gai

FiG 12



Py

[ adicldn & fos andlisiy previon, e debe revitar 1o zatat! | idad £omirs mo=
rente g6 volteo H, calevlado & nlvel de la cara Iaferior de 1a lora Infarfor

de |ls yubertructura,

En clmentaclarss por paailfacidn de base, en Ve cusles o ws el didmgtre axs

terfor media de by subestructurs, e% recomendable lograr que
a) En suales on capacidad Enferfor ; L1 Kgf:ﬁt
MLE O3 P para ragars clreular v pctagonal

[
H, % ¢l menor ce B} [1 * liilq Pd, & 0.175 Fd para zapatss analsres,
L

cande dl ey ] didmetro saterfor y dz el didmecry interiar.

b] En svalotr con capacldad syparfor a 50 Kg!cnz

M, * 0,325 P

Cusnde #n 1o cleentaclin va fecarre & pliotes va busca~d envitsr 1o aparicisn
v tendiones en Tos pllotes, & menss de que 9w Justiflque ef snclaje adecuado

del pifote & Ta subestrutturs, ¥ que ol refuerze e suflfcleante,

Es racorandasble en erle Gltloc tipo de cineniacidn goe [a Cistribucibn de oi=
Ietey bed SpLima a (in de soportar ¢l rorento 2o volien, considerands 13 in-
terageida encre fea piloles que Forman 2 la cimentdcién.  Andllsls d¢ grupes
de pilates, medfante algoritmos numéricos, dede efectusrie para verificer

gue fas sobrecargay producldas por fusrzas horlrontaleos sean saportadss ain

datey, nl pErdlda £a capatidag.

1%,

. [fecto del cortamte vy 1o leerela rovacionad

E1 andilsle eldvico 2e (BE) o3 Inpdecunde pars wquellss wigar en far costes
sut dimenglengs ¢c la secclfn cranyveryal sean grandey, MNayplelgh (ref. I}
Intredujo el elfecte 4 dnercis roteclonsl y Timoshznko {ref. Y.y &) conai-

darb, en aficidn, ol electa de Ta diproryidn producide por cortanca.

Lar scuaclones scepladss para o1 datplazsulents toral v, ¥ 1a pendlante pro=

ducida por Tlenidn + | devarvolladas par Timoshenbs son

iy 1
E) —y + &{2L - 4] A5 - XEL Ly
Wl " LT
(5.1}
2’ ?
A 2w M 3k
= T ki * — AL =90
T 5 P
Hyang {reF, E} ¢ovacopid las expreslonray anterlores, abtenlends
lnv wf azv .:fl El Hhv ]L_L] w
Bl = e = b o—— ]l--_-T * =0
_1;F q ::T 9 gkt int st 9 gkl 3
[|“ﬁ4ﬂﬁa:* -{Jii&l*}.—rf_!.ih 43—'-.—1.-ih -ﬁ1 : r {8 1}
> g 3 e v EE LT ? gkt 3t
dande: £ mAdulo de tlasticided

& midulo ¢x rigidez al Lorrante

LS rﬂﬁtﬁtn de Ineecly de Ta secclén trentversal
A Hrea ge Ta s;cciﬁn transversal

y peso ped ualdad da volween

k constanta dul factar da forma de 1a amczidn

g dcwleraclin da la gravadad



1%,
Haclwndo Vo= 'rer‘“ T formas modales
i m ¢=:M frecuencla angqular
C [ = J-_I. .
Lat #cuscionas (5,23 se tranaforman en ¢
N I T I L I T I X
gl L T e AR A I
3t 10 I
¥ L . -
e 5.5
o — -
ny -1 2 3 2., 111 . .
Ly *n{r-g.]-—_a--bﬁ-br.}*-u
i ' algl
DUURPC T R QPP B < I
[
BN g A RASL
A parelr de e3las eapresioney v 8l considerar Ip condlcfones de Tronters
siguilanten t
para { =8 Tla} = o, wla) =0
I [] L]
L =i -I:T'U.'I-Hll-ﬂ,iil.'!-ﬂ
ta obrlena 'n fcyacidn carscterTatlica
2,1 1 biete 523
!*{h [res :I*:]Ehhu.:mbﬂ‘—-——!hbu seh b = 0O
N
(5.4}

dond ]
e LEPRLE :{rzc ;1} - H[rz- Pt I 11
'l .{i“y‘ » 3

g

Lay formas eacacterfsticay de loa modos correspondicntns quadsn duscrlcas

por -
= t‘[th pal =LL5 Shopaf = ey b BL ¢ F gen b 3{] . 5.5}
Taufentat o SEShmag - eos n 8L 4 0 gen b ol
" | C o .
donda

1
ih -
P tn = sen pf g .. Mshbo + osen b3

¥ th b5 + cos bl
- -

LLEEh b s Doy bd

c. ale,l - ol

ae Be-r

r
=la

A partir da Iea rescleados prevlcs aa pueden ablener

1y EY desplagzamlento rotsl Y=L s T |"4r:i Pit s M

fas ‘
Io.La pendlenty genergda por flealdn = T :I " -‘FT LT 5
- ' | =1 M
1o La pendianta producide poT cortants - .;_. -y
iy 1] momente Fluzlonanze M=) &

o

5o La [uarza corients 0=k s

Las comstanias ;. £, '-I' l!-l, b4 valuan en tErminos de Yo condicionas ~

rimlelalen du lap vibraclones Tpren sn wigudia
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Fig. 11

Relaglhn engre ta Trecucncis de 1 vigs
13 '."n} ¥ ta de Timoshensa [F)

S1 r.= 0.02 3¢ pbriere

1t

A fin de ilustrer ¢! gfaces da |
Ta imercla rotecional y 2l cgr
Eante, & continuacifbn 1e meey=
tran redultpdos obtenldos al
aLrRtar

4

— = & =25 an plezas de scwro
(¥

#n al cilcule da loa cinen

primeros modos

P e 1 e
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pfEssumncia
[ a.fEs 0,975 £.53¢ | «.B0D D.H15 £an
! ceThante
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% ervar | 2 3 a 13 FL ® (B}
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Por o que respecta o Ta forma alatgraloneds de & watructurs, en Ia Pigura
1lgufonte se ruertrs &1 afzcto de [y [nerein rotaclonsl ¥ #l cortanta.
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Flanteamientos reclentes [ref. &) en wigny donde va contlderala sparlclén

de apartiguamlents de wn 351040 wisecwlbaLlco muestran Ta posibilldad de

Inclyir wirod cfectos en nl sndlinin dinfmico de entrucluras ssbaliar.

v Influencia de] cam3ic en momenta de fnercia

In ocasfonas les chimeness y Lorres tu hacen LON somgnio da [nercla varlabla

son s altura, . ocasionado por o1 cemblo an dlbsstro y spesor s 1w pared.
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. | higt de deaplotamicntoy y Sus primeras ¥
£n ente £33o, sl andllsls dindmice parte do ta ecwacddn difurenclal [3.1], ¥ En la referencle 7 ae proporeonan ta oip ¥

med [BaLE MELELDs numeriees e encuehirs a sofuclGe ] problems da datinfr tegundas derlvadan de las farmay modales dal como las frecosaclas correspon=

1 Frecusngi formis coractearfaticas &lerter, [~ 13 flg, 1% te eondensan lo3 resuliados para rstrueiures L H T
4% recusncigy ¥y form

truncades de papeior lincalmentn variable, qus permiten deFinle lan frecuca-

v, |20 frmm—— p———— ————w rm—— e s m = g ——y
sl T 7 1] ] - .
,,'ﬂ':: K | e o e e i H.T clas dr los Lres primargs mados de wlbrar.
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3 f1:3 -—-—f—— H ful’_:.!_ S e ] f cat uns chimenes dn dliretro constant®, ¢4, {gqual &1 4& Yo porclén cliindrica
o [~ ] I I 03 i -
= a *‘m}"r\-l-—__,‘-“ o] = I— 1—- “'—a;" ¥ 3% wie wnd altury ¢quivalente.
= “"‘T--.._ : T ' . C
ot -"--..' F | - - I_ )
= 0 [t ot i e [ Ed‘ ) . - " u
g ' | i ! |H-r_b"'7 W= M {W:' . ' .
i no @i 02 ¥ o4 o8 04 of o4 Qe 0D i . .
[ 1-1-4 l
E Juls
';i_- dande
L
d 4
| o0 ] alture eguivalentn
[}
L 100
’ v HI abtura del €ome inferlor r
S o0b—
= H wloura del ellindre
o LTl ] 1
? ¢ diinetre sedio do Fa partw cilindrica
E T '
[
e 100 o i‘ dlirmcro medfo an ba bave du {x chimenes
7300 i_ —
|
Fis 12 E'Jﬂ:tﬂ e | —~— - —l — e e | e — ] —
SWivET paed oLtantt lan ! e .
frdCaitiny nElorian ca ‘3 eibd - i A | '
lat malen e wisGr A e - . ,
. A f— — yiale fd__ﬂ:;“:”‘
= —_ o MO R ot
g gy |
! = 2o ,’/..—‘:'.... l""__:,"_.ﬂ:..%rih IEP +
: 5 =] | '
O 12904 - - ,
o= I ! »
LJ !
-

4 @ oOf o3 a4 ot as ay o8 am o B



4.

7. Infleencla ¢a la distrlbuclén de masa

En tarres v chimenead puede duéedor que 49 prasenlen medad Cobcentracdas 4 lo

lorge del efe de 1a chimenca o tarre, Esto pwede alterar notebfesents 1o ldes

1F2acTEn da la estrustura v conducir a slatemas masa<resorte, £a bat cuales.

6 RLatArTa returdir 3 FELoeos nerdricas para revdleer 2l probleme o walao-

L Caractarialicas,

chimgacs con myras de alsbamfenata sobre ~Easulan., En

1]
1
O anblinly 12 reallza concens_- -
N . Lrando la wata cel fuste, ul
[ Q- z Ts
. —q - 9807 - *uro de alslsmientos y lag
=¥ .
1. /6314 rénsylas en 13 posbclin de
- 5]
. 2.956E \
- rrrar ol lmac,
- 2.36)64 Lok tramos dr Fuste, qua
2 EMEM \
fube iQRAR COM TEAGPLEY
\ .
§.cho7A roulvalentes, presentan d!l
36100 plaramlantos, rotaclgres y
N1
¥ romgatad Flealonantes y
Lore Eocal
T IM=13.1314 fusrray cortantes gue son
Fig. 13, Lamoaca 3 sur
| fdeallzacidn ea feacrltos por las sigulentay
BlvEema de mEINY
¥ resartes watricer do tranaferencla:
) 4} Vigas Nerrpulll=fuler
I
- - - o 1 0 - - (7.1} _
, H
T - o o o 1] T i
" o mpatad e 1 "
T Pl o o o T

fande

[e seteidn en la qua 38

T

En la Fig, [} s& mycitra b (degliraelBa comin de uma

=3tny #Strufturas el

5 -1

valuan loy =lemntor relinicos
=

b

v, " AT deiplazamlfents, glra, movento ¥ fuarza cortanin
B redla de giro de 1y scceldn Eransveraal
" frecurnelds clreular de vibracidn
n rava por unldad da lasglruod

Yiges de Timothenho temetldas 8 Tucrzs axfal

-v Le=ab: l[cl-‘u'tk;] at, i}{-u:ph"ﬂtltﬂ
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dande
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1 e e longitud entre lan regolfones | 7=

T ¢4 la fuerzy rormal medls en el trawe
& wSdulp de riglder at sifuverzo cortanta

A lires de In saccldn cransverayl

A
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(7.2

Sr gimrva gue o) ¢Bleula Sa las constantas de revarte resalla may Daladdeso,

tuands 8 Tncluya e]1 sfacto de Inercles rotacional, fuerca cortante y Fuarzs

_ marmal.
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ferneidet las masas ¥ las cemslenies de reseirte a2 plaalean a3 reyaciones
del mowlmisats reducidas y $® ebifenen low velores caraztarvletlcod y las for=

mat modales corraspondlentes.

En 1a prictley &3 comun recurrlr al mEtods de Hewmark rars valusr las conplan=
tet de resarfes para resclver & cowagls de Freguenelan y obterer lot modod

naturalea, e recurre B progravas que reduelves el problems en ordenadored dr=
gitales. AsT, para una chimened de Bom de alturs, cura distelbyclia de matss

sparece =n |l» Flg. X, 1e phtusisron fas Frecuencias, te-ipdos y fectores o

parciclpacifn da modo gue apasecen en la sigufente tabla

rodo Fr::ucn¢7a{£E§] PerTode {54q] :i::::j:::Tﬁﬁ'mod.1
1" y.LTRE [.Bo7res 0. 8L5s84n
H 15.3280 QLo =3.02B0L4;
3* 38,2289 0,155 355 -0, GIpul
y" T1.B7L2 0.0B7d2 -0.00C6%S
5° 115.7336 o.askxary +1,000136
ar 163.0762 a.0x7382 ¥1.0%0075
7 175.57t2 0,075k +2.03633%
B 45,0683 0.013% -0.002070

Se obiervs que la purticipatids £o loy modas supariures ey poco signd ficetive
et la respuoests, debldo o la diferencia nocable an Tos coeficienter da paftl=
clinac[on modal,

for ella, en nc;;tnne; nara €xtimar ] poricds del primer modd 4 ragurra al

mitodo de Dunberly en &1 cual

71 mpovt

Iml

-1:

T

dande
LI LT lénima mana

vi* =) desplazamienta do Ta chimenes, ¢n la [-fnlma matn, 8! 720 pome=

tida a la acclén de 1y pese prople

Extudfos ¢n miy de b0 chlmenzss morbraron que al perfode natural del primer
mada varTs linealmanta con ta altura, unk ver que s+ dafiren H, rg ¥ C, obtg

nldndare valoras comprandfdaoyr antra

0.CO% W T 40028 Ry

donda
T parfedo natyral an seg.

H #ltura de la chimenea. €0 M.

Contlduraciones snbre ankilsls sTwmico

Le revpuests da torren y chlmenical ap complelw con aspectas dinmicon [mpor
tanter. Emlitsn demaglgdas [neBonites para predeclr con cartidusbra la ret
suritd 9¢ e1lat ritrgcturas balo 1o acclfn du 1lsmes Futures.

f¢ tiens que depender an BipedioY cuslitativos, ¢n los cualbat 4l busn Juicelo
deba walar predenie v do ankllsfs cusntiLatlvey de rerpuesin bn baie n Iiiud;
registradar en 1 patada,

Normalments ) Ingenlarg racufre & l!'lP””tltlﬂﬂti contaniden wn reglamantos,

coro el gal dlaeso en ol Biyvirito Fadersl, o al SEACE #n 1oy cuslen 30 wika~

. blecen sipactroy de dlsafo ¢n beie 2 leg evalen s dafine T4 ratpuaita atlrvl

tursl.

En to gew *a 3igum $x presents un anflinvis simphificade ¥y la secvencla da and

lials dindmice covinmants weads an nuestro madla.



Lis LOFres v ehimgngay 1o analizaran de sgnern Independlente ea dex dlreccio-

per preogondles, ¢ oop warlflcard gur lay cdErullyras sean capaged de reafstir

cdda wna g cilat condicidncy pOT Leparado.

En la revivlda se Zeberd bungar los deiplazaslentas, y elemento) mecinlces en
Blversas teCeiohry Eramsvartsies, a%i como Do dceleracinnes que $c pressnian
en los cones de alplambento, Se revinsrin acemla lpg condliclones de ckabi=

{icdad de |lg cimentacifa, pa~s #1lo sa dJlapone 4 |ay slguicntes procedimlentos,

a) Evthitlco #quivalenie

) Hindmlea srpectral

¢] Pndmico bejo |a scchln de slamos registirades
£l pri=ar protadimienca basado en 1a superlancia gbhtenida al resalver decenal
de thirensos, &5 4pllcabla coando 1o cimentec|n saplaface lay condielones

goncricas on 2l cxp. &, cusndn [ ¥ ] son quperiores 3 10,

Para flnas du dl3gma Inicial, se acaptard Yw enfsencia de una carga esticfca

que aitup lakwtaloente cuntrd Ta chimanea, con u-3 distribugion kllincal de-

finida & eontirudcidn =

a) En Is base, la Fuarza secd nuls. Auwegnpa TiAealmante con la alturs haste
0.3, donde |a carga serd igual wl $5X del vijor winimo en la parte Supe-
rier oo Y9 ehimenes ¥y ¢y Fqual, & Ta alpers 9,30, » 0.15 CHWH. Fhonde
c et geeficiante sismico afnlmp, W . wl peig tocal de la chimenea sobre
Is cimgniatidy y i Lo aliura Lotal 44 la chimenna,

B) Cesde G.) K hdyoa K, 1a sccprard otra varbaclfn flncal de 1a Fuerza sTs-

rica, ton un valor mialeo wn 1e paste swptrior, fgusl a 2.35 W/,

e distribwclén Fe Tucrras cartantes ¥ worcaled Flexionantes, sl coma Tot

desslazanicatos Morirentaiey, 10 extbmardn en bive u 18 diatribueidn BIlITs

neal antes detcriza,

ET momento de voliro en s bave dy la chinenen reiylin prisimo & “"C"'Hf 1.1%

Cuando ro ralsta wejor informaclén) o3 poslble ritimar ol valor de HH . &0 basa
m I afguieste tabla, en ba que ppsrecen Tay cuateo ceglones sfamlons en lan

qua 3o ha divldlde e) pals. '

Iona tTemlca ] 1 i ]

Coeficlerte £ 0,83 0.0 0.09 0.18

El andlials dindmico gapectral, contidurs & 1o #tfructuras como o lemad
mASAS=redorted, 21 1oy cuales $2& aplican acoleorscionss deflaldas por sspacIrae
da disehs, €3t procedimients o3 vl ldo cusndo lax condlelones de oloentacidn
tleren 1 y ) mayores & 10, ¥ condidera Lres Elpos de suelos,

Tipa | Terreng FEeme, akmilar » conglomarades compacios, sroniscas

medloramenty cemenladin, o arcllles compactas,

Tigo 11 Surlos #& dals rigidey, como srener gin cementsr, |imor dx

medlana o alta conpacidad & arcillay da madfans compacidad.

< Tipa Il Areillas Blandas muy compreslbles

Los coclflcientsy da dfscfo 4fwmico 10 Julflnen midlanty sspactiros cuyss ca-

ractarfstlcas bx doscriban an 13 tabla liiu*!ﬁll-




28,
Zona | Tis
Slm={ n < T, - T, L]
migal Surli
' 1 @10 0,40 | 0,60
A IT 3. 15 .75 1.%4 . Q.03
Irr o.2x1 1.3 2.597
I 0. o da | w.RD
B 1I 0. G C.Th 1. 50 Q.18
It o.M 1.0 .50
T 7. Tiias -
! z fesd 2.7 v.12 | 0.5
Z Iy o2 0,€q k.20 0.1%
- It a.47 f, 52 .10
- - — .
- -
) I Q.67 0o, Q.40
o Is 1} 0,42 .08 [+ ]
Irr L= 0.63 .60
Forma del erpectra
aeg Fey.

Flg. 1&

ki
5e considers que las zonas del especire, en cada Iniervale, queds definldas en

forma por lad expresianes @

r

l:el =t + [c =a] TT . i TET,

tal - £ st 114 T+ 11
2

1:3-_:[1.—3 H T,

dorde T es ab perlodo satural de algumo de low modey de wibracldn, en seg.

Ya gue en £370% e3feciros ac han comilderado efectos inelisgicos, conshdu=
=
rarde una ductiildad definlda por wn factor e ductilidad Q= 2, soly los

rorentes Flexlonantes y Fuerzas cortanies se dlwldlrdn enera 2 ol T * Tl'
—_

30

& entre 1 4 'I'.I"Ti e g3t enatrario.

Flngimente al procedinfento da angilals dlnimlco bajo 1s acciln dv si4moy re®

gittrados as sconseleble pava aquillss satrecturds s is3 cunlas dabe contf-

dererie §2 Interpceifn swalo-sstructurs, como pucds varss an s raf, 8.,

. AnElisis dindinico simpliTicada

A flm de Dlustrar la aplicacién del procedimiento espectral slmplificads,
aMlsLE un programa elaborzda ano el Inatftute de Ingenferla, UNAM, que perml=
te realizar al snilials dinfnléo modal da chimeneat, slgulendo Ja wigelents

aecuencia

a) Calculs el wolumen de fuste y da Tws mensulas y Yo mulzipllca por la math
gspetifica para de}ln[r la mata l!ﬂti;dl n cada mEndjula.

b] O4tlene 1a maza de los conos de aislsmiento ¥ la sgrege & la raze de la
gstructurs en cada eEnjuls.

e} Caleula la ma;rr: d= rigideces del glstema de resortes eguivalentes, re
currlendo ml ritods de Newark .

d) Pesuelve ¢1 problems fe valores cavscterTaticons y defina Tas frecurnclas
¥ modos naturales de wibragion

a] Obtlene la respucata, & partlr o v #3pectro du dlvehe, pudlendo sequlr

cualgulera de So3 slguientes orfgerfos:

n 2 n ) .
" iE1 " "2 " I|E| Rl Py " Ry = Rpl72

f] Calcula mimentos fles[onantas, fuedzal Surtantat y desplazamientor ¥

los grafice autcraticamante.



al.

A otonlbagatibn s mucsiraa low resulBados oblenddos en gl dndlisis dinkmico mo=

.dal ge una chimensa da concreio du 80 &, de aleurs, de seccifin varlable, fon wh

rodig antarior en la basva de L B25 m y wi radio Interlnr en la base igual &

k125 m. % comslders MW, = 202 m pard el cono esterlor ¢ 2B, b mogn ef gonw

1
faferige. Cm el andllslse sa aceptd E = 2,51 I'fn:, o B 05 un petd worlumas

Ericg dol Fuste de 2.4 T/m° v una reslecuncie dal concreto Igual & 2500 Th:-

Sa dlwldis & la ehimanas en 8 Lromoy da |0 m colocands murcs sislantss con un
pesa da 1) T..i'mJ ¥ oea gl re:uhr.inrenm enterfor; 1 T.."m]. Para &1 morters 3d
conslderd 9,55 Tiad, ) sacha dad Loblgue rFefragiarie se conaiderd du 23 2m;
al sncho 24 reculrmlents adiciond) de O, 005 w ¢ $.003 m de martara,

Eb andllsfs modal projorciond los jplqubeniss rmvulrados

rada ' Frecuragia Forloda | Coclicientes ca Par-
I | wicinacicn madal
t IR 1.15887 + 0, 42597]
1 75.3061 B.iki] * Q. 0117656
1 €1.9503% o.104] - G.0o1N
4 41,875 o.oELT * 0.00GA5D
5 1k, r2i 050 - C.000912
& 1785031 Q.akyy - 0.eL23L3
? 143. %111 Q.4519 - 0.023350%
) 189. €237 Q.03 » 006350231

Se relecciond un riaecirn de dlyehs correspondients & la Jons 3, 04 wh tuala
Ligo 1, conslderanda un valor minima de € = ©.710 v 1a erples un factor da
ductilided igual a 1.

Se Nicleren andllsis comparazivoe considersnda la particisaclin du 1 haits

& modor, ¥ oam calewlaren las raspusstas ll' lz ¥ Il' Tas cualun sparacen

en laz slgulantay tazlan

1i.
Ecspli;ranhntn‘ mimimod 0 A% mavan
KN Gowo moeg * Trelow  ilem modad
Ha:u_ - '
1 g Fy Ry s Ry
] G437 o432} 0.4327 ‘0,439 0. 4444 0,407
i G.3510 Q. 50E Q. 2518 0., 1%iA 9, 1i6A R, %401
3 o, 2721 0.2723 0.2721) 0.771) G.277 2.2117
4 3. 1974 0. 1974 o, 1974 0.1974 [ ) O 1936
5 . 1307 a.13a? w.13a7 Q.1)08 [P T3 G, 1133
[ 0.o755% 0.475% Q.05 Q.0754& 0.080% .01
7 B.0X31 0,034 [rPrRl ] Q.03a4 - [ a.0lcd
-3 0, GBS [ rlelit: ] 0. 0007 4.0089 ‘0.0 a.00%4
-
g
1
b Fld_ 13
L ) \
o i
a8 -
| .
£ 3o
i
= )
2
& k2 .
z
z
-]
o w
g
2
L3
- [+] (K] Q20 (-1 Q.80
Doksiciamoants, in

YarfaclGn oo las desplaiatianiok <on 18 altura, con fod tres tlpor Ow

TRADLMES ta.

rig. 18
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Finalmente, para e varfacién do Is fusrrs cortants 3o obtuvlercn 1oy af+

gulentes resullados, en poncladay,

Un solo modo Todon loa mwdon
Rats I,' ! Il, | lJ l-.I l: F]
1 1] ] ] ] ] 1]
] L. 5% 15.5% 15.5%% LA 11 9.9k £ 11
1 TLE. T 168, T a7 THT. & hd, FR LS |
] SHdL Y LT M JB4.%} Fi4.7 Ly ] lah
3 LI ] ITT.G 177.& y Je1.1 L1r2 P ] d21.6
] LEL 446.0 4456.0 4511 5743 51k, 1
7 14 A% .6 467,86 Ty 651.1 I81.5
] L1113 511,33 511.3 2455 13,1 BE1. 9
BASE 5174 T4 7.4 I8l 3 1al. 1 Tal.d

. Mulerenclay

13
Homestod Flealonantes en Tes mangy
Un sela mode Tonzok lon modos
Matlk
[} R R ] R
1 bRy 3 i 2 3
1 o q o @ ] o
1 155,35 355, 35,5 L3 P Y. 6 632,01
1 1041 ILe2 =¥ 23 LER]:) 1222
4 L8084 £384 L)% L 5187 YOSt H12%
] BLFD RLLD BLLD Bo?a 1B9ED a1g
a LI B4 11121 11170 19200 5130 14162
T 16320 18320 1BL0 TEQTIG 1IIJ-E'."4.'.| 1BE%0
& 311n . 231307 i -:..'J1ZIGI b e | FLE ] 263210
BASE = "'JH]-EID 28100 Ta300 8550 13y508 1010
En ton-m
Fik 1B
Yarioeign al
momERie *

Allurg sabia 18 Bdee, i m
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ANALISIS HIDRODINAMICO DE TAMNQUES SR

Jesla Igleslas J.7 (T
. WJasE do la Cera a0

S - " RESUMEN |
- ! -

Se presonta la solucibén matemiticamente rigurosn para el com
partamicria hidrodirdmico do *angues do paredes rinlczas con al obletn
de establecer wna comparac!sn con ¢l mitods sralégico progursts por
Holwgrer oo W s5¢ encientra amallamento externdicds en la actuall =
dad. T.o5 resulladss cbiemidas permiten recomandar ol Lss fa la solu
cibn rigurosa maclarte tablas o griflcas gue fagi{llten su manels,

INTROADUCEION ' ! '

b
'

El aatidlo dot camportamients hidrodind-mico de tamgues blen pue—
¢o remoniaras 4 la década de 1os trelrta cLango Flosklrs {135 Suea
{2} realizaren los primeros trabaos de cariater experimental con rmg
tive de 'a rumerssas fallas scurridas en ecte tipo <o estructuras dus
rantg el sigrmo do 1933 en Lorg Seach, Coaliformia, C,c.-' gitrs estue -
dlus se evidencid 1o necesidad de uwsar oriterlps de disefio dirfimics
ernyez de recurelr a4 la suposiclén de wna carga g3tlisica egulbvalernze

cde disefo acluands en el centro g8 masa del tangue, tal como se ha -
bfa venldo haclends. - !

T Posterigrments & fines de 1ns afios cuarerts, el epfocue aralltico
del pegblerra recibs un gran {epviszo con Taa lrveatigaciones rozliza —
tas por ArRS (3 y Jacobaen (43, auleres formulan la tearfa de la rma.
sa reduzldn que permite flevar 3 cabe o] andlisis del taraus modetads
por wa naria de pscllodares kidrodi-demleas. Estos conceptos han
sidy arpgliamenis dosarralladss 2or Graham (5Y y horan (8) para tan—
ques de forma Bante rectangulars come alingrica, !

En 1857 Howsrer {73 publica un desarrallp teSrico l:.!cl prosloma ba
cads en wna analogin mecisica que ro satisfzea ol couilibris dinSmies
en el fluldo {G), ¥ quo conduce a la ebtencidn do modas seroldales (A

" dopondlermamento do la Torma del reciplents, todo nsto o cifcrenciace

!
{1y Untversidad Aoldnoma Meteopolitana, Azeapotrales, O.F.

(1) Unlvereldad Avtdinoma Metropsiiiang, Accaratzalco, DO.F.
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.-' s ! I, |
los- truba‘c*‘ va merclonados , qua parten de la: ansnw:h gt patoncial

de wolacicdndes del 1fqulds qua Cumpla ¢on la ecuaclin ga Laplace y

' tas cordizionos de {rertesa. oo Lo \

' i H 1 1

. La preosentacién eminertarmente pricilca de lon articu'os do

(7,8 v [a gran difusiin que 'han tenldo, son la cauta 8o quo
hayan sida tammados coma Basa para el discfio dirdmico de tamques per
wvarias normas ¢10,11), deaecharde ta apacente camplicacién gug {rm-
plica gl rranzjo do los rmgdeiss matemdticamente rigurgses. Esta 5i-

" waaciSn kace sertle 2 necesidad de anclizar e tfctc-nlmlcn:g y doade

‘Ln punts fo wistay tarto tedeloo como do aplicacion la comvenlencla de
1a elecclén hezta a favor del mébods da Hausrher, .

: CETEZRMINACION OEL POTERZIAL DO VELOQOCDADES
' | - ‘ : .
, i La solucibSn el moviimients irrotacional de un flulds heaglrao o ’
Ireampresible | oo reduce 3 erostrar e] patenclal de weocldaden
cue satisfaga la ceuwaszifm dn contirdcad r‘Epr‘cscmﬂda por la ncua:h!in
da Laplnce, . -k

bt
s ;
' |
y las ‘vondiciores de frormtzra egrresponalentes (12),

las cormdiciores da

M

FPara ef caso de untamgue do paredes rigidas,

. frentera en el forde y las paredes estin dacas cor la carsideraclén da
+ que el uics acyacorte shlotiena mspectn a elias wvelocicdad thngen =

.
“darde 'g es-la aceleraclinde la gravedad,

clal, £nla suserficte liore, sl se' suponen cesplazamlening ce pleale

pequefics, Ta cordiciin e froniery :s la de Foissan (12},

woted e b }t[# S T

. I + ™ .D SRS i L,.E)
o 3. tr .t I .

t la variable termperal y
al slstema de referencla ¢t al indldado on lay r'[gs 1y 2, 1

A | TANGUE REGTAMJULAR' o y
1 " . B ' I ‘ r o, ' .‘- - P
5t sa considera que al de:p.ammienta {nleial gcurre nn in n‘lr-cn—

clén X (Fig 1), Ia couctén de continuidad serd ,

’ o Eli .}! _ =.a.. - - . r_])
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v irtroduste tas condiclpnes

onts da frariera on paredes vy fomdo,

lan co
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LY la mnd[m&ﬁ e t'r'u'ﬁtf:rn enla superticis 1ibra . .
R ST
_‘I Sip = 0 )

3} e

... Propanienda un polancial del tipg : o
- F A N
¢ = AX()IR)TEY - - - e
donda A ea ur'u constanie, )f,Z ¥ T gon funcfancs de ow,r etk réspécti-
varngnie y despuls de sustliul- en la ecuaciSn de Laslace,

e framtora, diche poremcial Queda def{~ido

cn funz!én ue loas R m.::clus du! movimlenss como

q; Zt}) ﬁA Stn { R, x )caah[h,,(m):lm(ﬁ‘t pEn ) @

danda A ¥ .q_n Lon cormtanics

G.,c ﬁjL ‘Kﬂh(k h) | | )

& SRy e
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Puetin cus &) pardl del liguido en la superficie estf definido (12)

eoar
: . L4 e
Yt ‘j E't I"-"‘- UD}
ae phmervn Qua 14 forrma de lon modos e soroldal (Flg )

) | -
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Esta colncidoncla en la forrma rmodal eon el mitods de Housher,
f oap presenta pAra otrgs tlpas doo kerauls Como Sa werd s acelan

e, . ' ) &

Uny ver obtentds (3, es posiDie hallar lu vnirgla cinfiica y el
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Efectvands el cocferta - o T
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et (J_ZM nt) ) -

sk otieso la masa eel nﬂctlndar htdmdlnimlco corresmndiun.u a.l
!'r*-cd: n ; o .
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donde. M es a maza fotal del Mguido vy ; ’
— .
Ta = ?f(n--%—) oy

Enconsecuencla, el factar do masa reducida gueda detornilnadn

oF .
R o

. : Rn = 1 - ZR“ T :
1... . " .L : rI:J. ) "," .L1 ..'I
- e . r ' I . ] 4 '
7, Graham (5), trabalands ¢l potenclal de velacidades a trowvie do la
ectacibn ce proslanes llega B abtarncr los mismazs resuitades, adomdas
ca detertrises las poslclones da las rmasas E"uivalertc,, v e Sui o Co -

rrespardlentes resarios (FIg 63

‘(47)
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214g okt {7 k)
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TANOUE CILINDRICD

. En esta casg ln ucuan:lﬁn de Laplace en coordenatos cn'rn:tr-i:au

(Fi7 ...} 5 . 1 I
LYg o, ¥ L2, e o

Er‘ ‘I T Er' I S

wlas cordicloras da frontera son TR

Ei =D - '?i =D,'. -E' = 0
Lli" B RS wh' 8 ¥
. % }1 L{‘MJ
It e’

A poartir gel potencial ) - . .
™
- 9= ARMIO()E() () @
smﬂmnﬂn enla er.-u.u::tbn da I...anlaca lntl‘.'grar‘ldc & {ntreduclerds las
condlcionas da frontera, ol poSibla definir dicho potancial como

.

. donde J. es la funclan da E.ul:ll ca ia, upcciu da nrﬁen 1, ':l,.,

? ;i‘f | ER ‘J ('1 ") ';h(‘l -—-)C-s(P tfa,,];_;_,,a’
E ‘ . (22)
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Anora los rmedss ya no kon gerofdalen, ilno W adgularen ln

- forma ce furcicnes Jy oo Beasal (Fip 43

,\_ - F :[ (1'1.5}2-: ( ...%_)Stn (Fntfi ]f‘-*a _- @4

con lz cuwal surga ura diferancia frrocanciliabla con nl mibogda da

’ Howsrmor

De marera similar al :a.su antarior ea pokible oStanar as mo=

1an eculvalentes Sormo
l
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Auru:un can WA cesarrulld més camplicads, Maoran 1(3}-1-‘Hﬂu"rr- :
tra tarmbléa los resultadas arterlorea & {ncluslve tas expreslonnd = °

* para la pasizifia €e las masan ¥ las rimduu da los& resortea R =
gragdlrémlgas (Flg 5}
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So llevdt 8 cabo un ardlisis rumérlce para camparar los rasul
tados obtenidon, en Ry ¥y Ry tanio can las expresiores de Housmar =

tamnndas oz {10}, oMo cnn laz nmaliticas carsi:._r"anc.g fas primnms . :

n0 omoedas pora ol cliloulo da H . . — -

. Tarawe Rectanailar., . Agqul se aprecla (Fig 6) ura pecuefa dife. .
rencia an cuarta al faetae de peduccldn de measa del primer mods,

gue se justifica porowa on ambos casos es senoidal 1o favvra ce les T '

motos, sin ombargo  en lp ‘que respectaa la masa adnipsda, su =

factor ca pedoccibn prosonta hasta Wi 108 o 2iferencia, oo .o,

Taraue Cillrdrleo. - Para esta tipo do :ar'n:;l::e, en ¢l quy comg N
se vib anterlormentd  axista ura discropancia en las formas rmoda=
les, Be presantan diforcencias en el cilsulc ce la masa cel oscllader
hldrod!indmien dal primar modo hasta c'.c .T.'?” y en el d:. Ia masa

Aagherida hatta de 74,

D:*‘N""LUSIDN . CU ke g

Tenler‘-dn an cunnm n'l aspectn twhricn dol problerma ro as diff-
cll accptar la mayor oolldaz o ol Rlantcamienio rigurgso sequlds
al principlo de esie trabalo, en relacibn a la arslogla rrecdrica -
prapLestl por Housrar, hpeho que B8 we conallrmado por el trabalo

experirmanlal (13},°

Cn cuarto al ospocts préictice, sl bien las expresiores aralftl =
cas san compligndan pues ol cfilouta da Ry reguiere 22 13 evalun -
nifo oo arie Andindny v on gl gazo do!otancue alllnazeiza o5 ma—
cozario trabajar con las: furclorss cc Bossel, €1 recurso de elabe-
rar tohlas o grificas para obtercr oS valares requeridss en fun =
cifn ¢o la rolacién ge opspocto del tangue elfmira esis Jifiouitad,

.1

En baso a lo artarior ¥ tenlendd &n cuerts gue @) Uso o la -
aralogfn do Housmar pocfo eonducir @ orrores O magaitid apracia
ble, so concluyd Cug o pls atecudds @ (Drnimerse précica a‘l )
¢o lon resulfados matemditicamente rlgurosss,
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St L. M, Hoakins v L, £, Jocobson

‘4, L. 8. Jaratsen,
"8, E.W. Grahamy A. M. Rodefguaz,

‘B, O, F. hMoran,

Recoracirmionta, Los autsres ageadecen al Pralfesor A, Aslas las
suDrrencias ¥ comentarios al presorte trabajo, aderds da su personal

Cenntribuclan al desarralls del estudlo del compartamlens Rdrodinsmi-

fruto da wmn vida ojermplar da dedleaclfin clentfinea .
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LWALDIN LF IRLDMIC LIESIGYH PFROVISICHS
tUR WELLDED STEEL QIL STORASE Thirs

v Re S, ﬁb:niakl and W, W, Mitchelll

i . .
ADSTRACT

Recodzended desiqgn provisions are described for the .
selspie deogign of flat bottem stocage canks which are”
preposcd to be included in API Standard 030. “he basls for
establishing design loads i3 presented {ncludlng celsnic zong
coefficients and the eszsential facilicies Facror. The deslgn .
preceduce is bazed on the approdimate method of Profecsor
Howsner except that azplificacion of ground motion is recag-
nized In detecaining the impulaive cesponse. The deorlvaclos
of curves is presented which Simpllfy the caleulation of the
weights of the cEfective masses of tapk £ontants, thelr
centars of gravity, and the pericd af vibration of che
-slashing zode. The basls of the design lateral focce
roefficients iz given, } '

4

-’

. Resistance Bo overturning for unanchored canks is
provided by the tank shzll and a porticn @f the rank cortents
which depomds oa the wideh of bottom annular ring which may
lift off tne foundation. The basis for determining this
width is prezented. A curve is included 1n the peovisicas
for caleulzting che maximum longlicudinal compression force in
the chell for unanchGred tanks, The derlvartan of bhis curve
g presenced and an approxidate fermula for the surve glvan.,
The forzulas Eor mazimum longitudinal comaression foece in
khe =nell (or znchared ranks and required anclhorage res{ist-
ance are explained.  The hasis 15 given for establishing the
paxicun allowable shell compression whigh takes ingo acoouat
the cffcct of intecnal prescure due bt the ligeid eontente.

Supplenental information is gresented far caleulat!ing
the height of sloshing of che liguid contents, for designing
roof suppork columns to resist forces caused by closhing, and

to calculate cthe Incvease in hoop tensign in the shell due o
secizmic [occes, .

1 Chicage Dridgo & Ivan Campany, Qak Brook, IL )
Standacd il Company ©f California, San Francisca, Ca -

* INTRODUCTION B

"ictive areas.

Aeports of damage from major earthquakes within the
1ast few decades cite cases of damage to flac bottom welded
steel storage tanks {1, 2, 3, 4)3. -Damage te the tanks félls
in four genaral categories:

1. Buekling of the bottos of the tank shell due ta loagi-

tgdlnal comprossive stresses reswiting from overturning
. forees, This buckling is most f{reguently ln the form at
.an outward bulge in the bortox [OOL Of twdo of the tank
ghell exrending partly or cozplotely ardund the tank
termed an "elephant's footr bulge.” Dasage of ¢his tysde
. has generslly Scen limited to oaanchored tanks ranging

" between 10 and 100 feetr in diameter. Loss of contents

. L has resulted in saze of the mere severely buckled tanks,

4

* 2. Dagage to the roof and upper shell of the tank and ta

ipternal Toof suppackt columns Sue .t zloshlng of tha tank
contents, -
-

3. Daﬁage to piping and other appurtanances connected to &

tank due to sovessnt of th: tank,

-4, Damage resulting from fajlure of the supperting ground,

notably frem liguefactien, washout due to broken piplng,
and slepe failura due to high edge loads,

'.;The damage rveports have led to increasing interest in
the Selsnic design of tanks to Le locaced In scismleally
; wank bullders, Z-nars, and, In come lnotances,
regqulatory agenclss have develeped thele own criceria fer
seicnig . design, To provide uniform guidelinas, recommended
deosign provisicns have been prepared whieh are propoced to b
ingludad asran appendixz [Appendiz P} In API Standard 453,
tielded Steel Tanks for 0il Storage. Similar proviszions ara
being develsped by the American wWwater Works Masoclacion for
water Gtorage tanks, o

SCOPE OF GSSIGH PROYISIONS
The proposed Anpendix p to API Standard 650 coverlag:

salsmic design of storage tanks is included ia Appendix 1 ta
this_ paper. bDetailed raquirements are Included Lo asoLure

3 poferences are listed at the end of Lha bext.
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stabllity.of _ac tank snell aqainzt overturning and to
preclude buckling of the tank zhetl due to longitudinal
compresslon for the level of turchyuake gesund motian which
has 3 reasenable likelihood of not belng csecedod during the
1ife of the tank in the cogion in which the rank will be
located, . . .

Fl '

A requicrement s ingluded to.pedvide suitable flexi-
Bility in piping actached ko the shell or boktor of the tank.
additional items which the tank purchaser may wish ta
consider te wininize or avaid overflow and danige to the coof
and upper shell and o reof support columps ace noted. These
lattey ltems normally do not pase a rlsk to lifo safoty or ta
the .safety of surrounding facilitles, but may be considered
fran the sStandpeint of ccocnGle risk o the tank jesolf,
‘Guidelines are iancluded latec ia this paper foc the dosign to
accomplish those objectives, .

The resocnse of tanks ta carthguake ground motiocn also
frcludes an Ingrecase in hoop tension in the shell.  This has
led to rupture of the shell in che past for rivetod Lanks.
The shells @f welded tanks, however, have sumstantial
ductility in hoap tension and c3n absord eneryy tesulting
froaw cacrthquake gedund aotion throwgh ylelding. Turrent
practice [or the seismic design of welded steel tanxs f[oc
heop tonsion takes this ductility fato account., iwhen this g
done, seizmic response in.hoo® tension does not govern the
gesign of the shell for the dagimum level of earthguake
qround motion praposed for ARI Standard 650, Consaguencly,
ng pravisions are incleded for hoog tenslon. Yhen tanks age
dezlgned for hignez levels of eartnnquike greound cotion,
Jinereasad hoop tension should be {uveseigated, Saidelines
far this are included later in enls paper.

The proposcd Appendix P does noc addross soll
stabilliey 2zince this docs not affzey the design of tha tank,
However, it is imcortant that sz2il ecanditions at PIOSEEctive
tenk sitzs in seizsmically active arcas be lavestigated for
petuntial instability including llguefaction during an
cacthquake. .

OCLSIGH LOMDING

The Sesign precedure precented {n Appendix P is hased
on the sieplificd procedure develeped Sy Professar G. .
Housner [5) and included in Chapter & and Appendix F af ERIA
TID 1024 [E] with modifications ac sugoested by Proflessor A,
5. ¥eletsos [?). As moted in ohe Introduction zo Appendix P,
the procedure considers (wa respanse godes of the tank and

[

. -
]
!

feg cuniénté: the respanse of the rank shell and roof

" ?together wlth a partion of the contents whlch mevea in vnison

with the chell, and the fundamental slpshling wode of the
contents. The forces ascociated with theee modes ate
normally terazed the impulsive force and the coanvective farce,
respectively. The desisn overturning wopent at the bottom a;

“the shell resulting from these forces ls given by the

"following formala in Scetion 2.3. 1t .
H o= 2I(CIMXs + CyWHe + CW)Xy + CoWg¥a) s (1]

iﬁ this fermula, Cj and Cy are the rnnpec[.ivu lateral
force corfficlents for the jwpulsive and convective forces
and Wy and W, sce the corresponding weighes of tho effective
masnid of .Lhé tank contents. Cuvves for determining M) and
rW, 25 & rabio Lo the ‘toral weight of tank cantuenls, Vi Ave 1
given in Figure P-2 of Appendix P [or varloue ruetiosz of tank
di{amoter, D; to bazizum filling hoight, B, Thesc Ourveh ara
based on the formulan developed by fMougner and presented lin
Tip Mzé. For the weighe of the liguid sontributing to the
impulsive forse, W), Uducner prescnts the following fofmul:
for tanks where the tatio of filling helght to vadius 16 lese
_than 1.5 {D/d greacer Lhan 1.3331: ]

-

[ . . .
W tanh 08067 _ - ‘
[¥]
'|'|’1 C 345 e .

. s ere the rstio of filling height to cadius {5 grestar
than 1.5 (B/il Less thap 1,313), Housaec's progedure conciders
the liquid conteats in the lowee part of the tonk below a
depth equal to 1.5 times the radius to respand as a rigid

' body at far a6 impulsive forces arpp concerned. The cffective

weight of the upper porftion of the coatenks is detormined
from formula {2a] wsing D/ = 1.333. Tho total sffective
weight iz determined by adding the full waight of the lower
portion of Lhe contenis to the cffective weiqght of the upper
portion, This leads to the formulas

——

oM

w . . :
I Ln-n.zmﬁ (26)
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‘The formula for the weloht of the effective contents - o i 333; . ) -
uvsed to determine the convective force, which ic basad an o - :} ' . . L e
‘. Housner's corrected version of TIO 1024, {s as followsg : sremen s b e e ) )

=l

W : . S, - ﬁ ) - 0.055 0 vald
2 _ 0 1.67 Coee A zeas owiam ! L H . : {6a)
W; = 0290 +H_|Bnh (W_H) - . 1_3] e 1 . " H . 3 . fanh O, 2864,
14 ' . N ) T . - - : I.- ) L
. - T n‘ . ) "-‘: ..u - 1 " ' T r“'
. The heights xé and X+ fron the bottesm of the tank = <:1'3??T - .0 B P
shell to the centroids of the lateral seisnic forces applied R I ' T
to Hy and Wy, respectively, as ratios to the zaxisum £illing - , ' T
‘heinhe, M, Ate 9lven {n FPlgure P-1 of Appendic 7 for varlous . oo T, .
o BAY racdes. Again, ehefe are basced on the work Of Housner, LT ! . ..
«For tanxz whare the ratio of .£illing helght ts radivs {5 lesg . ﬁ _. o500+ 00800 L g
« than 1.5 (U/H greater thanm 1.333), the ‘formula for tha height M - H - . (&5}
UV ke the centeold of the irpulsive forca {s: : - . S ‘ ' 2
i . - ] - " . . ’ . ,. . . . ’ L " v, : .
Mooewms T T B {4a} IR ST asry .
" : : - R TN 7. ) vom (N
| - - W L6 o (25
K : ; oA o/
ihere the vatio of filling helght to radius is greatay ' :
than 1.5 (D/R less than 1.333): . . . :
..: ) ‘ . Tanks on the ground are Inherently rigid. 1In hls
. P . . - . ' work, liousner considered the tank to be infinitely rigid so
. R . . . that the metion of the tank shell and roof together with that
SRS 8L B T . [4b)

. porticn of the concents that moves in unisen with the shell
. . ot coinejders wlth ground motien. In realicy, rcanks are pot
infinitely rigid. Storage tanks typically have natwral

- 2 formula far the hei : petiods of vibration in the range of 0.10 to 0.25 scconds.
cnnUEthﬂe ity 1‘=ar . hﬁ ght to the centroid of the veletsas, in this stedy of thin wall flexible fanks,
) . . .. roncludes that the Impulsive force can ba reasonably well ..
- ) J' ' ) . .o . eptirated frea the sclutions Zerived for 2 rigid tank except .
I, - 157 replacing the maxizmun ground scceleration with the speciral
. _3 . 1.0- eeah [ By - 5.0 I8 . . value of the potuds-acecalercation corcesponding to the
" H KT EY ¥ fundacental natural Irecuency of the tank-{fiuid systea.
O [T?;‘ §ince the calcuwlaticn of the fundamental peried I cooplex
. ; - . for tanks which d¢ not experinnce uplift and unknown for .
As noted at the end of Paragraph 2,3.1, the overs S " rthose that do, a constant value !s proposed in Appendix P ofor
turning moment caleulated ln accordance with formula (1) (g . . £y which represents the maximur anplified g9¢aund notion., The
" that applird to the bottas of the snell,, The toral over- - valua of 0.2¢ is conslstent with the Usiform Building Code |
turaing moment agplied to the foundation can be determined b . maximun value £6€ structures Other than buildings (X + 2.0)°
substitu[lng %< and xl :fam the Eallguing fq:l_-:ulas EQ-: xl an . 'Eicludlng any ED‘ll factﬂrt The 5011 !ﬂ-ctar dﬂcﬂ nit 4ppear
A1, vecpectively, in formula 1) . appropriate for strucbures with a very low natural period af .
. - vibracion. The high value of €3 in comparicon with bulldings.
. 5 X . - 6



{z appropriate because of the los danpling interent for
stocage tanks, the lack of nonstructural load beacing

+ elements, and the lack of duccellity of the tank shell in
longitwdinal Confrennion, . .

For come tanks, taxing Uy as the maximum amplified .
qround motion may be oyercanservative, For very rigid tanks
< which ace anchored, it may be desivceble to calculate the
fundamental peciod and use a lover spgctral acopleration

qnlue. N

. che period of the first cleshing rode is relatlvely
" long and the -correspending value of cpectral seceleratien
" falls Iin the region of saxinum speerral velocity orf
displacesant, The forsula presented for € is mased on a
smaxipun spectral velocity of 1.5 to 2,3 ft/cec and a masinua
cpecteal displacezent of 1.1 to 1.65 feok, depeading on soil

. Lype,
n vhe calewlation of o3 requires the determination of

" the natural pericd ol the tirst sloshing mode and the sice
amplification factor, 5, The paricd can be determined from
thio expressinn;t ' .

T « %x0" (81

' wherg X i cbtained from Flguce P-4 for varlous D/H ratios.
This tomes from khe formulad : .

1=, '_*3.?11{537_‘ ,
K . 'y;ﬂ.ﬁ?g lgnh [-EI-I'_H} B 18]

a
4
4

‘substituting g = 32.2 ftfaucz, X is then:

-+

h :-T/T:.m.h E'&_) (10}

. 4he site amplificacien facror, S5, is derermingd from

.. Table P-2 and varies from 1.0 foc gockrlike £2{1< to 1,5 faof
soft to medium stiff soils, These amplificatisns factavrs ,
corresnrond to those recommended in the Flnal Review Drafec af)

v
]

4

] Recommanled Conprehensive Sclsmie Design pProvisions for .

.conkours of anproxinatdly oqual delomle risk and is

F
[l

Buildings |3] prepared by the Applled Teehnology Cauacil in a
study [Project ATC-3) spancoced by the Magional Scienge
Foundubtion arnd the Matlonal Quredy of Grendacds,

The lateral force coefficlants, Oy and C;, are
applicable far the arcas of highest Selocmicity apd [of tanks
whieh ace net requiced ro be fuactional for emerguncy post
earlhquake eporacicns. The zone coolliclent, 2, and cha
ceaentlal faciliriaeg factor, I, are lncluded {n foragla (1)
far the design overturning sooent o provide an adjustaent
for tapks located in less ceizmically active areds and lor
tanks whick 3re requirad to be {unctignal [9r s&cegency
operations after an carthquave. Yhe valuc oFf the ione
coetflocient, 2, is citained from Table P-1 for the various .
sones defined in Figure P-1. The walues of I'correspond to
those specifi<d in tha Uniform gulidlng Code. The zonc maps
are based on paakxk grocnd acclon acceloeration ¢ontour maps
incteded [n the Flmal Review prafe of the ATC~3 Proiecct. fac
the 40 contigucus states, the maD used {5 that Jhera thg
accelerations are a asasure of sifective peak velocity so to
be appropriate for the long eeriod doavective f{orce as well
a5 the shore peried impulsive force. The AYC-3 mapn depleors
|
consideced b9 oo an imgrovadent over the zone map lacleded in'*
tho dnifgem Dailding Code which 1o baged &n historic edrkth=
guake danage levels, no ATC~3 ap iz for use in
ectabllshing ultipate design loads and the acceleration -
yvalues depicted shouwid be reduced for applicacicn fn working
steesipdesign procedires, The colatlonshigs batween tha

ay

ganps shown ©n the zapd included in Appendia B ond tha

CORLOWE £anges Shown of the ATC-) oaps ace a6 follaws: K
Appendis P ATC=1 Map
Eeisoigc Icne Cantayr Ranges T
4 Cser 0.4
| 0.3 to 0.4
2 0.1 wg.2
.1 .03 to 0.1
) Under 0.0%

, The essenbial facillieies factar, I, correspaonds ko the
Cooupancy Trocarkaace ractor specilfied in the Unifaexm guilding
Code, The UdZ raqguires Lhat "stfuSbures gr buildiags which
must pe Rafe and usable for emoviency purposes sfcoor am cagth-
quake In ordes te prescive the health and cafety of the
qencral public® be desingned foc'a fagror of 1.%, Par oil
storage, thiz should aPply Lo canks Such ag thosa staring -
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=c*1’tiaf which are csaential for

"
cperatipas,
RESISTANCE TQ OUERTMNLIING
The factogs which may conbrlbute eo resistance 52 the
gverturning ronent are noted In paragraph E.4. Th2 wcluht af .
tho contents which may be weitizpd o resist overiarning is
: ated reactinn hp Lha tank chrll of on
thor Lemllen o lanl opor i .
(I I I - Gii L:g GrGun iz
11 Lk IS T - -~ — kn -1-”-_-‘:13-:::::
21l waglleeticn tb ct and anscmes the 2@ e
n‘ thD plastic Rirgas, one a: tho junction ta the shell and
the other okt soea diztaace invard froa the shell. The
assumed loading, deflectlsn aad mament dissrasn ace shown
 below: )
. LA AR ekt B F A Pt AT A 2 T d LR )
. o~ RS —
I

£l A L ATl v
p———FrEma—

ey e

/, ST e e e A Tt ST i e

L s T
IN"""'"" D by Al e i

I

The ecullibriva solotion lcids o the following

relatiunah ps-

: . . Ve L]
and ) N . .
r i N
t=z LI - . *
' i12)
.‘L"}'12 -
sSapstituting Mo w ] cnd wz E2.LGH
: ) _ R e '
3 w o= nsel, v/Ftrﬂﬂ S 1 o (13
) - -t Lty "
. et Vo thoers
and ' ot B '
' w . (143
L=c.ozrs
il
Praztice has been to limit the uplifs leagth, L, to &
to ¥ merscant of tho tark vadius [9].  the limizatien of o to
125 GOT lisits LoES about £,8% of Ehe radius, Rocens
spaking tablz asdel begts of tanks [13) show signifsecant
changes in the roseonsa characteclistios which are not

scecunted foo By current design proceduares when gqreptes
-emdents of unlifc cogur,

The zxove Dracedure o cstahlish tha moabisuen
resistdnce o the l1iguid comzen Lo overkucning af fhe tank
iz ¢onservacive sinmge in does nat take into Locount rosbrane
sLrosZos -hisn will duvLLQp in the batkom cpen unlifeg,
Furthar studies npad o be vndoccdren to better detcrmine tha
vplift resisvonce and to accaant for tho :hu"Ju. in response
vhen lacge azounts of usnlif: ocour.
SHELL SOHNRTYETIN )
Faonsss far doterzining the mosizncs langitudinal v .
coppresszisn Ioreca, b, at the bcttom of the tank sha;l ace .

S 1o
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. e .
glven In Parzagraphs DoS.) and 2.5.2. For unanchyored tanks ) Prosm the cvaration.of vertieal forees and overturniag
whize theee fo oo wplift aed foc archored tanks the » momants, the fellewing cxpressions are obialned:

corfireinica force can be Jdewcrained readily frem the focmalat

b+de T:'["a-r.asﬁ}l

= M 1 273M ' ; . {16
bew iz ow o Lo {15) ; = —
I ; .w Eind -fees v
ot ? G . Wew ~ End-gecsf )
which zssuzes that *Re ferce uarAcJ €irgeely with the
-:"n. - D e B e r 19 L L § [ P "
Loitanes [vos the coaterline af the tonk iz the direcrics of " - B e vin3f '
Sho LNLutel loading, LT B I-..;-C"']. cRueEieAsy unlif, o R L L R L 17
caf Ly Foincl oirgas oot e Vel 9875 Ele oo "'-'T.'n.'.:.".t'.l'l.." intaa D}]wi.wL} & sinaf- cnsﬂ
P B ned from figure 2+5 as a fupnction @f the ‘ '
«chrLurnLng BCLAGL parazeter, _—_—
The cerve in ri qure F-5 iz derived froa the foll swing . By svbstituting values af 4 from O to 7r radians in
toounaed ].G-'-l.d distribut SR Arcound =ma chpll af thE tansi: vl theoe exjfcsnignsl thn cala :.an..hip boetwansm the twa i .
s arr=sters oA the leftkand gide of the cupraccions Is H
) ' . ) chzained., Thiz relaticnchip apnlies for w2lues of the Rozent -
" marascter from w/4 whete uplift cosfentes to 1/ wherg th
. gholl beodies cnstable, The velatlonshin oy be approxisated
o ’ with good do2usioy up to e velue of the nonest paramgoer of
= ’ 1,54 with the Following foruulal : T
r— - ' bkw . . .
At L = 1 — == {18}
i —— — —— k) - omom . - -
i " *‘.L u.fuLE-* 154':-?
. . —— T lw +hr'
- __,_,_-—-"'"_'_'_ -
-’.-"'.r"._f'..d-'f‘;-r--:l‘ _————
! /"f e - e .
—at : Formulics for determining the naxi=zun alloqable
’ lengitadinal eempreccicn in uhe shell are gilven in parsqraph
P.5.3., Thioe wore establizhed to provide a safolby Tagros ..
againut bucxling of sbose 1.5, Escluding the effuct of -
. dnterpalprescurce, the oriticoal stress.for wery thin wall
£holile was critAblichoed as 0.2285 BesR whera T i5 the modolus
of eclasticity, t the shsll tnlckness, ard R otho shell radics,
;;'"d':ﬁff? ig Iz Lasdid worio 27 0o b, mikler §Il) of faicuge
=T I s Pt =t ST 0= 20,000,0%0 wzs oned o cafaxy
' ’ r ab Couas o an Lllcowable ctress of: -
3 - X .
L] L) .

+n
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{06 0oL I .
i ———— 2nd (21} are no Yonger aphticable, Miller prosents formulas
{19} sfor gritical buikling af<2hells without lnterral preszuce for
. “inteoresdiate and thick shells leadioy to a dmaxiscum vatue af
critieal bucxkiing stress quual to the ywield ctress.  The .
liric @f Fy = 3.5 o ia goiablished in hopendix Beto main-
*where £ iz fp {aches and 5 iz the dirmerer in foat, -t Jkain aa ac?n rate nafciv Iacta* throuqhnutpfhu intermediate .
- ’ rance of thiciness to diameter ratic, This lizit will
Lo, Crate and Schwartz {12) detecnined theough thea- . narnally apoly enly to amall d;unutLr tank4 {under 15 Lt
retical andlynis ard exncrluental tests thap cho eritical diancter!
bugeling stress da grepression foc thinm wall relinders ' : Tt Tt ’ .
Inergpses with faternal pressuce. .Hcorc,*chlly, with Suffi- . The leaqitudinal comarezsive butkling stresg of tank - -
cient inlecnal pressure the eritical Buckling siress of 1 - shells {z a zySdacs wiich naeds furiher study. The presznco
.Teweh the elazgical llait of 0.6 £5/d, llowovac, only linited " ©f inteznal prezsure and the radial restraln proviced by the
ta_ti h"?e baen made wo data.  Tho tests made Ey L&, Crate botega lecdz to a diffezent Foem of nuckiing than Sas been
and Schwartz showed 3 deutling of the eritica! rucnllng ' expocienced in post expcrimental wark on the auckling uf
Stress as the nondimensional parameter ——--—E|=|I :‘ znncrcased . o ::vl:.ndus under .‘l:hal and bending laad... v
fram zezo {ao intarnal pressure] to a value cf'c.luza. Tals AHZIDHRACE O TAHRS
value 1z reaghed vhen the value of o J:ftz ig abouk 220,003, . ’
Bated on thl‘ the allowzble longitud nal cenpiutsive strens IR Genoeally, tanks.need nok be asshared whea the
for tfin wall tanks far vr lun' af u3“~;t groster than ' regquired resistasca to ovarturaing can be provided by the
260,000 wag estaslisked as tznx shell znd intzrnal eontents wiinout ex¢aeding the
- Pazizam Yalue Qo :-—;t_tni for wr. Liza ancharsge i rnq_..,r:d
. ) earefel artentien shoold bo g “ven to thea attachzent of the
BOC000L - anchavs to ohe shell t3 avoid che nunJLbL..ty ol traring Cha
Fa= —a , . .. {20} fEnell. Unaz cpoeified ancﬁnth resisziones given in parzgraph
. . P.0 for anchoved tonks provides a Lecior of zafety in rhat =
the resistencs providad by tha welght of the tank shall-is
"neot considerad, - '
ne tects of Lo, Crate and Schwartz showed a near! g " ' -
linear incecace in eritical buckling steess with internal . SLDJ[Ih” WAVE HRIGHT .pJf‘*'H#
proein I.."'c :4 to the limits af thneir =esns,. Thus, for valess . __...---""'i"-
of &n32/t2 lezs than 200,523 the 2ilssable csmpressive stress “In_rome Sases ii =3y Br desirible to rrevide frzchoard
WiE cﬂtu,--_hcd az: ] _____nin'the#f;nk Lhovg bhe Rmaxises *;.1'n] hoeight o =ininize or
} = aveid Swerflow and danzga to tho roal and upper shell See ta
. . loshing of the liguid eantents, The helght of the sloshiag
e - . Wake 2ay Go coterminad from tha following [oarmula Bascd on
£y = ﬂoﬁuol + ?1HD . . {213 - ‘Hocsser's corrected verslon of 11D I024:
¥ - .
; L _
Formula {21} will mormally azply enly o very ssall d= sz‘Ichrzt‘“h ' (??? g ) o 22y
anks whare tie shell thickress ic porabdishcos Sy Ainizoz ’
Sluss rotaer than Sy hoos Lrrasg, . ) ) . ’ e
Es the thickness of the shell in propsThion to the . | ROOE SUPPORTING COLLMNS -
diameter ©f the tink bocozss velacivaly lavoce, foraulas (28] " ' '
) ) . Wonon it is deslved to 2esiga rocf tuppovting colunns
o Lo resisc =hoe forces caused By the sSloshing of tha ligoid - 0

13 _

14 )
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contonis, Lhose Eorces may ba determined as described in
hppcnd ¥ 2 of thiz paper

Hagr T ‘1'5 gy

Wnen ik Is cesired to analyze the tank shell fax
Increaszed hnnp tenszicn due to earthnuake ground zotlica, the
increaza2d hoop rension Feg Per inch of szhell heich: cas be
obtained frea the follouing eipress inn.

PE - Pl + Pz (24

where 7 I3 the teasica dup tg the 1napls.ve Farce and ps ig

that'duz o the converorivg force,

For tamizs whera O/H is greather than 1. 331, Py may ba
doetermined froa the following .arnula*

H

, .
PoasZiooin ¥ 4 (Y17 |aas l:u.z-sﬁiiiNII (243
1 I 1w F H

o






. + LI L] )
. , NOMEACLATURS !
‘ . -
cosh 3-5£E%FJ . C) b = maxinum ionuituu‘nil shell ccnprn elen force, ibs /it of
Pow D9ISTIE 532 Lo shell cireurferonce
2- 2 cosh {3.68 B :
s 7{) . {26} €1y €3 = literal earthguake coet icicnt' for impulsive and
- . ceoveciive [arces, vespectively
s@ = heighe of sloshing wave above pean depth, [t
3 “he Ingocaned hespy tension dus to casthouate ground D = tank Sismater, fe T el . '
atien fhouvld Le odded to the hoap tension €as 1o kydrostacic .o . LS
pressura.  The hydrodynamic partion of the siress, Dgy should - E « modulus af clastielcy, psi-
ne divided by a cuctility [actor of 2.0 f{or application ino . '
the design ag normal allowable dezign tensile stiyvecsas.® Fa ™ maximua allowablae 1Qngitudinal cotpressive stress in
. . ' ' tark shkell, psi
CONCLUSION o
=, . _ . Ppy 2nd Fey = minisun specifled vield streaqth of battox
whe basiz hag Seon presented for the seisoic design annular tirg and tank shell, respectivaly.
provin 1c.n., foy il stosgqge canks whish nave Leeon sroncoeod as sl -
in snnandix {ﬂ“ﬁ* ie B) oto MBI S5toadaTd 4800 The formelas . - - . .
hive boen given for the curves included 1: the prssaced # accelazation due ta gqeavity = 32.2 ft/gec?
rovigion o facilitazn dozign calcu!.:r.:c*:s. Eupplnnnnzal .
infarmazien has Seen p*e’ﬂntn] Lo éeterning the slashing wave & » specific gravity 1.0 for wates) '
beizhi, tho fovces oo resf cupporting columns cauzad b
sicohing and trae ircepaned A0op renzizn Juw o asrilgoake B = rmaglrum £illing height of tdak, ft
ground AOEien for ugsc whoen it is desizzd Lo taxe theso : -
factors into consideration in ehe seisaic design, (ﬁa Hy = towal height of tank shell, fe ct e
It nkas Leen seen thak the Zasinn provicicns are bhased I = egsentiol facilitieg focror o
on the sinplified pracedure ncunlcﬁcﬁ Ev Fausnar forc rizid
tanknonxgent that tro maxinun oeownd zeceleovazion fu roplaced X = gpazangter faor caleulating, T:»{S czj
with tha grogbeal wolue &F bhe ooosudc-Zosolosacian carres- T
_..f-.q Lo L“u Tundizeantal natursl frasuansy ©F the S&RR- L =~ Edttes. h----t lengeh, It N
Fiuid zystoas 2o soggestod By Volotras. Eravisioss av T T )
implule? o in:ure Szacility of the Tink snhall agoinss - ‘H = overturiing medsant applied ro bottom of pank shell,
evertvrning zn? to wmreclude buekling of the tank shall dus to T ft-lbs - . T
langitvdinmal cimprescion; howaver, furihsp study . of thace . . ' :
gfogts dfg ceccomoniod, dp = plastic tending mement in bottos annulaz ring,
. in.=-lhz/in,
B = dsaternal pressure, poi
P1s P2¢ 2nd 2 = lncreased hosp tension in tank shell due to
- ] insulsive, coavective, and tosal earthguzie
force, rvespostively, bs/fin, .
] ] - . oW tank radics, in, v
= &lce mmplificarion factor ) Lo
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n Taiey s nf f'f‘i'“'fi"f.i: = :1, H
e T S D O L TR PO T A
NN Tt L el hl:-n_. s TLaian
~ th:cknc._ of botton annular ring: in.
- 51o:h1ng wave perlod, pec
= unit welgho on tank boitom, iozfzg ft
» nmazimum welgheo of tank contents which moy bo wtilized
te resist Shell ﬂvurturnlnq momeat, lbafit of shell
circumlerenca, . - S S -
e woighy of kank :hcll, loc/fr of shell civcumferance
= total weldht of tank reof plus portion ©f snow load, {if
any, ‘b- - .
- total untht 8f tank chell, 1lbs o
= wotal weight of Eank egiteats, Ibs o <
C.‘.-E 1_'_: a 1__1.1.-””_ of rydoan i
TV TIPS
earthaueke forevd, 1tz
a helght-{roa botteér of :fank shell o cenzor of gravity
cf shell, It
and ¥3 = helght fres boridn of tank shell o ceontroids
of impulcive and convest lnc laz=z sarihguaka
Iurce., roespecsively, for . ¥, ft
]
ard ¥ = helghe from bottam of cank eniroids
- af issulsive and corvegiive 1_ sarchgeake
torcoa, resnocwively, fer tocal
SYerCiurning mement on found
= vortleal distasce from linuid surface to point on shell
. Belng analysed [or hoop tension, fg
w seizmie worne coofficlont
i CraloLnTla o ownaLasnr S SDowinln in e f
P O BCHEA T I Ot PR A N AL B Y '
vend bmerdl unl il guemecacus, rtadiaps,
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EI&HIC DESIGH OF STOAAGE ThUKS

This appendix establishes rocamnended minipum basic reguice-
ments for the Jdesign of storage tanks subhiccted o seisaic

lead as spacificed By nurehaser, Thefe raquirgments represent
cccopred gractice for apnlleatien to flak battos tanks,
Howewer, 1t is recognized cthat othed procedures and applicable
factars or addicional gegulesments day be spacified Sy tha
purchaser or jfucisdictional authorities. Apy deviation fros
tihe ceguireneats herein Musy be by agreecene Liebwaen pucchaser
and sanufacedrer,

P.2  IHIRCIUCTICY : .

K

]

k)

WS L [onpdhcg woles P sho
: 11 the relatienly iinn Sioquency 347
erd. qround metion af the tanx shell and
partion ef the liguid contents which move
shell, and {2} the relztively low iraquency
ceslHnse of 2 maesian of whe ligu!d cortenzs ia tha
The dazign requifes the nntc'ﬂ‘-
nation of the hydrodynacic 2ess associaced with ecach mode and
the tateral fgprca and nve:turnin; mazan® 3salied o the shell
rezalting Tron ehe fesponte of the wasces to lateral groung,

sre cohtid
{3

|
FRL
L

L1 #r ot
L XTI

¥
I

[ TS|
ol
fb-ra i

b £1 et

g
A |

ai__.‘

ified
fundasmental zloching rada.

1

.¥oticn. Provisions are .nc]uded EG assuce shability of Lhe
tans shell s5alnzy averlurnisng and to preelude buseling of the

tank shell due ta loagitudinal gampression,

Ko provisions are Inecluded regarding tne incrzace la hoop
tensisa due to seismie forces since chis does not affizet shell
thlckncss for tha lateral farece coefficiente seecificd necein
taxing irta accaunt gencrally accephied increasced allowakle
stress and dueiillity ratics

LY SULICY L aTUD

F.3.1 Cvarturning Momcnt

The overturning menent due to sclsnie farces applled s
Lhe. cottom 9% sho shall ghall Ba deterainsd as £ollgus:

-

H “.:I{:lﬂhxs * Clwrﬁt + Clwlxl +* Fz”zxz}
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therer

£

and £y ™

T eontonts which meves in unison =iih vany

Total weight in paundzs of tank ranf alc
ol cAacw lead,

Guerburping rewene in faot pounds applied to
bottom of tank shell.

tane cacfificient from Figure P-% and Table P-1.
Fagsoe, I = 1. 5
Toc T
fur all

Exrceatial facilities
whone e foacel, FRUDICLN [ TR )

OLEte e Gied Lo d

1.,
Y

T

Laveral eacthouake focce coaifl
dpteemined pe! pacajezpn PBLIl).

Toatal welght in pounds of tank chell

Helght in foec fram battam of tank shell ko
contur of giaviiy of shell. :

-
-~

nartion
If any, &5 specliiced by nurchaser.
Taral helghe In feer ¢f tank shel

Haioht in pounds of effeciive miss of

Astergised per farxgranh #.3.2{c}).,
Pelon: in Fenp Diom bat:o: ol
Cosbiuied ol Lateral omal nie

Cololained pur pa:a,raﬁﬁ e |

of elfcative Sass 3t [
deterainsd -

Weight in paunds
sigthing conteats ol ran¥,
parageazh PL3,2fa).

Yoight in [ect [rom bocorom of
conttoid of lateeal Seizmie feron
detetmined por parajvaph P 3.2{B].

The Gyedivrnliag motent determiand por o inl
graph in that apolicd o the uz:.a' of whn
il R tenbh Fodaliiion :

[T} ‘I.‘l
- et A .
LA B RN NN PR

vh
Tarnoam, Eeddny ol
ﬁ.:,?nrlmnah LA N TN
b meir ientiaiheroaad oo

duhlon, Zuch as pnlo'supparncd CORGLY
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l::::‘l.k i
shell, ' -f

Lffeosive Doy

P.3,2 s ol TauP Contrnt'
3, The offoctive maes Wy nnd thc EfchleL @ans Hp, wndy
- “be dettimined by maltiplying thp, by the valios i /de
antd Wy /02, ancctiuely. ahtuinm! from Figure P-2 fob
p Lha lutxn oAl
. fthere:
. . .

o m  Tobal weight In pounds of tank coatents-{product

E]ELLE C yravity fptcxfxtd Ly Purclasey)e— . _
' B = Tank djamotec in [eet,

B = lfaximam filling heighe uf tark in ferr from
botlom af shell Lo top of top angle or overflod
whiah limize filling heighe,

b, The heights from the bottss of the tank shell to the

] controids of the lawecal selsalc forces appl.ed Lo

! and lin, ¥ and X zay be deteralned by nmaticlying i,
by the rabios }H and X3/, reapectively, obral ned

Irsz Tiyure ”—3 for the ratioc of D/,

c. Tho corves in Figeres =2 apd P-3 ave baccd on a
. moadiiicas On of the equaticng presepnted in CRIA
machnical Inforzation Docement F024-. Al»ernat.vL.y,

Wy, Wre ¥y anc Xy toy be deterained by other | -

aralviical prosafivras hased on the dynasis 7

chosactarisuivs of :he ionk, -

I____.—;-"I'
P.3.3 Lateral Farce Cogfficicats '
. __.a,—Ths lateral force coefflclent €y shall be taken as
- o.2d. ' )

= Tophpicad Inforration Dogement 7024, Hugclear Reactors and
Path IUokES, TUISnared Ly Lackiaed Ajvaralt Tecpancanien, and
Dilars L onvrer, ink.. for ANeoMLGL DALale woerLy .
C‘"J,JJf:;, lgeel Iwed.
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B. Thae latecal force coefliciont €5 snall be cetermined

az afunction of the pnatural pericd of the first code
steening, T, and the s2il casditions gt tha tamx szics.
than 4.5:

LAnen T iz less

0.30 5

i
-

Ce
=

when T Is grozter than 4.%9:
1.3%

2

s

- - L T

wheres: -

LE m _Site anplificacian factor from Table 9P-2.

T - a Katural period {n seconds of [irst modle
« Sleshing, T zay be deteralined froaotha
follcwing expressicon:
T = xOY
X on Protor obtainad from Figure P-4 (wr the ratia
AL .
e. Sliernatively, € 2al Ly Fay bz cetecaing
rusionse Suedkrg entabtished far tho specid
Jthn tenx and for the dynamic cheragtoristd
tank. The spectrua tor Oq showld he asis
dammiag cneflicient of 21 ¢f ¢rivical anc
S aawimon sealified ascolervacion of 9.8 pil
avcclezabion of yrasity. The sseccren fo
corrrsrond Lo the uwageirus [or O esgent

a
b

a dampiayg coellicient of 0.50 of crities

RLSISTANCR 70 OWMER TR 10G

=~ pf thas

Aezintanes to tho overteraing meoment akb the hooio
anw thell and
b

shwll iy Boe pravided by the wveighs of che cank
wigint vl a particn of Lhe tank cenconcs

LY bhe ow adiagent
te the ashell for unanchertd Lanks or LY anchorzge af the'
tenk sholl, For unanchkoraed tianks, the sartics of the

conients which cay be soilized to resist ovariurniag is '

24
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. »,
B
O
P.

b

. except that wy shall sot exceed 1,25GHD,

depondent on the width of the botkor annular ting which
1ifes off the foundation and may bo determined 2s follows:

'I-.r:_' - 7. Etb-..ii‘by(:!{ . ot

Whare: -
a ’
wy o+ Maxinus welqnt of tunk cortants in pounds per foog
. el shell elzevafzrence which 2ay be ctilized by
. resist the shell gvertuzniag noment. .
+ t, = Thickness of botiom annulac rlng in inches.
Poy = Hiniauz specified yield strengih in pounds peL
. square inch of bBoitoe annclar ring.
-G » Design foecifie gravity of contents as spocliied

by burchisar.,
The thlickress of the bottam annylar riagy by, shall nat
excead the whiifiness of the borioa shell cocrse, or %
ingh, vhichever {3 greatac. Where the bottom zanular ging
{s ehicker than whe renainder of the borsam, the width af
the annular riag In feet shall be equal to or greater
. thana: :
g.8274 L. - LT
cir

§ suTLE COMaREssTa

?.5.1 uUnancheiad Tanks

lengitedinal compression forse at che Botton
zzy ba determined as follown: )

The orxizga
&f the shell

o

When — ko or léss thin §.785;

L Sy ) '

is sgual

B omowe ¥ 1273 % - S
* I+

—m
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Lhen __H {5z greater thans 0.785: ' Lk = %higrnienz In lﬁChFﬂ, eretudling cocroaicon
OQ{UL+HL} . .) ﬂllnﬁancn, of the bottom shell €ourae.
+uf .

b say be comnputed (rom bhe walue of the parangled ;—;é— . . Py = Faximum allowable longitudlnal coapressive
ttained from Flgques P-5 £l . . Etrert in the Lhell! In pounds per sguare inch,
ghtain roa Fog . . . . ' The above formulas for F, take lnto account tha
Hacga: . ' ] ) eflfoct of {ntepnal prescure due tu the liguid

) ) . ' - poatents, . .

B = Raxirum lungitudiﬁnl shell compression :nrccrin

pounds per fteot of shell cirecumfeconce. - ‘ Pey = Hinlmuz *pnc;‘icd yleld streagth of the 95“11 in

pournds por sguatre inch.

¥ - - o 5 - K Fal [, . -
we = Helant of tonk drnell ia pounds per foor of shell. P.6__ANCHCRAGE OF THHKS
. _Anchérage of tasks fhall he designed to provide a &inizun
£.2° bpchored Tanks ’ P anchorage resistance In pounds per focs of chell clrcu=feyenc:
-5, u ) . . . * - 1 of; . ' . )
e wngipuz longi:udinal cospresasion forge at the ) . . 129 N
borten of the chell may Do doterained 23 follous: ) _;,ﬁ%J!
" ) ) ) D

b~ w, o+ 1271 K L

- or The stresier due to anchér forcez in the taak ghall zt the

. ‘ rointa of sitathtent &f the anchoers shall be {nvestigaced,

\5.3 Haxizyz Allcwobla Shell Coppression -
. LELDY O PIpIuG

- ‘_.-n- —r— - -
- H _,-r""-"
faee ~ ) Teovicioas for suitable flexibility in al. piping 2itached to
T _ . the £hell or Lotiton of the tank fholl be cpasiderszl.)” On .
srrezs, Fo. d 3z follows: e ) pnanchored tanks ,ijec: o Zotion Lvli.h, ciylng coanechied ta
i 5 . . the Botton sﬁ:‘l be free to 1ife with ek betio: O shall be
17 Wnen the vilue af GHGY iz greoater tHaﬁ 236.03D: : -lagated S0 that the horizeantal- distsnce keasuzed sz khe
- . £ 2 - ] . . shell o ko e*”c gf thi conpecting vainforceszent shatll Se Lha
) . ) To_wigeh of e torwom hold dewn as calculited in paragragh
: P, = 469, o063 & camr=——"" P45} plus 1T inches.
4] . . .
L . P.8 _ADOITIONAL COMSIDERATIONS . .
¥hen the value of cun? iz tess than 280,088 - .
. ] . . 8. The purchazer shal: spcc:fy any freeboard decited to
i
R . alnflzlzzr o7 avold overilow and danafge to the roof asd
05 . 2 GHA . - e e
Fa = 400 D”a £+ 2 = womer Shell due to slzzking of tﬁe liculd contents.
- - . ' b, Grpi Zhall L
. Except that in fo caze shall whe valve of Fy csoced 8.5 SLEN Setia eacthnaoio,
Fro chaner, the ca_b,rd 2hall e )
. roest osvead Ly-the zloghiag of
} ’ ’ . 27
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. FIlouE P-4

20uf COYPFICIENT

Sefsmic 2one per Flogure p-}

r 3 4

A

.2 - 0,1875 .. b.37% 0.75 1.8

Ho carthquaka deslqn coquired for Zore g,

“ie TANLE B-1

., BOTL PROFILE COLFFICIENT a
501l Profile Typa
A o8 <
-] 1.0 1.2 . 1.8 1
SOIL PROFILE TYPE A i a profile ufth:“
1.. Azck of any characteristie, either shale-like or
crystalline In nature. Such material may e chas: coizred

ot
by a shear wave velocity greatsr than 2,500 fast cer
secand, or '

1. S5tiff zoll conditiens where the soil deptk is lcss than
290 feor and the s2ail types overlying rock are stablp
deposivs of sanle, gravels, or stiff clays.

Seil PROFILE WYPE 9 is a profile w!ith Z2ecp cohesioniass o

seiff clay conditions, including sites where the sail dep

sxceeds 100 foet and the soil types overiying rock are st
daposits ol sands, qravels, or stiff claye, -

SOIL PROFILE TYPE € Iz & praflle with soft~to-aediu——evicss
clays and sfandsg, characterized by 10 feet of &ore arf
safr-to-mrdiun-s8ilf clay with or withou: incecvening layecs
of sand ar other cohensionless sails,

In locatian:s wherse the soll erefile tyne §5 no: knows in
spflicient Zerall vo dotecaine the 241l ar.lile wunz 3511
Arorila ComRall S aminnl,

TABLE PF=-2

4
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ADPEIDIN 2

HORTZOMTAL FORCES QN CQLUNNS CHRUSED AY
srnedlRE OF FLULD 14 CYLINORICAL TALKS

The fellewing presentaticn s conzidered & reoasonable

. . . L 1
s e L Tl Lo b

o tolat howizontal forge acting per foot of column

. Lo e S
Tebwinarzon 0f selnnie inlorod loald

ieagth inciudes the grag {orce,-inercial focce, aczelerazion

tcvep of thne €oluln mass, dad the acedlevatien forge of asn
sffpchive columa of water. The aeceleration [orce of the
pluen and itz effective waker nass arte functions af the

izirmie factor. The drag and inocrisl {erces are funch ions -

3f =ho f1uld velocicy, o, and accelsracion, O.

- - H Y - f x - .
_ 24T cn.'h?f(j] ens 377 Ve ey
- o . {r.;.h]'f-:l- -
" n_T I
. Cmds { J 5in 2% Toos @ 'F
us g (2}
0 ‘ . Losh I."-E- . -
~he average fobce per foot of golean f5:
. am ] H . )
— I ) -, .
Fr =" ::ll:I= + " J dl'i -.-IICI (n'lt+ﬁ~]

. oL o L uhul ’ .
here: Fy = Cuﬁ e T 1 .

-

Eguation {3) may be applied te ciccular and

; rectasgular shagped interior colunag. Zor siccular coluans,

Op, iz the aagirum di won ion of tae meaber cress-sectloa as
ghown in Figure 1. The andlysis EGr rectangular columns i
based en an chivaicnt ciceular column with diametat Bg. Thae
d¢rag faciop is covrecked for rectaniuilar coluan ko agcount
for the odditional resistance to flnu.

Fi5 1
subatituting Equatica (1) aad (2} iato Eguaticn {3} '

"and integrating yic.dr tha Loilauin average forge per foot
of coluan: s L e .

f T X b X . )
€23 r}.] fet3 T‘“r‘ﬁ'f{"s Tl cosiX !(.-nha"J'H *:r-g

273'113 C-:Lh;! (u -IiJ
wf
+ ¥G,050¢4 sinZr Do X sishT M :
d - [ [1] m + I IC‘I (m: ..mﬁ) ["} :
H ceshm, ‘

o . -

che salutioa of Eguaticn {4} iz a fyunctien of tipe and
wocaticn of the caluma in the tank. An iterarpicn with pize
gver theo pogioed £f the s5.c3hiny wave [5 pecessary Lo spareh
ayr the zaximua coluxa I

Far f**p.._.tv the desinqn of the columa for cusbined -.°
bgaz-calums ackiza is made a::u.ning the colzzmiz load aces ] .
vnifaraly cwvel Ena f:ll height of «whe eolean rather than the ;
fluic height. It iz gegormanded uhnt MISC p..ma-y colenn
allowables be wsad in the Seam-colusn design ainca socondaty ,

Ll
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column allowables have safety facrors too low to allew an
addicional lncrease for the selimic load.

crte following deflnes teras used in Appendix 2 orly.
For ether toraz, sco the Mosenclature following the main body
af the pisor. . L
Cp, = ¢erag coeffisient. & value of 1.0 iz roccowended fon
reund coleznz and 1.6 [or wide flange structural .
. * shapes, .
Cy = =SEa5s cocfiicianct. A valug of 2.0 is recpacended, *
B = miximsm cross-oeetion dimension of column, ft, '
i eosnd e e v oand fnevela farze oa ocolasn, 1St
1 ta - -
' P w  average total fevge on'odlumn, 1BSLG.
me @ columh welight, lo/fe,
. - M
' By welynn of 2ffoctive ¢olumn of water, lb/ft. My a e
u « fluid particle velocley, fe/see.
' 4 =, #luld particia sceeleracion, ft/sce. 2
% = bhaorizoncal Iistance {a direction of earthguake fazce
from cepcer af tarnk ©3 ceater of cole=n, fE.
§ = mazs of fluid, Ib-zecifit.t e
r = tiza from Seginning ©Ff wiva cycle, S&c. v varies
fram & to T. -

NOMENILATURE FOQA APDPENIIZ 2
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VIT CURSO INTERNACTIONAL DE INGENTERIA SISHICA

DISERO SISMICO DE ESTRUCTURAS ESPECIALES
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1 DISENO SISMICO DE CIIIMEMEA
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' Ejemplo ilustrado
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1I
]
1 .
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DIZNLD D2 AMALISIS DINAIICO D oA Choimiz

£) A=neciax cancrales

Se {lustre o.contimvacifin’la seguels fe guflisis gue prnuia:ﬁﬁé;-
so dizcutid, cpl:c;dn al cfleuta 2infmicn de una ckimenen €0 coneretn
_ce ED m de alcurn, contieulda en Ia zona del Zaje Mo Cilsss, ea don.
de uﬂ.prc==n:=n lay conclclones mis severas de £1s23p desde £l punto
de wizta :Ismlcn{

La noonetrfa de la ehlmenca queds definlda por las aliuras
Hl - 2.0 m y ”2 = 246,40 é.qua zon les distancios desde 12 piarte
eupczlor de la chlmenea, hasta ef vistice da Tes cones mque definen el
rantg exterior o Interlor respectivamente, cdel funte da Ia'chimenea,

JEl radlo inferior cxterno de! Jugte se conslderd izwal a

Rll = L.02% =7, elentrse que o' radla inscrlor 512 = 4,125 m en la

secoldn kransvezsal do la bare do la chimenca.,

Se¢ considerd nua ol nddyle de clestieidad ol eonarchioe cra
igual = 2.53105 :on!nz ¥ fu veststencln Glblra Fo = 2500 tnnfnl.
con un paso valemfivico de 2,4 lunfnj ¥ un madule de Talagson
frunl o 0,15, E

Spoaceptd la enistededn de cones de tablque tefractarle, con
wn peso vold=Jirico €e 2,3 tnhfmj. toriera con peso volusdtrics
de n.és :unfm] ¥ tecubdrimiente de la cdmara de ventilacidn con peso
volumdizico do 2 tuﬁfmj. Sc acoptd que los tonoo de material refrag
terio tuvicicn un espesor de 0.2) 1, con érpa de marters do 0,003 =
¥ recubrinlente de 0,055 o, Fara todas las cd-aras de ventllacidn,
ae conslderd uma foparseidn de 0.07 m oentro el Eusto ¥ el gong da '
material rafraccaria,

Se zcentd la existencls de ménsulss rectantuistes de coporie de
los conos, coa dimenzianes be=d, 355 ¥ h= 0,40, elitundos & dlstonciza
de 1§ m. Hsio Eor:é la 1d:alizn:£6n d; la chlmeonra coma un alakomp
de rascs concentvadas, situadas o 18 m do dictnacia. fn 14 toblp I
$8 pucsiTan 1as caracter{ztieas meomftricas y diceritucidn de casas
da la‘chitcnca ¢n astudln,

Lura obtener la respuccte dal arflisis dinfmice, Be selocciond
un espocirn Sgn :oefICIcn;u afsaleo midnloe dpuel o 0.7, con orderada
4l erigen dowal a Q.36; el periedo caracterfziico Inferior $c conside
rd 1zual a N.4 5oz ¥ ol perfeds caractes{stice mayos 1scal o 1 [
la rava descendente dol sepectro ga coastderd ronreseatada por um ex-
ponente 1.0 y o seeptd un fagrer do cucsiildad fzual o 2.9

r

La respucsta do 1a chimenea se ouallzd tomande oa conslderactda

ol efecto de la Luerza cortamte ¥ da la flexidn y ce dospreetd o)
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PUENTES

Sexismic analveis of the elevated structure for the
México city "metro"

** Evaluation of analytical procedures used in bridge
seismic¢ design practice
B LY BEarthquake-resistant design of bridges
k**%  Seismic response of multi-support structures
Akkkx

Influencia en la respuesta sismica del puente Coat-
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SEISMIC ANALYS1S OF THE ELEVATED STRUCTURE FOR THE MEXICO CITY “METRQ"

Enrique del Valle (I)
Manuel Diaz-Canales (II)
Jerge Prince (III)
Mejandro VEzquez [IV}

Summary. Seismic analysis of the elevated structure for the Mexico City Me
tro is dascribed. The structure was idealized 4s &n inverred pendulws, --
Rotatory inertia and soil structure interacticon effects were included jin --
the dynamic analyses performed. A comparison with the results of the stat-
i¢ analyais is made., Field tests to determine the actual dynamic properties
in situ ware carried out.

Introduction, An extension of the Metropolitan Transportation System (Me--
tro) of Mexice City is under copsitruction; Lt will have a new elevated line,
10 km long. Extensive atudies were performed to determine the best type of
structure, after which it was decided to uyse prestressed-concrete box-sec--—
ticn beams, 8 m wide, cast in plice and postensioned, with spans ranging --
from 25 to 40m supported on a single line of columns with variable cross --
section {(fig. 1}. The foundaticn consists of spread footings on friction --
piles, '

Beam supports consist of neoprene and steel pads. pDifferent thickne——-
E585 ware used on each end in grder to have a hinged-sigple supparted heam,
Two pada on each side spased 2,50 tranaversely to the beam take overturning
effects. An extension of tho ead diaphragms enter a box left in the columns,
to transmit all lateral lcads to them., To avoid collapse of beams due to -
excessive movement during Strong earthquakes tie-bars were used joining the
ends of the two beamg resting on each coluwmm.

Lina loads are of two types: passenger trains with axle loads of 15.9 -
ton ingluding impact, and a maintenance train, with axle loads of 25.¢ tom.
Different arrangements were used in order to cbtain maximum effects when --
these loads were combined with earthquake.

Seismic analysis. The siructure was analyzed using the Mexico Citv buildng
code which specifies, for the high compressibility clay depesit where most-
of tha line will be located, a seismic coefficient of 0.24 g, which should-
ba increased 30 per cent for the case of special structures. To .compute --
forces, this coefficient may be reduced goccording to ductility charactaris-
ticg. For the Metro structure the reductiom facteor is 2; [(ref.1]).

The Code specifies that anazlyses may be static or dynemic. For the stat
¢ analysia of inverted pendulum structures, deflned as those having more ——
than 50 par cent of the load concentrated at the top, with lateral forces --
resisted by a single element, rotatory ipertia should be included using aa -
expression given in the Code, An additional reduction of design forces is -
possible using a dosign spectrum and estimating the fundamental pericd of vi
bration. This reduction is generally possible in the case of very rigid --
structures on soft soll or flexible structures on 5tiff soil. Dynanic anal-
ysis may be step by step using four different accelerograms with intensity -

I. Congultant, ICA Group. Rasearch Professor, Mational University of HMeoxi
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compatible with thE Code, or a modal analysis using a design spectruns.

To obtain seismic effects the Code specifices that the structure shoold
be analyzed in two orthogonal directions. For the case of inverted pendulum
structures, seismic effects in ong direction and 50 per cent of the seismic
effects on the other direction are combined with gravity loads.

Static Analysis. Accerding to tha Code, seismic effects for inverted pen—
dulum structures consist of a horizontal force and a moment applied at the-
top. The horizontal force is egual to the mass times the seismic coeffi---
cient reduced by duckility. An increment of 304 was applied due to the im--
portance of the structure. The poment at the rop due to rotatery ipertia-
should be computed an

M= 1.5 V,r2 8/4

where V, is the lateral ferce; r, the radius of gyraticn of the mass with —-
respect to a horizontal axis at the top of the structure, perpendicular to-
the direction of anelysis; 8,, the rotation at the upper end due to ¥V, and-
8, the herizontal displacement of this point due also to V,.
hs it. was mentivned befores, sdditiconal reductions might be obtained in
the case of rigid strusturés on soft soil, therefore, the fundamental pericd
of vibration was estimated using the following expression, which is a mod:-
fication of that sropesed in the Code to take intc account rotational ef-
fects: *
2 7 v *
T = 6.3 [{nd;+ IO/ (V8 + MO )] L
3

Here § and O; are total displacements at the upper end due to the cox
bined effect of ¥, and M, = is the mass and J its polar moment of inertia.

Dynamic analysis. Three different models were considered for the dynamic -
analysis: cantilever golumn with mass concentrated at the top and perfec--
tly fixed bame, column with mass having rotatory inertia at the top and --
perfectly fiwod base and column with mass having rotatory inertia at the --
top and goll-gtructure interaction at the base. Linear behavior was assumsas
using the oedels proposed in ref.2.

For the first podel the moment at the upper end is 2ero and frequency-
iz equal to the sguare root of m over k. For the second case, the freguen-
cies are given by

Jd

— T F TR kT +~k3:+imk.}?;k‘:i{;£T_Tﬁ2:.1f2--- =S
=y - —_ \

where k is translaticnal stiffrneas; k_ rotatlonal stiffness; ¥ = 1-88; & is
the horizontal displscement at the top due to a moment k_: 9 is the rota---
tion at the top due to a horizontal force k; usyk k_, ¥ is the rotation at-
the top due to a unit horizeontal lead or the lateral deformation due to a -
uhit moment applied at the top.

Table 1 summarizes the above alastic properties of the column for both
directions of analysis: table 2 shows values of m and J gorresgonding to-
the most adverse arrangement of live lead,

Modal configurations for the secornd case are given by
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where x and £ are total displacements and rotations.

The spectrum ysed corresponds to the soft sgil of the city and is de-
acribed by a = (0,06 + 0.225 T} g for T <0.8 sec; a = 0.24 g for  -—--—--
D.8 sec <T<3.3 Bec; a = (D,792/T) g for T »3.3 sec. Wnere &, the spectral
acceleration, may be reduced to compute seisgwic forces dividing by a due--
tility raducticn factor ¢ = 2 for T*0.8 sec or by ¢' = 1 +1,25 T for —-——
T<(.8 sec. '

The fundamental pariod of the atructure i5 smaller than 0.8 sec, there-
fore any increase ip its walue due to scil-structure interaction would in-
crease the response and model 3 was necessary. As the structure is sup—-
ported on friction piles the dynamic propertles of-che foundation are.dif-
ficult to evaluate. As meénticned before the model used is described.in --
ref. 2, it does not include the mass of foundation and adjacent soil. Stiff
nesses in translaticn and rotation of the group of piles.were computed ---
using Hrennikof's moathod (ref. 3} Lateral stiffness computed is 21 0OC Lon/
cm and rotational stiffnesa 3 00 000 ton-m/rad, The mechanical elements -
cbtained by the three dynamic models are prefented in table 2 for the least
favorable load combination.

Comparison of results. It may be ckserved in table 3 that the moment com--
puted by the static method is largar than that cbtained with dynamic mod--
els 1 or 2, howaver, lateral force is larger in the dynamic model with ——=
scil-etructure 1nteraction and the momants at the base are larger than -—--
those computed statically.

Combination of effects in baoth directions leads to similar results in
the static and dynamic analyses.

Fesearch program and ficld tests. In crder to evaluate the dynamlc parama-
ters of the structure a research project is underway at the writing of this
paper. It includes free and forced vibration of beams and colushs to mea-
sure effactive modulus of elasticity, periods of vibration and Soil-struc-
ture interaction effects, as well as theoretical studies to analyze more -
sophisticated models of sojl-structure interaction and step by step analysoes
with typical accelerograms recorded on the soft-soil of Mexico City. Fig 2
shows a general view of the tests. Due to space limitations results of this
research program may be deticribed during the conference.

heferances.
1. Haxico City building code, 1976

2. Rascdn, O.A. "Seismic effects on inverted pendulum scractures®
{in spanish). Hev. Soc. Mex. Ing. Sism., 1865

1. Bowles, J. Fpundaticn Analysis and Design,
HeGraw Hill Book, Co., 1968.

o



TABLE
COLUNMM PROPERTIES

X BPIAECTION Z DIMECTION

" TERIA.3T | ton ) TooEs, T tom, Sfm

wr | uaeaz ne | vorsasad aaEzss, Vean pm st

BiIDEO-8 ] 1/ Tan, 2. 5Bui0-8 | LAYan.

wr
’ »
& . B3I i Sm | g D ZABRAD | ed S
4 #
" "

r

3. 83 | moran. A m Aod,

(=1 1] D EED

r |zsrec. a7 | 10n, Izzuna. yon.

TABLE 32

COMPARATIVE RESULTS
gg FORCES AMD BEINDING
ANALYZEQSE | MOMENTS A T BASE
MaDE L E:‘ oF CoOLJYMHN
e
L S L . 28[v8a] % [inn".'—mli Yo
f "; e == - BTATIC | X ['z8.27 jioo.o izaua|les.a
- lanawrais| z [1ie.ee oo .o |se7.w0loa.o
TABLE 2 U‘ l RALLE] »A_a 141.-4; 52.1
m AND J  FOR OKE LOADING CONDITIDN -:' ; I Ziveag | 2% 4 add 08 34 4
i ) | a|{me.3s s
§ . |mass {1on.—ssg’/ m} |ROTATORY “le q ! | x| asel s,
Ef - e “g"'-m-'."t’ Z:'I{Z ill.lzi *5, 3 (w%.I7)| B4 .5
J a :;ﬂ:ﬂ:; A O :I;:'.‘h'l'ﬂ‘l'nk ?:.E"'“ :_1::. -rn-r.u.l-} s z ¥ hham =mm|joa. 7 gz.‘,_q‘i TE .2
4
= TR AR T.OL zz.ui'iot.urna,qni-..l -..1:.24! « I z 1“,_" ser.s | .aslhiia. e
z T4 R| T.OI 11:5-1*m.l-| o) 1T ‘r-l,n} :

Fig .2




guL 9

- EVALUATION OF ANALYTICAL TROCEDURLS
USED IN BRIDGE SEISMIC DESIGN PRACTICE

by
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R. ¥. Nutt, Senlor Research Engincer
Engineeting Computer Corporalion
J. Peazien; Professocr
Unjvaraity ~f California, Berkeley
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_ IWTROLUCTION :
The atcurarg prediction af stresses gnd.displacements induced In the

wariovs conponents of 4 structure duving a strong motion earthqunke is the

by to impreved earthquaeke resisrznt design., Predicting these stresses and

digplecens=nts in bridge structurrss —ay be divided into the following two
general tusks:

1) Determinmation of the seismic load.

{2% Determination of the effect of this load on the structure, -
These two tasks are typlcally roeflected in current seismic design pro-
cessez guch as the one uged at. the Qffice of Strucrures, California Tepart-
ment of Transportation (CALTRANSY. This process is depleted in Figure 1.
Tha sz2ismic load to which a structure will be subjected is determined oy
sclecting the appropriste gite dependent design responsce Spectrum, [ne
eftect of this loading on the bridge structure i3 then determined by
preclicting the elastic rasponse of the gcructutre by anv cne of several
methods, and reducing cthe elastically determined forces to account for the
effects of structure vialding. Elastic displacements are generally con-
sidaved to be equal to the actual displacemescs.

"Wirh the revoiution in stiugrural anatysis broeght on by the advent
ef wodern digiral computers, 3t nay appear to the casual observer tafamiliar
"with structural dyaasmics, that Lhe scvcowl task {(1,e., predicting the effect
of 8 given selsmic loading) has evelved (o z state which approaches an
exact gcience. However, this 1s nor the case. One of the primary reasons
foz thia 1y the lack of fleld datn oo the actual magnitude of stresses and
d{splacements ocecurring in hridpes during a major earthquake.

In an effort te overcowea, at least partially, this absence of data,
a model structure was subjected to simulated earthquake loading on the
ghaking tabkle at the University of Califorpnia Richmond Field Statieon. Data
galred from this experimsont was correlated with results {rom a sopnisticated
research orlented computer program developed specifically to predier sceismic
response of bridpe structures. fThis correlation studv resulted in a gub=
stantial improvemeat in the algorithms used to calculate nonlinear responsc.

Many bridge designers dec not have Jaccass to compitter facitinies and
those that do must use prograns that are less sophisticated thanm the one
meniloned above. In practice, therefeore, stresses and displacements are
determined by more approximzie tcans which eaploy several simplifying
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assunptions. With the present abseace of field data, evaluvatlon of these
means can only be donme by comparison with more scphisticated analyrical
approaches which are known to better model reality.

This paper deals with an evaluation of the currently used methods for’
pradicting the response of hridge structures to a given seismic loading.
An evaluation of both the equivalent static load and the response spectrun
techniques for determining seismic effects on bridge structures is included.
The experiences of the authors In thelr association with the University of
California at Berkeley and the California Department of Transportation were
drawn on to make cthis evaluation.

RACKCROUND
Prior to the San Fernando earthquake of 1971, bridges were generally
designed for earthquaké forces using an equivalent stacic force-approach -
known as the Lollipop Method. In other words, the bridge bents were assumed
to act independenc of cne another-as single-degree-of-freedom oscillators
with a8 lumped mass equivalent zc the tributory deck mass as shown in Flpure

2. Both strycture period and load distribution were determined vsing this
method.

L

-
l'“
M =-'g— :zzzzzz? LA
STRUCTURE STRUCTURE
IDEALIZATION = . STIFENESS

"lollipop" Idealization
Figure 2

Imediately following the carthguake, CALTRANS recognized the need to
develop a more ratiocnal earthquare design procedure for bridges. Efforts
were initisted to develop new earthquake design guidelines that would con-
sider seismicity and the vibrational properties of both the bridge and the
underlying soil. There were two basic approaches that evalved regarding
the method that should be used to perform the scismic analysis for hridze
design. Proponents of the Eirst approach proposed that a simplified technique
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for applying equivalent static foree be devised that would dliaw the desi

to use his present knowledpe of the static behavior of structures to design

the bridge. Those whe favored the second approach,, felt it was
able to train the bridpe designer to perform more sophisticated
vhich more realisticzally considered the dynamic behavior of tha

The firet approach required the development of on improved

static force approach. It hecame evident to the CALTRAKS engloecr that the

more desie-
analyses
gtructureo.

cquivalent

previously used Lollipop Method wes not a realistic method of analysis.
Efforts to [find & simple but realistic method of applying an equivalunt
static force to & wide range of hridges resulced in the formulation of a

uniform lateral load technigue, wnown ag the Uniform Load Mechod.

technique, whick was the first atrempt to revise the equivalent

This
statbic

force method, is still not totally satisfactory, howoever, in that it pro-
duces accurate results for only a limited number of bridge types.

At CALTRANS thera werc several facrtors that have made the second
approach invalving more sophisticated analysis the most. desirnble. Some

of these factors ars ae fallows:

{1) The unusual geometric aligrments, support conditions,

and

reatralnts of many bridge s:iructures on a modern highwaw
syatem Yrequired more sophisticated Chree-dimensional mathe-

matical {idealizations to obiain realistie resoles.

{2) Scphisticated in-house computer capabiliries were available
with the required mathematical idealizarions te perform a

dynamic analysis.

(3) 1t was necassary to use the same computer program t¢ perform o
space frame analysis tv effectively apply the Uniform Load

Method as was required to perforn a dynamic amalysis,
with modesr additicnal training, 8 more sophisticated

Thus
analysis

was possible at a relagively smzail additional efforr aad cost.

{4) . There was a comblnation of: 1) willingness of management, 2)
abilicty of bridge designers to learn new techniques, and 3} an

avallability of gualified personnel who were assigned
technical support on an angoing basis.

to provide

ighar

ERTET

This® appraach*‘which has™ pruued succpssful ‘at CRLTRANE'_resulted in Ttk

implementation of three-dimensional response spectrum modal analysis to

determine design seismic forces for bridges onm a routine basis.

The AASHTO Specification [1] for Bridges (1977 refloets the two
approaches by specifying that the effect of seismic farces on hridges shall
be evaluated by considering the dynamic respanse characteristics of the

total bridge ualng one of the following methods:
{1 Equivalenc scaric feorce

{2) Response apectTum dynamic analysis

-t
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For "special cases,” the gpeciflcations recommended the use of dynamic
analyals technigques. BSpecial cases are considered to be structures with one
or more of the following characteristics:

{1} Located adjacent o active faulr(s)

{(2) locaced in area with unusual geolopgic conditions
{3) Unusual geometvy, tost, importance, ete.

(4) Structure period greater than 3 seconds

These specifications wvere written following the San Fernande earthquake
of 1971. They are to a very large degree the reaction of CALTRAMS bridge
degipgn and research enginecrs to tha failures that occurred during that
earthguake.

The San Fernando carthquake alsc stimulated a renewed enthusiasm for
additional thecretical and experimental studies into the seismiec behavior
of bridges. Jne of .these studiles, conducred at the University of California
at Berkeley, was deslgned to investigace the effectiveness of existing bridze
dosign methodology In providing adequate structural resistance to selsmic
disturbances. This prnject extzaced over approsimately six years and
included the following six phases:

{1) A review of the world's literature relating to seismic effects
on highway bridges {2]

{2) An analytical investigation of the dynamic response of long,
multiple span highway overcrossings [3]

(3} An analytical investigation of the dynamic response of short,
single and multiple span highway overcrossiags [4,5)

(4) Detailed model experiments on a shaking table to provide dynanic
response data which could be used teo verify theoretical response
predictions [6)

{5) Correlation of experimental and theoretical response, and modi-
fication of analyrical procedures as necassaty [7)

(6) Pr;iaratiun of Tecommendations [or changes in seismic design
specifications and methodology (8,91 - .-

This project made substantial contributions to the advancement vf the
atate of knowledge regarding the dynamic response analysis of bridge struc-
tures subjected to seismic loadings. As part of Phase 6 of this project,
case atudies wvere performed to evaluate the accuracy of results obtained
from currently available computer analysis techniques. 0f primary concern
was the response spectruns technique that has galned wide use in bridge -
design. The results of these case studies provided the basis fer the '
evaluation of response spectrum analysis presonted in this poper.
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EQUIVALENT STATIC FORCE METHODS

Introduction :

The development of & realistic simplified equivalepc static load
approsach for the dynamic analysis of bridpges that would suffice for the
final deaign of simple bridges and could even be used for prelininmary design
on the more complex bridges, is degirable for the following reasons:

(1) Simple extensions of what is currently used and would be casy to
implement

{2) Does not Trequire a computer
(3) Quick and casy to apply

The determination of selsmic responée by cthe equivalent static force
method basically invelves three zteps:

(1) calculating the period of the first mode of vibration in tha
direction under consideracion.

(2) Obtaining the corresponding response coefficient "C".

{3) Distributing the resulting equivalent statif earthgquake lorce to
the substructure elements.

Lollipop Method

w
[

In the past, the determination of the period and di;tributiﬂn of tha
garthquake forece was accomplished by simply applying the formulas in the
code. The idealization for the Lollipop Method implied trne following
simplifying assumptions about the dynamle behavior of a bridge:

(1) Each bent vibrates in its own natural period, indepcndent of
the other bants.

(2) The transverse bhending and tersional stiffmesc of the super-
,stEUEture do not contribute to the stiffnuss of the sysiom.

—— T —

i p— . — .-—.-.-4--....._-.-.-—-—-—1--.-_._.._._.._-. [ Ry o ——

~There are several nbviuus over-simplifiled assumptions in this approuch.
Even for bridges of simple geometry, the assumprions were somewhat {n error.
The inaccuracies that occurred in the calculation of structural period
resulted in unrealistic¢ values for the equivalent static earthquake force.

In addition, the distribution of this force was in error. The main advantage
of this technique was that it was sinple and easy to apply- ’

Iniform Load Mathod

To overcome the daflclencics in the Lollipop Methed, an empirieal
approath, called the Uniform Load Method, was devised with the following
cblectives:

-6-
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{1} Maintain cantinuity of the superatructure in determining the
natural period of the gystem.

{2) Distribute the earthquake force te all of the participating
eletenta of the bridge.

{3) Allow for emse of zpplication ueing selsmic design coefficients
and atatic analysis techniques.

The steps in the Unifors Load Method approach can be summarized as
follows: ‘ ' '

(1} Apply a unifarm horizontal load {usually taken as unity) te the
structure in the direction of vibration as shown in Figure 3.

STIFFNESS = Wi{zL]

Uniform Load Idealization
Figure 3

{(2) Perform a static analysis on the structure to determine the

resulting displacements and member forces due to the applied
uniform load,

{3) Ad]ust the maximum displaceoment to 1 inch. Using this adjust-

ment factor, adjust the uniform leoad fo certespond ro 2 maximunm
displacement of 1 inch.

(4) Mcleiply the adjusted uniform load by the length of the structure,
This iz the value for stiffness which, aloog with che toral dead
load of the structure, can be used to compmte the fundamental
transverge period of the structure.

[y
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(5) Having obtained the period, degermine the response coefflcient
"E" fram the regpomse cutvea.

{6) Determine the total earthquake force acting on the structure by

- copbining the response coefficient with the framing factor and
the total dead load,

{7) Convert the total earthquake force inte an equivalent unifarm
load.

».

{8) To determine forces in the pembers due to this uniform carthquoke
lvading, prorate the forces in the members from the originsl
uniform loading applied to the scructure.

The desirability of using a simple approach employing a seismic coeffi-
cient in 8 statle aralysis, rather than a complex dynanic analysls, has
provided the impetus for implementing the Tniform Load ¥erhod. Recernt
experieace has shown that this emplrical approach gilves accurate resclts
for certain types of simple bridges, but it can require more effort than a
response spectrum dynamic analysls., This is because the Uniform Load Feihod
requires a epace frame analysis for all but very simple structures to pro-
perly analyze the transverse stiffness of the columns interacting with the
superstructure., '

Several case studles [10] ware performed to evaluate the accuracy and
limicarions of the Uniform Load Mathod as compared to a response spoctrum
dynamic analysis. For comparison, the Lollipop Method was also included in
these case studies. In selecting bridges for these case studies, different
structural and geomctrie characteristics were considered in order to avaluate
the effect of the followlng paraneters: .

(1) Number of spans

(2) Ratlo of span lengths

{3) HNumber of colums per bent

(4) Curvature

{5) Skeuw
{6) Strucrure width :
{7} Column length and fixicy . .

e ——— —An attempk_ was-made-to- catEgnrize the_types of structures which cruled

be RQCurater analyzed by thé Unifors Load” Method T It- ‘was-found-thatsthe so=C
single most important criterlon for categorizing the structure was the tela-

tive stiffpess between the superstructure and substrueture.  In order to

quantify this criterion, a stiffness index was established.

The Stiffness Index relates the velative contribution of the columms to
the transverse stiffness of the entire structure. As illustrated in Fipure
4, the Index ls found by taking the ratle of the transverse stiffncss of the
encire structure, including the coluons, to the stifiness of the superscruc-
ture alone, acting as & simple beanm. -

Based on the cases condidered, 1t was observed that the Uniform T.oad
Method can yield accurate results for structures with corrain characteristics.
Continuous styuctures un a strafight, non-skewed alignment could generaily
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STIFFNESS INDEX =

Stiffneas Index Definition
- Figure &
be analyzed using this appreach provided the stiffpness index was 2 or less.
However, for structures with a stiffness index greater than I, omly those
with balanced span lensths and equal column stiffnesses could be accurately
enalyzed. This method was not satisfactory for structures with gkewed
supporta, Intermedlate hinges, or curved alipgnments.

Eince thera eate several limltatdions to the Uniform Load Method and
aincae it generally requires & space frame analysis, there is a need to
develop a simple butr effective means for applying the eguivalent static
force approach ta bridge structutes,

In the developoent of an eéquivalent lateéral force analysis procedure,
it ig necessary to determine the perind of a structure and the distribution
of the resulting lateral force. A reliable sethod for calculating the period
st include the effective stiffness of the deck, restraining devices and
soll springs, and the discontinuity of expansion joinis, in additfen to the
individual column sciffresses. In shart, the true dynamlic behavior of the
bridze should be considered. The period should, if estimated, be an under-
estimared value to provide a conservatrive estimate of the equivalent lateral
force, It is unlikely all bridge types will lend themselves to simplified
techniques, but 4 large percentage of common typea of bridges should ba
covered. Both longitudinal and rransverse modce should he considered. Above
all, che method should not require the usc of a computer. '

irncralized Coordinate Methaod

Anothet equivalent static force approach, that shows prowmise, ecan alse
be used to determine the period and earthquake reésponse of certain types
of bridges by applying cnergy principles to a generalized sinple-degree-of-
freedon systéen. This mechod 1s based on the premise that the shape of the
vibrating structure can be assumed and expressed mathematically in terms of
a single generalized coordinate. The lonpltudinal and transverse modes of
vibrarion can be separated Into two classes of generalized single-degrec-of-
freedom syscems.
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For the 1nngitudi&h1 mgde of yibration the structural displacement is
characterized by the behavior of a rigid deck, Llmiting all the eolumns to
equal longltudinal displacemonts as shown in Figure %. This [s the classical
approach which has been used in the paat to detemine the longjtudinal earth-
quake force for design.

"
* ]
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{sUM OF COLUMN SHEAR STIFFNESSES)
Vf//Lff/fTY/ |

{1
t ) nmm DECK ﬁ
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Flgure 5 '

The transverse mode of vibration is wore complex in thar the transverse
displacement of the columns are not all equal but rather are functioms of
thelr position along the superstpucture as shown in Figures & and 7. In
addicion to this, the continuovs superstructure will undergo bending and
will thus make a coatribution to rthe potential emergy of the system.

The reliabilicy of rhis method depends on the ability to predlect and
define the structure's mode shape. The effective application of this tech-
nique alse requires that one mode deminate In each direction. Fortunately,
~many-of-the -simpler_bridges. being_designed. today_natisfy buth of thpse

[ T T

requirements _ o —

The method may be applied to girder deck bridge with no more than one
Intermediate hinge and having the following characteriscics:

{1) Tangent{ or nearly tangent alignment
{2} TDeck length te widcth ratio less than 13
{(3) Skew angles of the abutments and suppotrts less than twenty degrees

{(4) Approximatoly uniform span lengths and column stiffness
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The basic approach of the method is outlined in the followlng steps:

(1} Assume the predominate mode of vibration and define a gencralized
coordinate at the location of maximum displaccment {n the diree-
tion under consideration, . E

{2} Calculate virtual work done by external forces and internal member
forces as the structure vibrates through a unit virtual displace-
ment at the assumed generalited coordinate,

{3) Equate work to zero and solve for the structure peried of the
predominate mode in terms of the "Generalized Mass" and the
"Gengralized 5ciffness"

(4) Deternine the seismic coefficient from the appropriate response
apectrun chart,

(5} Determine the earthguake excitation factor and scale the selsmic
coefficient,

(6) Determine the maximum gencralized displacement.

{7) Determine the individual celumn forces using the generalized dis-
placement calculated, )

{(8) Calculate member fovees, apply ductilicy factors and desiga the
oembear.

It should be noted rthat the firat three steps given above are used onaly
in the development of the formulas. The designer need not repeatr these steps
for each design since they are implied In the use of the formulas.

This approach was tested on several bridges which had, previously been
analyzed by the response spectrum technique. In most cases where this
approach could be applied, the results compared well with those from the
regponge spectrum amalysis. In alwmost all cases, the compariscn was hatter
than was obtained using either the Uniform Load Method or the Lﬂllipap Method.
Although the generalized coordinate approach to the eguivalent static
force-method-is-not-widely used ~{t- appears;to- -be-a:definite-improvement over=To-
the other two methods. -

THE RESPONSE SPECTRUM TECHNIQUE

Introduction

The cesponse spectrum dynamie analysis procedure is indeed an improve-
ment aver the eguivalent sratie force metheod, There are limits to its
applicabilicy, however,

The first shortcoming of the response spectrum approach Is that the time
domain has been removed, Since maximup modal responses do not occur aimul-
tancously, It is necessary to use a atatistical combination of modal responses
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Buch as root mean square in order to obtain reallscic design loads. The
actual combination of modal response depends on several factors related to
the type of strucrure and the nature of the actual ground mction. Tnerefore,
the use of a statistical approach to replace the pffects of the removed time
domain may not yield realistie results In certain cases.

Anothor deficiency in the response gpectrum i{g that the duration of
shaking is not accounted for by the spectrum. The maior effect of duration
w11l be on stiffness degradation and atrength loss vnce the member begins
yielding. . .

Since posteldstic behavior 1is nor gpecifically accounted for in the
overall reaponse analysis, a ductllity factor or teduction faceor is applied
to reduce the forces obtained froa a linear response specttum analysis. This
factor 1s applied either directly to the response spectruom or to the forces
obtained from.an unreducad spectrum. Because 1Little is known about ductile
behavior of bridges, the ductility factors used to determine the magnitude
of reduction in bridge design have baen extrapolatcd from research on build-
ing structureg, Furthatmore, the llnear analyals does nob account accurately
for neonlineay behavier at expansion jojint hinges, nor does 'it provide a means
for aasessing the redlstribution of stress as vielding occurs in the ductile
zembers. The analyticel capabilities which evolved through the variaus
phase of the University of California research project zade it possibie Lo
evaluate the nonlinear behavior in the coluone and sapansion joint hinges,
Recognizing hoth the limlrariens inherent in using elastic analysis tech-
niques and the availability of improved enalytiecal capabllities developed and
refined during this research effeort, case studies were conducted on three
bridges t¢ evaluare the apalytical approaches currently used for seismic
design of highway bridges.

The purpose of these case studies were to compare the resules of 2 timae
history analysis that considers nonlinear hehavior with results from both a
linear time history and response spectrum analysais, Based on this comparison,
the effectiveness of the current reaponse spectrum appreoach as showa in
Figure 1 can be evaluated. '

Propertics of the Bridges

Three bridges which were designed by the Califoraia Dopavoment oF
Transportation were aeiected for this study. All three structures consist
of curved concrete box girder decks cast monolithically with single columr
bents. Because of the length of the bridges, each siructure hag one OT RO
intermediate expansion joints to accomnodate temperature movement.

This type of structure is common in California and is typically used in
freeway interchanpes. During the San Fernande earthgueake of 1971, sone of
the most specracular failures involved this type of hridge [2,11]. Ona of
the primary cause of fallure appeaTed to be the separation of expansion joint
hinges. A3 a result, all structures of this typne designed since the eartn-
quake, including the three used in this study, have been fitied with

- restrainers designel to prevent suparation. These restralners must D2

gapped to allow frecdnm of movement for tempeTrature, etc. A typical expan-
glen loint hinge of this type i shown in Figure B,

-13-
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Typical Bridge Expansion Joint y
Figure 8 :'

In grder to ghtain a better understanding of the behavior of this type
of bridge, cach of the structures selected had a different fundamental pericéd
of vibration. A Bummary of some of the important properties of thase bridges
is shown in Table 1. These bridges are showm in Filpure 9, 10, and 11,

Colurm Periods of
Spans Curve Lengths Hinpes the Flrst 20
Bridge {Length 1 Radius £y | Span ] Modes (5ac¢) :
No. (ft) %o, {ft) [Min. | Max. J%o0.l Lloecatiom| Max. | Min. |
1 698 6 600 134.3 | 26.3 1| ] A0 A7
g2 e e _v07s_j2safaea | s x| a5
3 1410 9 1650 |60.7 | 85.6 2 3.7 1.% L2

Basic Characteristics of Bridges Selected
for Case Studies
Table 1

Mathods of Analysis

The following three types of analyses were perfermed on ecach of the
three bridges selected.

=ld-
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(1) A responsc spectrum modal analysis, which is the approach that
was used at CALTRAMNS, and appeared to be the mest deslrable for
general use In bridge design.

{2) A lingar time history modzl analysis, which includes considerat lon
of the time domain but not the effects of nonlinear hehavier.

(3) A nonlinear dynamic analysis, which eaplayed a step-by-step into-
gration technigue and included the effects of both expansion
joint and column nonlinearity.

The linear analysis capabllicties of STRUDL (STRUctural Design Lanjuage)
were used to perform the reaponse spectrum and lineary time history analysces
{12]. STRUDL is a well-known general purpese computer program for statin
and dynamic analysis of linear structural systems. The MCAUTO propriciory
version was usad [13].

The aonlinear avalysis was performed by the NEARS (Menlinear farthruake
Analysis of Eridge Systems) progran [3.7). This computer program uses a
step-by-step intezraticon procedure which assunes plecewise lipnear behavier
over each increment of time, The lipear acceleratlion method was used for
this study. Loading was input as rigid support acceleratiens. The pregrcan
element library has the cocnventicnal linear elements plus the following
nonlicear element types:

(1) Elasto-plastic stralgh: beam elements
{2y Bi-lipear houndary spring elements
(1) Nonlinear expansion joinr slements

The two nonlinear parameters consideved for this study were the vicliding
of the sinple column bents, and the nonlinearity of the expansion join:t
hingesn,

The yielding of cclumns was limited to axial and flexural yielding
zlong an intevaction yleid surface. The yield surface for a typical 5ridgae
column is shown {n Figure 12. The ultimate capacity of the celumn in shear
was considered to be infinite,

The nenlinear behavior of the cxpansion joint hinges were modeled using
the expansicn joint element showm in Flgure 13, In this expansien joint
hinge idealization, the restrainers were assumed inactive uncil movencnt
at the joint was sufficient t0 take up the gaps which are normally placed
in the restrainer anchorages to allow for normal movements of the Jain:.
When the restrainers were active, they behaved in an ideally clasto-—plastic
manner, Relative movement at the hinge was limited by stiff {mpact springs
which wore activated upon closure of a seat zap. This represented banging
of the two adjacent superstrufture sectiops., The verrcical and shear spitff-
ncsses of the bravring pads were alse included in the oxpansion jain: cloemenr,
Relative movement of the pads at the pad-concrete inrerface thn the Coulem:
friction force is overcome was also considered.

_18-
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Rigid support motion was used for all of the bridges. The ST 8+ time
history ground motion developed by Sead and Idress [l4} for a simmlated &+
Richtcr magnitude earthquake was used. The responsc spectrum for this
motios, shown in Flgure 14, was gencraced for 5 percent damping. This
ground motion waz applied to the bridzes in the two orchoponal divecrtiona.
The longitudinal and transverse motions were directed parallel and perpendi-
cular to a lipe between the abutments,

With three types of analysis for each of the three bridges stodied and
ground motion in twe directions, the total number of cases examined amounted
te 18,

The bridge decks and columns vere modeled with space frame members.
Masses in the deck were lumped at tha quarfer peints. Column masses were
lumped at the third points. For simplicity, the base of each column was
assuried fixed at the footing., The abuctments were agssumed te be free to move
in the longitudinal direction, A typilcal structutre Idealization showiny the
location nf lumped magses 15 shown for each pridge in Flgures 13, 16 and 17.

The hinge idealization for the clastic analyses was modeled by releasing
maln girder cmember axial forces, and superimposiog transversely eccentric
gpace franme members between both sections of the superstTucture Lo accoumt
for the restrainers. This idealization assumes no gap and hoth iension and
compression at the restrainers,

The expansion Joint element used in the nmonlincar analysis includes
saveral parameters which more realistically describes the boundary conditlons
at the hinge. Design wvalueszs shown on the plan drawings for tie and seat gaps
were used. In actvality, these values will vary depending on such facters
as temperature and shrinkage. Cable restrainer stifinesses were calevlated
assuming an ¢ffective Youag's modulus of 13,800 kips per snuare inch. The
yield force in a typical 1/4 inch restrainer was taken as 30.86 wips. The
shear stifiness of elastomeric bearing pads was calculated based on an
assumad shear medulus of 135 psi. The coefficient of sliding friction for
elantomeric pads on concrete was assumed to he 0.4, For lubricated slidinmp
steel plates, the shear stiffness was assumed to be very high and the {ric-
tion very low. For the purposes of modeling impacring of the superstruciure,
the impact spring was assumed tg have the axial stiffness of the shortest
adjacent section of guparstrueturae.

%onlirear ¢olumn clements were used at locations where column yielding
might be expected. Nonlinecar colusns were modeled on NEARS by matheomatically
diesceribing the yleld surface as shown in Figure 12.

Resulrs

Modal participation factors Indicated that all threc structures had a
tendency ta reapond in mare than one mode. Also. hecause of the curved
alignments, each of the bridzes had some modes which [ncluded high participa-
tion in more than onc global directlon. This makes it likely that similar
internal resisting forces will pesult due to seismic cxcltation in either
global directrion.
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Current bridge desipgn practice is to conslder scismic excltation in
each of the glohal directions separately, However, bhecauvse of the possi-
bility of simultancous excitation 4in mere than one global direetion, and
the ‘sensitivity of certain intercal force components to excitation from
different directions, it would appear cthat earthquake resistant design would
be improved by consldering some simultancous contribution from seismic load-
ing i{n each of the global directions.

In the case of Bridge 1, the modal perlods of the first few modes were
very close, and occurred near the peak on the responae spectrum for the
grourd motlen used. This resulted in the in-phase modal contributicns in
the direction of ground motion. In the horizontal direction perpendicular
to the ground motion, howuver, the tendency was for the modes to respond
almost exactly out of phase. This was accounted for in both the linear and
nonlincar time history analysile. The responsa apectrum analysis, however,
which was based on a roct-mean-square combination of modal response, yielded
results that did not agree well with the time hilstories. This was nore
pronpunced as indicated by forcas resuleing in the direction perpendicular
to the ground moties.

Because of rhe high response ol sevaral modes in each of the bridgzes
studied, 1t was found that & cembination of modes that included the pesk
response plug the RMS of cthe remaining responses yielded results mere in
agreement with the linenr time history {n most cases.

The nonlinear time history analysis results indicated that gignificant
colysn ylelding could be expected in Bridges 1 and 2 while Bridge 3 would
have experienced very little vielding., Since these hridpes were designed
to resist different intensity loadings, this was not considered to be
significant.

Bridpe 1, because of itz lover fundamencal peried, was subjected to a
considerable number of strese reversals that resulted ia substantial yield-
ing of the columns. Intuiltively, from cbserving the time history of yiclding
for these columns, it would appear that a great deal of column degradation
would have cccurred, Yer the dustility demands, which were based an the
maximum nonlinear celumn deformatiens, were well helow the values considered
te be available based on monoforic loading exwperiments. This points up an
interesting deiiclency 1o the eutrrent method of designing bridge columns.
Based on the above observation, it would appear that shart peried structures
would have a reduced available ducrility in the columns due to the increased
column degradation that would occur during the larger number of excursions
into the ponlinear range. Wob only is this not considared in applying a
ductility reduction facter to column forces derived from an elastiec analysis,
but {t iz common practice ko further reduce the foreces in short perlod struc-
turea by a risk factor aof 2. It would appear thar this is just opposite to
what should be done,

The nonlinear regults for Bridee 2 yielded the highest single maximum
column ductility degand of all three structures, The ductility demands in
the remaining ¢olumns were not as high. It was interesting to note that the
¢lastic moments from this earthguake were appreximately double the yileld
moments. Therefore, had the normal ductilicy reduction factor becn used to
design the column for rhis selsmic loading, the ductility demands would have

-2 5=
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been even higher. The reason for the high ductility demands in this ginzle
tolumn, was the nonuniformity of column stiffness and yicld moments which
Tesulted in nonuniform yielding. The current practice of approximating non-
linear behavior by applying a constant ductility réduction factor to an
elastic analyails cannot predict this type of behavior.

The effact of large desdload moments was demonstrated In the nonlinear
results for Bridge 2. Column yilelding war more proncunced in the direction
of high deadload pomentsa. This resulted in a biased responsé that resulted
in a tendency to relieve the deadload moments due to yielding., Since this
would effact the distribution of norzal service lcad poments and shears
following an earthquake, this should be coasidered duriag design,

In all the cransverse loading cases where columm yielding occcurred, the
nonlinear analysis yielded seismic shear forces at the abutments that were
greater than the linear cime history analysis results. This Is because the
columns were incapable of carrying all the shegy forces determined in the
elastic analysils, and the excess was transferted through the deck to the
abutments. This szme phenominon was observed at the hinge in Bridge 2. This
particular hinge was located near a stiff column that behaved simiiar to an
atumment during an earthquake. In gereral, however, hinge shear key forces
vere plightly less in the nonlinear analysis.

The maximun deck displacements from the nonlinear analysis were almost
aluays lesa then those from the elastic time history analysis, The excep-
tions to this wera when localized maximum yielding occirred early in the
earthquake, and when the deadload moments caused biased yielding as mentioned
earlier. Classical methods of predicting nonlinear displacements based on
equating strain energy from anm elas:tic analysis to the sum eof sfrain energy
and energy disslpated In a yielded structure did not apply for these bridges.

It was obvlious that because of reduced deck displacements and the aormal
gaps that are placed at the hinges to allow for free movement, that hinge
restralners were not strassed in the single hilnge bridges. 5Stresses were
devaeloped in the restrainars in the two hinge bridge. The banging action
that occurred berween tha adjacent sections of superstructure caused these
forces to vary considerably from the elastic anaiysis, however. Currently,
thare appears to be no way of accurately predicting restrainer forces ‘rom
an elamtic anselysis. The methods currently uzed seem to, at least tor these
bridges, yield comnservative rosults.

CONCLUSIONS AND RECOMMENDATIONS

Basad on the evaluation of the current methods for determining dynamic
response to selsmic loading, the following general recommendations can be
made relacive to the improvement of seismic design methodalogy for bridges:

(1) The Uniform Locad Method for applylng the equivalent static forca
-approach te selsnle design of bridges is not totally satisfactory.
An improved method using enerpy principles should be further
developed and implemented into the bridge design process.
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The respohse spectra currenlly used in the AASHTO apecificatlions
should be revised s0 as not to include the reduction for ductility.
Ductility reductions should be made on an individual component
hagis., '

"Selsmic design provisions should consider the simultaneous appli-

cation of earthquake mocion in the three component directions
since there is in many types of hridges coupling between the

component directiona within each mede of wibration.

The PRMS {i.e., peak plus RMS of the remaining) combination of
modal centributions resulting from a response spectrum analysis is
an improvement for certain bridges analyzed by the response Spectrum

.technique and may potentially be used for bridges having two modes

of vibration with approximately egqual periods.

Seismic design provisions should establish some threshold of
ylelding for mederate sarthquakes expected ro occur several tires
during the expecied [ife of the bridge. The need for this aspect
cf seismic design Locomes mure prevaleat when considerarion is
given to the unequal distribution of ductility demands in a struc-
ture having non-uniform column atiffnesses,

The number and levels of inelastic excursicns which take place in
reinforced concrete celurns during 2 maximun credible earthguake
should be guch that stiffness and strength degradations are zinizal.
This control is accozplished by proper design and detailing of
reinforcement.

The scismic desipn should provide for an increase of approximately
1.5 to 2 in the forces at the abutments derjved from an elastic
analysis 1f yilelding in the columns is anticipated.

Besign provision for combining girder moment due to dead and live-
loads should include the effects of deadlead moment redisirvibugian
due to poseible telilef of deadload moments at the location of a
plastic hinpge in the column during an earthquake.

E=
The use of intermediate hinges should be avoided I{f possible in
hridges located in areas of high seifsmicity.

Nonlinear computer capabilit{es should be made more user oriented
for the practicing engineer and should be disseminated to the
engineering professior so that they can be uged to:

{a) Hake parameter studies of the seismic nonlinear behavior
of bridges

{b} Develop more realistic seismic design code provisions

{c) Apply nonlinear analysis as a design tool for complex
bridges
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The questions raised during the course uf]this cvaluation Indicate the

need for futurn utudiesﬂtu perfect analytical capahllit1es for prcdi:tinh

seisnic, response! Enme nf the areas that nacd pnrticular attention nru as
fﬂllﬂﬂ& ao L £ ey ﬂg—i‘lb LLY ap-mu. -
Lo

- i.w . eooat, bat et oMy e Raltte. . ’-f;

. t. a=  tBea
{1}*:5t1f!nnna nnngtrength Degradation = The pessibilicty of cccurrence
and the effects of aciffness and scrength degradations in rein-

voE farcld'cnncretg'cnlunn- on nonlinear dynamic response should he
*considered.: " R L L S S T T
,l L : . 1 (R Y PR ST ¥ A Y L

+
(2) Enar;y ah:nrptiun - Tha impnrtant role uf inElabtiE energy abzorp-
tiofi in'the columns ‘and expansion joint restrairers should he®
- gtudied further. Spnci&l attentlion should be given to developing
(I a clesrar understanding of the concept of ductility and how ft- 4
t relates ta bridge degign s0 that elastic analysis technigues navy
be uied with a grea:gr degrea of canfidenff by the bridge engiazer,

(3) Restrainer Units - Hanrunifurm yielding and _ductility demands in
columns result in' larger forces at the restrainer units for bridges
with more rhan one iptermediate hinge. These effects szhould be
studied further to investigate the current minimum specificatior
insthe code and to determine If elastic a- 313515 tecnniques curs,

_Tently uﬂed can predict these restrainer forces.'’ .
: :

(%) RnapanseISPELtrum Analysis - Special studies to improve the results
gained ftom a response spectrum snalysis are needed. The determi-

* natien-of the most effective means of combining modal vesults for
" a partiéclar bridge is especiilly needed. LA L

{5) ZEguivalent Static Force - Additional studies should be made to
berter define the degree of applicability of the genpralized 't
coordinate approach to the simplified equivalent starle force
‘method for?the seismic analysis of bridges. .

A computer cap&bility such as NEABS Tepresents a pawerfxl ragearch tool,

It may ba effective1} used' for' studying special problems ralated to bridge

design and-analyeis, and for analyzing bridge rEspunse due tofpast and future

earthquakes. Because of its potencial for advancing “the state of knowledge,

these computer capabilitias should be made more user oriented to provide 7

researchers and engineers with effective means for analytlcally stddyln*

bridge sei;mig be&aviur. . “ . ul
< LR & - e o .
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211, DESIGN OF SPREAD FOOTING FOULNDATEQNS.
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thee mweeswitss Do Dasklier resesrs bt Dhe confupuikes resisbant probieme,  In onder Lo
funchiee ovamime L Lol f'll"rlu“ll feal i Al sl ropeert, 3 committer wis organieed in
L1 PO g I'Iu'! Dniaft of the Speeifications e Eartloprake-Resistant Deign of
Fhopuabon Shibheih Prishoee was bl du 1952 This dralt was pevised in 1974 el was
finally adopte? s e Spermfications in 1976 w il & coetently msol for thie caritrquakes
pesinbant anabvsis ol e proprasl Dsesda-Shikoku beidges,

Thix spevificat s i= 1ol Tor thic chexign e bkl wilh span benpils grealor thas -
203 g, arel iz~ withy whnrtes spen bngthe ane dedgened scasding b SEEE (Specifee-
Pertin B the Loarilsquake- [edstanl Ivnign of Higliveay Headges (197100,

The design Inuizoniul acecktation i taken as 1BG gal at the sulngil Tevel where the
foumetatin ja suppertel, Thic value was altained iy assuning an M-8 claw carth- y
Auahe b alwmt 150 ko soutlwn-t of the consliuction sives, This design euetliuake is

expev sl by ocour ance o baviee Tor cvery 100 vears, The effert of amaller but near cacth-

ipeabas o bridges was judged aomer in eomparises witl that ol the dosign eartbrpuake.

L L)

T desipn calenlation nuclheeds nee spueiliesd, as leltons; 1} the preliminany: eartliguake -
it design i I:c'r.iqlrrmn] N3 e modibl seisnic coefficient metlud, aod the rrsult::_'
i rsannned by U dypamic prsponag analyss, and 2] when e preliminary devign B
wiitained by Ahe woersiding Bactors sther 1)an seismic ennsiceration, it is examined by

macins of He rovpenzas spoctram bor hakgue, [ thie Batter case, osc ol the dynamic reaponse ;
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' =Colijor hetwern U Jnse vl footiog and i sl hekow. NN Tl e conewelingg 1l cenber of fecisbaarees of fooslation lase pnd the parint
o Mg larior of the ot face of funting as Jwwn e Fig 9 a~ a fancting of ' ol i i of e medtant. "

T Ugst: anil o retaining wath. . L == Tl v I'llll-iq Hy 1l by e minbrtnn seitieal ~ulgrade reaction rere.
Frmrd N 12 K . Jo-sThe dickam e i A X v Thom Intwernn the peremcker of 1l Fooling base and
PasmydKo—2e VKL f U pwainit wilh gy
Ky = "agsive carth pressune eoclicient, ) Figr, 18 auml Talske 1 dbistrate two spucific cases in which the shape of the fvoling baswe
Ko Active carlh pressure coclficient. = revtamgular ur cizrular,

Al Thick whose Doriznmlal rosistance is Laken foto aofound.
= Fhickaes of e layer Takle 13, Eaamples of Mesimum Allowabla

Erment rigilie,
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Fig. §. Ulimate Horuzanial Bearlag Fig. 9. Shape Facior (z) of M Front 2.12. DBESIGN OF PILE FOLNDATIONS, :
Capacity 2i (he Front Face of Farr «f Footing (or the FEualaaliza = .
Favling’ of Eq- {15). in the desigm o pibe loundations, rensideration should be paid for 1) the vertical

nrn g eagan ity of 1he pike, 23 e overtgming af the pilc-suppacted tbruelure, and 3} !‘
U aticplavernoat of Hhw Miuctare under the action el dedgn badingy. Doplacement
Iiere b tuckes settlemenl, relation and horizontal diplacement. '

The stabllity of a spread fosting ngalnst auverturiing iz examined by the amouit of
eccentriclly of tw point of application of the kad sesultaot scting 1o the basc ol the

teiwn .
loundation.  Aceending 1o SHS, the wecentricity shoald mot cxceetd the valies show The compressive kol on & pile shoald not exceed 1he allowable vestical carrying

below (alsa zeter to Yig. 10): eaprity of the pile os oldained Trom the fnbluwing (ormula; ‘ ‘
i) Vor poamary loads, g . . ) _
ve [Lul, il cunsolidation sctilement is cxpected, £of2). fain P (0 L Oy — (Rl Vs F(TF.] 4pD et e i EI".}} 'N
fii) For pnmary Dlus tempomry lods, in which e :
g a4 K- Allmaldle m:r}qng [1|».1|1.t} At the top of the pile, - - - ‘
fii} For carthquake kad, . ' C Fa zYartur of walely given in Table 10,
rod Avf2, B £y = Cltimiabe veistanes of U base of Whe ibe, ""'_" .
T ) O~ Ulimate ity friction aver Lhe enalerbud <hiafe keupth of the pile, G .
| R Negative shin finGon (e e cansiduee] when necossary),
1 BT ml it of 1ha pile, E
Paint &6 4 pplpraiien r—ta @ (l_ —X w e Wbl ol the sodl displaced Ly the pile {nat l!nhkl.[!l red wlien the ll'|llrl'l-'l-'h!
wf Kanddil "': carrying Capacily is detonmitieed from fading bests), v
:l * ‘}:""f\”'*ll-"- wnit werghit of the snil,
x @ —x | e Dol Lo Hir geoemued snrface to the base af e fooling, and -
2 = Crrei-san tanad area af e pile [EfTeetive area in Lhe rase of pile granpd.
™ L — Tl Tramibe Lol vwn o il shamiled got exocal e albaable pulbuk cosdctanee rakulatad ’#.
Fig. 190.) Ewxplanaliess of &y and .fa, [a} Twelangular [ty Cwrrular by -

Tz 11. Fxangbes of ra. -
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analy sis Ty e nuenarivad integratisn muetberd sreruivel for Qo resude sldoingl by 1he
Frne o T honpas,

Liv the e B eI AN [ TR T L T TR | A IR T BT R1T O T [ IR R T .||,.-F:-”_-|-..|;|jI
freedam sasto, o which Ahe prediniaeg il il ol as ol puesiad wliich o
duces 2hur moet andas ol stress or dlelotnbion i B e e e ol 1l o i serae tarad
£yalom s consbbortion, e Basie respuneae aceeleiilion in derne sl g {eon cloras
tion of graidyd iv ohtained e Fig T2 O of the curves G Judp s scleeted denn Fig,
12 accitding Lo the e of atineture, namly

Corve fab & For Joandatien stigetures boviog Rege onss-sectiona] ueas witl sullic-
ol ot degrtle, Jne whick di-'ﬁi]mi_iu'n Jasnping i+ eagurted ba e

\ rmure prasinced than stooeteral damping,

Curve (I 0 Lot Lueslatizn structnres whicl o el l-"ulli'."irH'ITId e gither Curve {a}
or [c].

Curve fe) @ For foudation (ur subed struciures, rnusl]-. ol steci |upmbpn witle relus
tively hag protresled length above the grouud sflice, i which oot
damping is duc o stooctuial damping,

Cuorve [ @ For main towers, suspended struciuies and main cabje of CA T e
I idges.

For the spectium responee techindgque, a sufficient number af niodss should be taken

“inta actount o it nlaximum cespaaiees ol various patts ol e steoctere can be Oeter-
mired witl e required accturacy . Thie telal cegpinse ncrnﬂcm[mn spevira ate repicyenied
by Cuarve fop m Vig. 12 fuor o doncping factor of 1U%, l‘_unf_ (b foe a damping fackor of
57a, an] Curve (b fur a damping Tactor or 295, !

In the dimamic respnnze analysis, tiome hislories of varjogs Fevjrinsct of & siructuee,
graceally idealized as a muoltidegree-of-Treedum svstom, are ealealated Trom Ve equg-
tians of tuation by weing teeneded G Liepmake metiogs as inpat. The carthquake molions
to Ler uied for amalveis are 1) repneseniative gooum] mntions reconded Lear the construe-
Liafi site, ard 2) the 194 T Centra rectcds. Foo bat!y cases, the masinum acecleration
is normualizad ti 180 gal. The latter was clioaen locause there ate a noaber of reslts
avatlable fron past analyis vlaiond by wsing che Bl Centra revords.

3 EXAMPLES QF EARTIIOUARKE RESISTANT
1ESTGN OF BRIDMGES

1

31, INTRGTICCTION.

There aeg varioees ways o dde-ipn sulestrctoees of 3 bridege (e reist carthnuoabes, Sonve
exampiles are sl here i wlich spwecial ey bees Iiane bam sho clopeal,

32 EXAMPLES OF DSIGNING SUBMNTRUCTURE AND SUUDL-SIRUCTINE,

J.2.1. An Abulment Carrying AT Ihe Hurdzonial Scismic Vorce in Longitudinal Direction,
Whenw it a5 dilfuwlE o pinboe tlae bt iweediale puers so eigid as la caery all Uswe Teglzondal

selatitic Fatce, special alufinents whbioh cutry the borizontal forre e ueadal,
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Fig. X Sakalgawa Deidge.

side. Mewnager Thinge w with hol pl.nt:-.-': of WY mm tickmese are 2ppliod Lo the intcrmaliate
picrs oF the contral Aspan continans ginder.

I the e af the Sakaigawa Bridee? on (e C1a3 Baprosway showt in g, 3, Micrs
2 and 3 are conieetind by nshgzround tie Team as illestralod incthe figune, Fliey are
decignoal o carey e longitmbipa | seistic furee fmm the combnmeas toass. The all iter-
mediale et are mere Affeeled 1o e transvere sedsnie force of the truss than e the
TongitucUhal ene, Analysds ol the dyiamic response of the toidge to cartliuakes was
rarricd opt 1o javestigate U inthenee of carthiguake wotions on the strncearal sysiem
as a whele, . .

312 Intermediate Tiers Carnyig AR the Tloriruntzl Seismic Toree.

On 1l cunlaary, 1here are case where e inkermaliate puos are cpphayet which me
so rigil T carn ol (e Lorizontal sismie foree, Sinee the webanic sispacement al the eads
§s ponned Targe i (i case, spmial ibeviees againag e RlT-down of e girdker are Topuined.

Thee Yerpeyama Hridpe™ slemn in Fig. 4 i~ a navonal Lipheray Teidee. 11 cnecs= over
2 doep valey with 3 span sonfimesis eurl sled picders. Sork bex cohinms ane uwal
fur the ples Tongitulinad spejaie hrees from Lhe sopwer—=tiuetors ase Cean-milind by
fisanl slaes tu geiers |l 2 sl canvicd by thans Evaluation ol seismic ofloct was carcisl
out by the ronnetbionmit] amalysis al e design was esamined by dyoamic anakyds.
Muvalde 3l on Pive 3 have stopgress b pestrivh an exeesive displacement amd the L0

dm:\'u al the ginlems,

f o

T pinden el e Sziminrawa Railway Bridge? i cigindly comnectod g e v peral [T
see bl thee Taruling pergeent el Fle sl D adime Boseistie e s cod dasn, 2lwst 20
10 ol e desdon was kil Yo ddymamie cnalysis,

323 Nuitlees om Sedt Gromocl,

The UhhiBase Rablaas Bridge®* shew i Fig @ b an ke aterd soinforesd goneregg birid g
eE i pam e e tigl S strc tere, D Tkl was ihsigned e carry (e
bowirn T Toreed al alaiboweads A, Bl £ Taile hircetle on 1he harl layer an the |-'L'Ii_'l'.‘!
wlwry the sedl Lizes was thin. Mimb ol e trasaeie kg mtal Toroe is cacricl I the
alwteends at e lual eds thoand tle bending Agidity of the wpper aead howgr slates
spauniog 36 oo abo et & and T amed A0 intseen abutments 5 and O

LEEVAIMr
b R}

Fig. 5. Awmagaws ailway Neldge,
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A simalar iboa in cruploved e the Olgawara Haiteay Bridge on the New Tahoku Line -
which is shonn in Fig, 7. The piers are desiginsd Lo fullr Use seizinic nution vl 1l progd i
of a largr anvplitude, where tlwis shors, carfying all the vertical forees, Jike fexly by i . fﬁ-ﬁnf_fwi_‘fl_" : -
horitoatal cnes, ] . . he beari F ey IRV S et )
There are cavey wliere 1he leeacly of the piles drven through sclt snil layers to the leanihg ! . i ot . T L,
stratom apd e Firdﬂ; ate ;;‘r"f_.:ll} cenmeclod Lo make ap a 'Ii.gid. trame structure 1o with- E - e E .;. ‘;ﬂ ;‘_-::;_. .; 4 '*"J' .
stazd the horizontal seivmiz [irce in Uw lengitudinal and tle iransserse direglign. . q' Crac I[ el 1::_'_;- . .,
) - - FPRETE i : L L s . A - F AL
In the cace of the Surukinuma Railway Bridge** shown in Fig. 8 and in Moto. | & 2, [EaglL® i Lo SO Tt Ry
T S . il relers .. ke T R I D A, T v
the heads of siecl pipe piles, | min diamelor, weee I'Ig‘l-d]} coutected to Lhe conerreie E.m £ G ; ! ’..% s "&, A ir 5 ‘
to form rigid [rame siructuies. In the desipn cakoulalicks, the solt stralum was considered g i ta .i_ PN S -t .
25 liquid, A }’ L -
e P e LT L - N S
Phuin. 1, Dwerall View Phate, 1. Pile'y 1lead

LR

70 on :‘:uiﬁ Tgrf__l{'f.}‘_?!fm_m i-'ﬁji:-l
! - = The dntermgsbiate priers of the Ushizugawa Ratlway Buislge o0 the Nagaaki Main Line
sheavin b Fig. 9 e ok desigined to Lake Use hariraontal forges it Turgitaadiznal cluree Livn
Poat the abwtinenes supsportel o reinfareed gonrrere pites earry them. The cunnecting
ehvices i th cletails of juints A, 18, aml G aee sbreignied to Lransandt ehe Berigontal forces

R Tt tle steel ginders b the ulntments,

Iy the €awe ol the Tirsd Frilee™ slaswn in Fisz. 1), o calbwwinny i placed gy the Tneards of e
Pl reaciing do the boazing bayer w bie D are ovminabed inoan inlitradiaze layer of Llic soft
Eremid. The berizontal force is miasindy resistod Wy e pasais e earthyresure on e caison,
The vertical frrec is cargie] by e piles. Tl fyraic atso shaws the details of the connee
Lisstr beluvtin [he pales and the caiaem. To awerlun Ve combined actim o1 the ks and

the caisson, dynamic anl statie Jouling tely were romburtonl for @ completad structare.

. Newrvations ate lwing madke Iy wedieg g rmenm lecw, errthywesinne ganpes and accelero-
" ;ara Ttafl DBridge. . . , . . e \ ’
Fig- 2. Ohgawara Naflwar Breg ficlers b vestigate the vibralion characterition during an earthguale,
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1240 Bridres en Dedoate,

Fiomdew Aan diaerease T <alality sl o b ]ge pdor on e Tadiwck, thene e fuses wbere
it bl s koo 1o bl e Tioe ke withe sheel calibes, Wlhen e eal b g |.r.,~-.[r.,--.g-.|_
Liver rosieorne of The fond g agzadist e et sam Dae i reaseel,

Fige 11 lowss o gaior famaation T bl Yorkolama-Hasssby Expreeway. The foutklas
G s 2 Taernd ey 12 Fresminet catdes o ¢6 1220 mng,
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1.3 CXAMPLES OF ASTISMIC DESIGN OF SUPPGHTS AND JOINTS.

13 Seappers,

" inoan wciunie design, iU imporiand Lo prevent a girdee frem falling down, 1o order
bt bieve this, vy Jdyvives have been ioventod an:d waed foc e supporting part and
the picder endds.

lev the rase ol 2 pwetnecnl monctcte radlway bridge" eoere Arakawa iver on (e
Jalwku Main Line, shuwn in Fig 12, o stopgar provisbal sn the 1opoof 2 picr Bl in the
ek~ cul i 1l shabs in anbee B perevonl Uee ginders Dom Blling dewn, The girders are
conmerled willy e annther |l:':l' sbevl pwls auml elesrances are piven lor Lhe expamsion anil
cunlraction il the girders dine L lemperilure variation.

Thatz samae iclea i adegstenl B the standand disign of B New Toboku Line as alwwn in
Ui 1T )

* Tocthe ez ol Ces Tansgos o Janibway Miilge o the Musashing Live, shesens in T 14,
Uz eovalids Deaving G owncdi~igned n Lo allow displaceuent ciosed by loigwrabure vacia-
b, shrikage sond creep el vonerele, but not 1o penimit .'mJ.- exoeaive divgacement due

Lo o ciuthpuaday,
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SEISMIC RESPCYSE GOF MULTI-SUPPORT STRUCTURES
L. Esteval, 5. E. RuizII and A. ReyESI
SUMMARY

Probabilistic models are proposed for determination of design responses in
Etructures scnsitive to phase differences among ground wotion histories at their
supports. Selection of design values is based on approximate prapertionzlities
between responses corresponding to given probabilities of exceedance and standard
deviations of those responses at the cnd of a segment of random noise caken as
equivalent to earthquake excitation. Detailed practical rulea are proposed for
mode and component superposition as well as for definition of internal-load
‘compinations to be used vhen checking safety conditions at piven critical sections

. INTROTELTION

Design values of iaternal forces preduced by earthquaxes are usually taken
as those provided by an envelope to the values of those variables caused by the
individual ground mction components, one at ¢ time. When dealing with structures
having small dimereions in plam, resscnable appreximations to maximum response for
the superposition of the various ground motion components can be abtained from a
linear combination of maximum responses to each irdividual component at a given
point of the prousd-structure interface, provided modal responses can be taken as
stochastically independent (1},

For structures extended in plan, sueh as long Lridges, or founded on
heterogeneous formatinne or irregular tepography, such as dams, differcuves in
ground motiom among different supports or zones of the ground-structure interface
may give place ro quantitative and gualirative differcaces in internal acciome
as compared with those produced by in-phase motionm of all supports. Inm additiso,
strong correlation may exist between pairs of parallel ground motion componemis
at different points, and the correlation arorg rche rasponses af a given mode to
several {correlated) ground motion composeuts can nO longer be negleqted,

The present paper ¢xplores several criteria for determining desigh responses,
on the basis of the varianrce of the respense to the various ground cotion -
components, for a2 given assumption concerning’ the covariancestructure of the |
generalized excicationlll., Simplified rules for practical applicaticn are alsa
discussed.

DYNAMICS OF LINEAR SYSTEMS SUBJECTZD TO OUT-QOF-PHASE SUPPORT DISPLACEMEXTS

Let the cxcitation acting on a multi-suppart system be described by vector
X{t) = {_x j of zuppart displacements. Suppose the system 15 discrerized and
representea by the mpags, stiffness and darping matrices M, K and £ respectively,
vhere support displacements are not raken as degrees of freedom. The vectar Y{t)
of structural responac components {(displacements, stresses) can be obtoined as
follows (2,3).

. -~
Y(r) w e x (¢) v o+ o) (1}
g 9 q

I Institute of Engineering, Naticnal University of Mexico

I1 Proyeclos Marinos, § ¢ ., Mexico Ciry; ferwerly at Institute of Engineering,
Wational University of Hekico

IIT More general assumptians are covered 1o Ref Z,
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In this equa:i{m,?;- iz taken to all the supports, Yy is the vector of static
respunse companenls produced by a unit displacement %4 , and U is the vector of
dynamic responsSe components, I.e. those measured at anty given instant with
respect o the superposition of the static eonfigurations apssociared with support
displacements ¥y at the saze instant. U can be expressed in terzs of modal

vectors Zj = { zij}

EX (2) E a. z.h (c-2)dE {2}
5 8 ; de i

ilere a;, is the participation factor of rode j that corresponda (o
displacements of support q, and h; (£} is the unit impulse response function for
the mentioned made. Thisz factor can be determined from conditions Y = 0, Y =70,
at t'= 0", inmediately afrer. application of a concentrated unit-area acceleration
pulse iﬁ = §(t). Thus {Z,3),

r
Y )
WCoZ M2
kTR
where r o, 15 the esternal reactionat support g when the saystem vibrates fruely in
its k'th mode having shape Z,, and natural frequency @, . From Eqs. 1l and 2, a
given element Y of the response vector ol the system can be expressed as follows
-t
V() = Zx (oY, + ZTa oz { -R (T (-2)T (D
3 g q i q J 1] q ]

1 14 o

ot
In this equatipn, Y;qand Z; denote the {time independent) values of ¥ associzted
vith vectors ‘!’.i and Zj . “respectively.
DPYNAMIC BZSPONSE ARALYSIS FOR STOCHASTIC GQROUND MOTION

It will be assumed that x can be reproscnted as the product of a Gaussian

atationary process W1 {t} with spectral density f.:,:1 {e2) by a deterministic envalopo

Aq(t}:

Pkl
Lt
L

xq(t} = &q{t} Hﬁit}

In order to determine the narameters that define Y;_{t} in probabiliscic
termz, it is advantageous te express that function independently of x, (t), By
ticana of an integral expressed exclusively in terns of Eltft) and of a respounse
function g . (£} wich takes into account both static and dynanic conpornents. Tor
&n elementary accelerogram defined by a concentrated impulse %, {t) =£(t), one
obtains X () = H{t) zad x 1(:} a tB{t), where &{.] and H{.} are Dirac dei:a
function and Heaviside step [unction, rospectively. ¥; is then the unit impulse
response funerion for accoleration of support q, and is given by the following
equation, obtained from Eq. 4:

" Y A
giq{t) tH( L) Yiq + ;;_ ajq Zijhj{t} (£)

If the complete aceelerspram at a given support is taken into account by
intepration of eq. & with vespect to time, and if the contributions from all

Supporis are added tegether, the following alternacive to Egq. & 13 obrained:

Yo - BLE (7 g (-2 &

e e m m AR



r -y

b
Taking into acecunt Eq. J, the last equatiom becomes
£ i :
Y (e Z Su Aq(:)ﬂq{ﬁ]giq (¢t-&)de (8)
ﬁence, the variance of Yi{t} is
- et
var T4« Z qz[_ [frq(r.ié, AL {51.3:}311 (+-2)8, (LT )9t 9T 9)
where R'lr (Z,Fl)'LE[‘I." (W, CK‘)I is the cross -correlation functien of W
and Wr . .1 . q

FromEqs.5 and 8 and the approximate theorv of Ref. 4 it is possible to
deternmine the probability distribution of the taximum absolu:ze value of Y {t}
duriag an earthquake, but the zzount of computations invelved nakes application
of that theery Impractical; adeption of simpler criteria is advantageous. Herein
it is assumed that the values of responses which correspond o a given probabilicy
of exceedance during an earthguake of piven intensity are proportienal fo the
maxitnun values rcaLrad by the rESpLFLlUE standard deviations while ground =zotien
lasts. Thus, if G' is the maximum varlance of ground acceleration during the
earthquake and Ku(p] is the wvalus of that accelevation which corresponds to
prabah111ty g of heing exceeded, and ifql and:xgjp] are the corresponding values
essociated with a response variable R, the assunpiion propesed Implies that II the
design criterion adopted is based cn cqual exceesdance probaobilities for all design
responses, then the ratio of the design value of R to the specified peak ground
acceleration should equal G"R.r" Q-[]‘

Ref. 2 contains expressions for the variance of a response variable for
several alternative 2ssumptions concerning the covariance structure of the
excitation. Only one pavttcular case is discussed here: thar where ground
accelerations at the various supports are represented by segments of statiornary
white noise travelling undistorted along the ground surfaco:

Rl =Wo 0-Tq), q=4eu M (10)

In this equation, LA is white noise with spectral density Gn . The white-npize
assumption is not restrictive, and the criterion derived from it can be appliod
to more general spectral shapes of excitation,

-

If the natural periods of the systums analyred are short as compared with
the duration of strong ground motion, maxiwum variances will be recachoed at the
end of the excitarion, i.e. for t=s:

PR AAREOTYD ¥z 172 Y :
varY.(s) TF\L!TU_,V(HQ%?';{Q I (ﬂf Z45 9 (=) (11)

wrtig T KK J mk.""Jr..,.r'

where, for the case defined by Eq. 10, maklng g{t) = tH(e),

Iq,- (s)a TrG.S igs-‘qi-t}f}(s-t -E e ) (12a)
Ih,(,sjz rrG{ R ~Z3h i.p._r-?:}.fc; (12b)
- {12¢
'K'I L= u'Gi h{s-z -z}l«k(; Z.-Z}4T }
Analytic expressions [or these integrals are piven in the Appendix.
SUPERPOSTITION CRITERIA

The ground motion models given by Eq. 5 are reasonable representations of
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earthquake accelerograms, in spite of the fact that they ignore froguency-
content warizaticns during a given event. These models lead to suffieiently
accurate esticares of the variances of ground accelerations and of responses
wvhich are determined mainly by those acceleraticns; however, they do not lead
to accurate estimates of variances of quantities sensitive to ground velocities
or displacements (such &5 the dynamic response of structures possessing moderate
o7 long natural periods, or the stresses produced by phase differences among
support displacements), unless the spectral density of ground displacemencs (and
not only of ground accelerations) is closaly represented or base-line corrections
are applied to acceleroprams given by Eq. 5 so as to produce zerp fiznal ground
velogities. As a comnsequence, 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 guantitics
sensitive to pround accelerations, veloacities and displacements. This diffigulty
can be overcome if the proportionaiity assumption is applied individually to cach
term in Eq. I1: although the dispiacement variances predictred on the basis of Eg.
5 may be excessive, the ratios of the variances of responses propsrticnal. to
displacements predicted on rthe sane basis will bo good estimates of the ratios of
*te actual variances. Thus, the following equation results:

3 . ] - u
Qe ;g[&qq‘_ T %% LT Qe Zeqr By Prt T 1 ter 54 g rDia DF"] <

In this equation, @ {s the design response, Day and Do are the peak ground
displarements at supports q and r, respectively; Djs and D, are the displacemcnt
spectral ordinates at the same supports for wwdes j and k; Q1 is the static

response to a unit displacement of suppart g, and &ﬁr_ Afepr >&f are
proporticnality fastors cbtained as follows: 3 Jk]r
e {14a)
“ar > Lar ('ﬁ}/(jﬂ Tec )lf (14b)
o 5 i L
Et'irn I,Eq.f(;/;( .TWT”)V . (140)
[+ S 5 ( " z
J5q7 "< g / Iiq Jr)
Jq *and J._  are the values of 1 f=) and I rr{S} wheén time 15 peasured froc the
instant when ground motian starts dt supports q and r, respectively, aand T -
Ty, are the corresponding values of TV and I, .. for the same time drigins.

; . , 414 .
In other words, the contributions to uuélln responses are expressed in terca of
peak ground displacements at all supports as well as of the zodal responses e
each pround motion component taken a&s acting simultaneously at 2ll supports.

Fige. 1-4 illustrate the variation of uﬁiland " (determined with Egs. Al-
Ad) for geveral combinations of patural frequencies aud time-lags. The latter
are cxpressed as fractions of the duratien s of the white noise segment used to
represent the excitation. On firm ground, s can b takem as 20 sec.

DESIGN CRITERIA

e m vmum e

It is assumed that desipn concists in determining probable combinations of
internsal forces at eritical sections and verifying if those cozbinations lie withain
the specified safe regians, The criterion advocated herein for the determination
ef the mentioned combinations is bascd on the same concepts as that recomiended in
Ref. 1, but wnlike the latter it takes into account the statistical correlatien
amonp, support diaplacemcnts Bath criteria assume that the joint proba%ility
distribution of the iaternal forces wiich determine the most unfavorable condition
at a ¢ritical section is Gaussian multi-dimensional, and that a set of
mhlt?dimensiunuL ellipsoids ean be imile with coaters at the expuocted values of
the internal forces and principal axes in directions which are functions of the
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correlarion coefficients, 5o that to each ellipsoid corresponds a number of
standard deviations of each internal force from its expected value and hence a
given probahlllty of containing the load combination of interest. A given design
is adequate if the ellipsoid which corresponds to a specified probability lies
within the safe region and is tangent to its boundary (1), Because contructing
the menticned ellipsoid would be excessively difficule fur practical densign, it.
is propased to substitute theallipsoid with a set of 25 N points {cotbinations)
where N is the number of carresian components in each combination {IV). The
design value of component th in the j-th combination would equal ﬁl,j , where
¥, ieg the design valua which would be assumed for Y, if design wer e_baaed ,
ExclUslvely on it, tl equals * 1 for k = j and (e +4&30-% )} for k * i,
and #.. is the correlation :ceff1c1ent betwaen Y tg) and YJ (5} Az expressicn
For cow (Y‘k(s} Y‘ {s)) of the type of Eq. 13 can readily he derived starting
frum Eq. 4

— o TLE - rEm - wm W - rm b= -

Take for instance the case illustrated in Fig. 5 for the cross section of a
reinfovrced concrete column subjected o axial load P and bending moment M with
respect £ one of its principal axes of inertia. The cases when the correlarion
coefficient s equals 0 and 0.5 will be considered. Assume also that the dotted
lige representﬂ the section's interaction diagram, and that p and @ are the design
values ¢f H ana P should each of thexz s¢ considered separatelv, Fer each value of
fzr + 8 = 2 and the auvrmber of internal-forces cocbinations to be considered equals
2 ? = B, Fnr{'ﬂr= 0, Tm" * 0.3, and furfﬁr= 0.5, %, p < (0.52% 0,225} nence

igs. 5a, b, _

APPLICATIONS

Fig & showa some results of applying £q. 13 to define the design responses
of a fixed~end arch when both supports move out of phase. Responses te vertical
and horizontal ground displacements are analyzed separately. In each case,
results are expresscd in terms of both the ratio T fs of the time-lag between
support displacements to the duration of the white-noise segment and the apparent
wave propagation velocity along the ground surface. Both gualitative and quan-
titative deviaticns with respect to the case of in~phase support mWOLiI0N are
evident, )

Another case of interest is shown im Fig. ¥, which represencs & bridge
built of simply suppurted spans resting on columns with ends fixed on the grourd
surface. Variables studied include bending moments at column bases and tensions
on tie-bars conhnecting beanm spans, Again, the sensitivity of design Tesponses
to phase differences is obvious,

COXCLUSTONS

The seismic response of extended-in-plan structutes can be very sensitive to
phase differences among the motions of different peints in the foundation. Under
the assumption of linear behavior it i1s possible to formulate approximate
criteria to obtain design values and response superposition models which account
for all ground motiorn components. The resulting expressions are determinad by
the covariance structure of the ground sotion histories at the differont suppocts.
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ﬁ.f'f’EI‘fDﬂ. VARLANCE Hmms FOR SHIFTED IDENTICAL.WHITE KOISE.COMPONENTS

Analytical expressmns for I1.,. , I

kqr- Ig&,. , according-to-Egs. 1Za - ¢:
I.I,t‘tl= E) =5 EFT )+ 2,7, (6-t) (AU
Ilk‘lr (t)a hT:-—r[é B ft'-z:r'i[(é.l{|+;c_a;t}:ﬁ wy = OpZaDyJees o (-7, )+ (a2)

* (J. 0+§§m{J+ B'm_'t:-'gkc.:g%q’ D‘)a;q ?.}L{{,-:F)I -
B T R ) AL

A o ) 65 )
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INFLUENCIA EN LA RESPUESTA SISMICA DEL PUENTE COATZACOALLOS II
DE LAS DIFERENCIAS DE FASE EN LOS MOVIMIENTOS DE SUS APOYOS

F )

S. E. Ruiz, L. Esteva y D. De LeSn*

INTRODUCCICH

Lz Secretaria de Asentamientos Humanos y Obras Pﬁhlicas ﬁroyecta construir un
puentie de 772 m de largo total sobre varios apOyGS.IEDhrE el rio Coztzacoal-
cos, €n )Ja carretera NMuevo Teapa-Minatitldn en el Estado de Veracruz. Las 2
racteristicas geométricas mds importantes del puente se extrajeron del plane
k775 proporcionado por SAHCP modificando las longitudes del claro central &

. 2B8m, y de los dos adyacentes a 98.35m cada uno., Estos tres claros estsn sus
pendidos de las dos torres centrales mediante sendos sistemas ce cables a:ti-
ranlados colocados en el plano longitudinal de simetria del puente. Los apo-
yas se¢ desplantan sobre zapatas y pilas que atraviesan las formaciones sedimen
tarias det fondo del caucge, ¥ gue se apoyan a3 sh vez sobre terfeno firme 2 pro
fundidades gue fluctian entre 6.6 y 30 m. .

La' configuracidén del puente y los valores de las distancias entre apoyos hacen
#ensar en la posibilidad de gque 1as difercncias de fase entre 1oz movimientcs
de dichos apoyos afecten en forma impertante las respuestas sisaicas de dise-
fio en algunas secciones criticas, en relacidn con las que se obtendrian bajo
ia hipStesis de que los mavimientos de las bases ocurren en fase. la impor-
tantia del efecto se acentla si se tiene en cuenta que en el sitio de interés
el riesgo sismico depende en gran parte de temblores de gran magnitud a dis-
tancias hipocentrales grandes, y que por tanto las ondas superficiales contri
buirdn de manera importante a 1a excitacidn sTsmica. AdemSs teniendo en cuen
ta que los cleméntus de apoyo de los claros centrales atraviesan formaciones
scedimentarias, las velocidades dg propagacidn de las ondas superficiales se-
F&n relativamente bajas, 1o que habrdde troducirse en mayores difcrencias de

. fase,

"

% Instituto de Ingenieria, UNAM
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El criterio que en este estudio se adopta se basa en 13 ref 1; es de tipo
probabilistico y supone que los movimjenritos de los drst;ntus 3apoyos san
dguales en forma, pera difieren en los tlempos de desfasamiento: es decir,
que se deben a unm tren de ondas que viaja sin distorsionarse a lo largo de
la superficie del terrenc, Se adopta este modelo en ausencia de informa-
citn experimental (registros de temblores reales) sobre las relaciores en-
tre las caracterfsticas del movimientes del terreno en sitjos cercancs.

SELECCIGN DE LA RESPUESTA DE DISEAQ

Segln la ref | ta seleccién de los valores de disefic de las respuestas se ba
sa en la proparcional idad aproximada entre las respuestés correspondientes a
probabiiidades dades de excedencia y las desviacioncs estSndar de dichas res
puestas al final de la excitacién aleatoria gue se emplea para representar al
movimiento del terreno. A fin de obtener expresiones simples para las desvia
ciones esténdar que se mencicnan, €n la ref 1 se intfogucen algunas hipdte-
sls simplificadn;as, cntre las que destaca 1a que ccnsisfa BN sSupOner gue £n
cada apoyo el acelerograma es un segmento de }uido blanEc con duracién 4 e
Intensjdad ${w) = Sy; la variacidn de s con m'para fin¢% de considerar ade-
cuadamente {a contribucién de cada uno de los modos natufa1Es de vibracidn a
la variancia de la respuesta se toma en cuenta mediante ia introdueccicon ce
ios factores de ﬁropurcfonalidad a,a' vy &' que se definen cn ias ecs Za-c,
En resumen, las hipStesis citadas conducen, do acuerdo con la ref 1, 2 Ja si

_guiente expresibn para determinar e] valor de diseho di la respuesta Q-
. - . " b " D,_ - .1
o 2 E fQ Q qr ﬂqnnr * ZE Q “k k quunanr ¥ ? i ajqakr?jzkajqu ankr} (1)

" En esta ecuacifn, an y D son los valores mixiros {en este caso iguales)
del desplazamiento de) terreno en las basesde losapoyos g y ¢, respectiva-
mente; B, ¥ D

Jq kr - ,
apoyos para jos modos J y k: Ij ¥ Ik son los valores que toma la respuesta de

son las ordenadas del espectro de desplazamiento en dichos

interés para las confiquraciones modaltes § v k; ajq y 4, somn tos factores de
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participacion de fos modas § y B para Jas configuraciones que resultan de apli

—

car gradualmente {en forma estdtica) desplazamientnﬁ unitarios a }os apoyos §
y &, respectivamente; Qq y Q son 1as respuestas estatlcas 2 dichos desplaza-

i itari : H 1 idad e
mientos unitarios y uqr' nqu, quqr sen factores de proporcions que s
obtienen oo sigue:

c'.qr 1 rqri:snu drr)”*_ | | o (2a)

uqu- qurfs)z"(&' q Tk 13 , | . | (2b)

mgqu - I‘jqu{s};u" J:.r Y ) -' | .{Zc] '
Agut, I {5}. qu{s} (5] en donde s es la duracién del 5egmentu‘de'

ruido hlanda que repreﬁenta a la excitacién, resyltan al formular expresio-
nes para las variancias de las respuestas de interés incluyendo las componcn
tes estiticaes y dindmicas. Las funciones I se refieren a las covariangias
entre las respuestas estdticas producidas por los despiazamientos de los di-
yersos apoyes, [as ['Y a las covariancios entre-las respuestas dinfnicas aso-
ciadas con los distintos apoyos y modos naturales de vibracidnly Tas I' a
las covariancias entre las respuestas estiticas y las dindmicas, J ¥ Jrr
son los valores de Iq (s} e T, (s] cuando el tiempo se mide desde e! instax
te en que e] movimiento del terr:nu s¢e inicia ep los apoyos gy X respectiva
mente, ¥y JHq, Jir son los valores correspondientes de I}jqq e kkrr
mismos origenes del ticmpo. :Em atras 'palabras, las contribuciones a {as res

para los

puestas de disefio se expresan. en términos de los desplazamientos maximos del
terrens en los distintos apoyos, asi €omo de las respuestas madales a cada
componente de! movimiento del terremo como si actwara simultancamente en to-
dos los apoyos (1},

ESTRUCTURA  ARALIZADA

Pada 1a complejidad del sistema estructural de interés y las aproximaciones
y simplificaciones impifcitas en &l criterio de andlisis propuesto, 5ecunsl

derd justificable JTlevar a cabo un estudio en ua modeic simplificedo de la
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estructura, c?n uanﬁm?ro erucido de grados dF ]sherﬁad, pero que pﬁ?aerva-
ra los rqsgns,impartaq}es que padrian 5crlsignifi:atin5 en la influepcia de
las diferen:iﬁs de, fase snbre las respuestas de dffaﬁo.f AsT, en el presente
trabajo se detcrmihan,_para el modelo simplificado que se describe mis adelan
te, los valores de las, fuerzas Internas de disefo en las diversas secciones
criticas, obtenidas respectivamente para las condiciones en que se incluyen
Y €en gque se ignnraﬁ ias diferencias de fase. Comparando ambos grupos de re
sultades es ficil deducir los incrementos que deben aplicarse a los valores
de las fuerzas de disefio obtenidas mediante un.andlisis dindmico convencio-
na! de un modatlo detallado de la estructura sujetc a movimiento simultdneo

de sus apoyos.

Como se menciond antes, s6le se estudiaron las respuestas a las componentes
longitudinales y verticales del movimienio del terreno. Llos sistemas de ca
bles de la estructura real se sustituyeron por cables {nicos con rigideces
lineales equivaleﬁtcs; estos elementos puedan tomar incrementos positivos y
negativos de carga axial. Los elementos de flexidn se sustituyeron por unos
cvantos elementos finitos, las masas distribuidas se sustituyeron por unas
cuantas concentracionss, y la interaccidn dindmica entre la cimentacidén y la
estructura en el desplante del qpcyd.lﬂ se tomd en cuenta mediante resortes
y arartiguadores cuyas constantes de obtuvieron de la ref 2, En los demis

apoyos la cimentacifn se considerd infinitamente rigida.

A fin de reducir aun mas el nimero de grados de libertad y el nimero de apo-
yos que se muaven fuera.de fase, el sistema simplificado se transformd en ¢l
de ta fig1, eliminande {os claros y apoyﬁﬁ extremﬂﬁ,“y-rcprcﬁentanda sus i
gideces en los nudos 1 y 22 de 1a fig 1l mediante resortes iineales y angula-
res cuyas constontes se ohtuvieron a partir de ios miecbros iniciales median
te Jos criterios convencianales del andlisis estructural lineal. Ademis, se
5u§u§c que los dos apoyos que quedaron en cada extremo de 13 nueva estructu-
ra simplificada de 1a fig! se movian en fase, ¢omo un solo apayo, para fi-
nes de aplicar la ec 1 (fig 2}. ' ’

La determinacidn de las respuestas estiticas Qq, Q ¥ dindmicas modales Zj,
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as] come de los factores de participacign a _ se 1levé a.cabo empleando

Z.,

e? programa SAP IV para calculadora digita) (SIEr En las figs 3 a 7 se pre-
sentan las configuraciones de los primeros 5 modos naturales. E?! peric-
do- fundamental results ser 1,97 seg, que se compara razonablemente bien con
el de 2.56 seg, obtenido en la réf ?1cmpleandn un modelc detailado de la es -

tructura,

Para fines de calcular los coeficientes dados por las ecs 22-c se Supuso un
coeflciente de amortiguamiento en cada modo igual a 0.2 del eritico.” Este

valor toma en cuenta la disipacién de energia por compertamiento ineldstico.

EXCITACION DE DISERND

-~ _ . L
Se adoﬁtﬁ para cada apoyo ¢l espectro de diséﬁn emplesdo en la ref 4. De
las ¢aracteristicas de este espectro y las distancias @ las fuentes sismicas
que fmis contribuyen ai- riesgo sismicoen el sitio-de interés se conc tuyl que;
deberla tomarse para el desplazamiento ‘herizontal maximo del terrenc un va-
}or de 20 cm, ¥ para el vertical &e them, Per otro lado, considerando la
influencia de los sedimentos en [as caracteristicas de los temblores, se to
m§ 5 = 35 seg, en vez de valores comprendidos entre 15 y 2D seg, que normal-
mente se¢ recomiendan para la duracidn efectiva de segmentos de ruice blanceo
que s& emplean en aplicaciones siailares a la presente cuando se trata de

temblores en terreno firme (5).

Se anallz6 1a influencia de las diferencias de fase que provienen de supoper
“trenes de ondas superficiales que wiajan en una direccidn paralela-a 1a*lon-
~gltudinal “del puente, ~Las velocidades de propagacifm consideradas™ fueron =
{(movimianto en fase}, 50, 100, 200, 300, 500, 1000, 2000 y 5000 mfseg. A
fin de estimar la velocidad de las ondas superfigiales aplicable al caso en
estudio se analizaron varios modelos idealizados de la estratigrafia en el
puntc medlo entre Tos dos apoyos centrales, EV primer modelo considerd un
estrato de 13 @ de espesor con mddule dindmico de cortante igual a 1C25 ton/m*
y peso volumétrice de 1.7 tanfﬁ’, de acuverdsn con la ref b; por debajo de di-

cho estrate se considerd un medio semi-infinite con vn médule de cortante
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fgual a 5 veces el de arriba, lo que €5 :nngruente con las rlgudaces rePnrta
das en los primeros metros de la formacidn en que se apoya la c1m£ntacrﬁn
Considerande que es probable qua a pocos metros se encuentren formaciones bas
tante mis rigidas, se analizd un segundo modelu que difiere del pflﬂErO uni-
camente en que la formacién inferior’ es 20 vetes mas rigida que el estrato
superior, Para andas da Raylengh con pertodu de un segundo las respectivas.

velocidades de propagacidn resultaron 120 y 230 m/seg,
RESULTADOS

Las tabfas ¥ ¢ 2 resumcnrlos resultados de los estudios efectuados para movi
miento horizontal y vertical respectivamante. L2 §ltima coluwmna correspon
de al caso en que los spoyos se mucven en fass,
El nimero que precede o cada grupo de seis renglones es el'dc un miembro, de
scuerdo con ia numeracidn de’la fig 1. Los seis renglones <corresponden a
fuerzas axialeg, fuerzas cortantes y momentds erxionante% en los cxtremos
lzquicrdo y derecho o superior e inferior, cnunidades de ton y ton/n.

. ' 3
Los dos Gltimos renglones de cada tabla corresponden a las tensiones de 103
tables, elementos 7 y & de la fig 1.
En las tablas 1 y 4 se observa que en ¢l caso vertical la mayor parte de ios
migmbrus las diferencias de fase pueden tensr un efecto apreciable sobre |as
fuerzos internas de diseha, en gciertos casos incrementdndol as y en otros rcdu--
" ciéndolas. El efecto citado es muy sensible a las veion1dadus efectivas® de
_prnpagaciﬁn de las ondas en 13 direceidn paralela al puentc. Las diferencias

de fase en el movimicnto horizontal no ocasionan amplificaciones importantes.

i

DISCUSTON Y RECOMENDACIONE

}F informacién disponible sobre caracteristicas del terreno en los sitios de

-

% Se usa aqul este tdrmino para toner en cucnta que una onda ‘que viaja con una
velocidad nomdiaf, en direceiln oblicua al eje del puense, tienc una cierta
- x ] N P . =
velocidad e4ecddva vnm la direceidn paratela a dicko eje,
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los apoyos cubre solo las capas de material blando y unos cuantos metros ce
material de rigidez moderada que yace debajo de ellas {en total, una prefun-
dldad de 35m): por ello no es posible estimar con precisidn 1as velocidades
de propagacién de las ondas superficiales. Los cdlculos de la seccibn ante-
rlor muestran que las velocidades en cuestidn pueden encontrarse entre 120

y 230 m/seg, de acuerda con Jas hipStesis que se hagan relativas a las carac
teristicas del terrenc por debajo de los 35 m de profundidad.

A 1a incertidumbre sobre.las v;lucidades nominales de-prnéagaci&n de ondas
superficiales debe sumarse la, asociada con-el modelo adoptade y con la hipd-
tgsi5_cunseruadcra'que consiste en considerar qué las ondas vi;j;n:p;ccisa-
mente en la direccidn de! puente. 350 en vez de esto Se considerara, por ejem
pio, un Znqulc de incidencia de 4E° “con respeétu aitpiand.lungiiudEnql'd; 50
metria, la velocidad efectiva sc obtendria multiplicando la nominal por 1a se

cante de 457 es decir, por 1,41,

Los resul tados que se pre5entanérovienen dé un andlisis de respuesta dindmi=
¢a 1inesl. De acuerdo con la préctica usuel de disefo 5ismico, pueden tomar
5¢ como valores de disefic si provienen de espectros reducidos gque correspon-
dan al nivel de ductilidad que ia experiencia aconseja para el tipo de estruc

tura en estudia,

in embarge, es razo e esperar gue cl comportamiento no line2 a corres
$in embargo, e nabl P g I port t line2! y la corres
pondicnte redistribucidn de esfuerzos contribuyan a desenfatizar la influen-

Cia de las diferencias de fase. £n la literatura técnica no 5€ cuenta con in

- T

- ’ - - - -
fermacion cuantitativa sobre este efeeto.

’

En vista de las incertidumbres citadas, y tomande en cuenta eonsideraciones
ccondmicas, Se propene toMar como respuestas de discio las gue muestran fas
tablas V y 2 para wvelocidades de propagacidn de ondas de 100 mfseg. Dichas
respucstas en ningun £aso debefan tomarse menores que las que corresponden

a desplazamiento en fase en todos los apoyos, segin el criterio convencicnal:
por to tanto, en esie cstudio sOlo se tendrdn ipcrementos cn las respuestias

acasionadas por ¢l defasamiento en ¢l movimicnlo vertical.
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INFLUENCIA DE LA RESPUESTA SISHMICA DEL PUENTE COATZACOALCOS Il
DE LAS DIFERENCIAS DE FASE EN LOS MOVIMIENTOS DE SUS APOYODS

SEGUNDA PARTE . -
IHFLUENCIA OE LA RESPUESTA MO LINEAL o -

L. Esteva y D. de Ledn

- . L - . . - -, ay

Antecedentes

En diciembre de ;QED el Instituto de Ingenieria.entregﬁ a 1& Secretaria dé
Asentamientos Humanos ¥ Cbras Pgblizas e) informe de un estudio que reali-
zb por su encaryo sobre la influencia en la respuesta sismica del puente
{oatzacoalcos 11 de 155 diferencias de fase-en 1os movimientos de sus apo-
vos {1}. Los resultados mostraron que para el caso en que se consideran
diferencias de fase en la comporente vertical del movimiento de 10s apoyes
se encueniran ampIificaciune; excesivas del momento en el apoyo central iz
quierdo en relacidn con e1lva1ur de dicho mumenﬁu para el Easu en que 1o0s
apoyos Se ven sometidos a movimiento vertical en fase. En consecuencia,
_ la Secretarfa citada solicitd que se revisaran los cdlculos v resultados

del informe antes mencionado.

Despuds de una revfsién muy detaliada y rigurosa de }05=c51cu1ns se concly
yﬁ que estaban correctos y que representaban adecuadamente la respuesta di
nimica de! puente sujeto a excitaciones fuera de fase en sus apoyos baje

1a hipftesis de comportamiento 1ineal. Se concluyd que dadés las caracte-
risticas del sistema y de la excitacion era indispensable cttener las fuer
zas de disefio a partir de un anélisi; que cansiderara abiertamente el com-

portamiento no lineal de la estructura, Aquf s2 presentan los resuitados

de un andlisis aprosimado que incluye este concepto.
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Respuesta no !ineal de sistemas sujetos a movimientas fuera de fase en

SUS apoyas.

£1 disefio sismico de estructuras considera que ante temblores intensos di-
chas estructuras réspﬂnderén haciendo uso de su éapacidad de disipar ener-
gia wrediante comportamiente ineldstico. Esto pérmite reducir los Espe&trﬂs
de diseho teniendo en cuenta los factores de ductilidad que se consideran
gceptables para'cada tipo de estructura. 51 los apoyos no se mueven en
fase, no basta con reducir los espectros de disefio: es necesario reducir
las rigideces de los miembros estructurales 2 fin de éstimar con la misma
aproximacidn y bajo un criterio unificado 12 parte de 15 reépuesta que se
debe al mevimiento de Tos apoyos como i actuaran en fase y la gue se debe
a Yas diferencias dz fase. Para ello se propuso el criterio de anmalisis

't que se& describe a continuacién. ' .

-

Del estudio de la respuesta dindmica de sistemas con curva carga-deforma-
ciﬁnle1a5t0-pTéstica se ha deducido el criteric para reduéir los espectros
de disefic en términos de Ja ductilidad que se empiea para las estructuras
convencionales: en el intervalo de periodos naturales moderades y larges

se reducen 1as ordenadas del espectro eldstico dividiéndolas entre el fac
tor de ducti11dad'u. y para periodos cortos se impone l1a condicidn de que -
para T = 0 Ya ordenada del espectro de acé1eraciones es fgual a la ace1ét§

c¢ibn mixima del terreno, a_, independientemente del factor de ductilidad

u'l
o del amortiguamiento. E1 espectro asf cbtenido es e} que en la fig 1 se

designa como espectro reducido por ductiiidad: para emplearlo sg entra con
los periodos naturales de las estructuras celcuiades en funcidn de las ri-

« gidecos eldsticas infciales de todos sus miembros.
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Para nuestros fines eg necesario trabajar con un sistema equivalente con
rigideces reducidas en forma inversamente proporcional a la rigidez tole-
rable {2}. Los resultados de este anilisis son cnng?uentes con el crite-

ric convencional del espectro elasto-plistico si se desarroila wn nueyo -

espectro,que en la fig se designa como espectro péra sistema equivalente

y que es jgual al espectro reducido por ductilidad excepto porque la esca

harizontal estd transformada de manera que los perigdos estén muitiplica-
dos por ﬁrﬁﬁ . A este Especira'he entra con los periodos natura1ES.equi
valentus del sistema no lineal, que se ohtienen tomando en cuenta las rigl
deces del sistema equivalente,es decir, las eldsticas iniciales diufdidaE

entre el factar de ductilidad.

Resultados y conclusienes

Los resultados de analizar e} sistema.equivalente para Q = 4 con los crite
rios descritos en el informe de diciembre de 1980 se muestran en Ja fig 2.
En ella se observa que los factores de amplificacidn de la respuesta para
excitacién fyera de fage con respecto a la que se tiene en fase no exceden
de Z en las secciones de esfuerzos mis elevados, aunque se encuentran valg
res mayores en zonas de. esfuerzos peguefios o <asi nulos. Los factores de
amplificacidn de esta figura se consideran adecuados para disefio sTsmico

del puente bajo la h{pﬁtesis cue es aceptable una ductilidad de 4.

b
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La aplicacién dd presfuerszo en estructuras de concrcto -
ha .tenido un incremento importante en los ultimos afios, debi-
do a las ventajes gue presenta sobre ¢l concreto reforzndoe -
principaelmente en lo referente a escuadriasz, a un mejor con -

trol de¢ lne deformpeiones y el arrietamiento en el estado 1f-

mite de pervicio, bajo el efecto de cargas gravitazcionales,

Sin embargn, la utilizacidn ¢el concreto presforzado po=
‘re resistir efectosn sismicos es menos accptada. Esto oo dobe-
pringipalmente & que se& tiene pocs 1nfarmzniéﬁ al resnecto ¥y
& gue comparativarente, can esﬁructuras je concreto reforzzdo
sa pbscrva cierto temor debido & cue el primeru fiene wong: —
capacidad para dicipar energfa y por iratarse de un mouterial-

‘

menos ductil qie el concreto reforzadoa. Ir las presenics notas
ge comentan algunes detnllew del cezperiamiente de miembros -
prosforzedon bajo cargas monoténicas y dinéminag, asl comp el

detalle do coneXicnen y alpunos lirnesmientos de reglamentos -

de cnnsiruceidn refercentes sl concreso presforzude,
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1.2

i.3

1.4

COMFPORTANIENTO DE TRABES IFHESFORZAS EN PLEXION,

Concepto accidn respuesta.

Dragramus carga-deflexidn,

Variables gue intervienen ¢n el

rresforzrdes. |

Estado Ylimite de Palla.

conporizmiento de traves-

o
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2+~ DUCTILIDAD DE ¥IEWHROS DE CGONCRETG FRESFCHZADG.

—

* - .

2,1 Kegumen histdricd.

2.2 Andlisis de miembros presforzadoz en flexidn.

2.3 Amoriipusniento,
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DUCTILIDAD DE MIENEBROS DE CONCRETO PRESFOR ZADO,

Resumen hietdrico de ecfudics remlizndes, Es conccido que—

un endlisis dindmico de la respuesta glastica de egtructuras Q==
sandoc aceleraciones sismicag, ponen de menifiesto gue une estiruc-
tura puede estur sujete a cargas moyores que las especificadas —
por reglamentos, lo cual 1mp11qa que una estructura debe ser ca-—-
PEZ &e desurrollar grandes deformacioneg antes de llegar a la -
fallu en caso de sismos severos, Por tanto, es impurt;nte cong =
cer in ductilided qué pucde golencrce en dileopros de ceneTreio -

preaforendo,

La relacidén momenbo-curvatura pura concreto preciorzado bi-
jo cnrgas monotdnicas y clelicae, nermite compronder le duetlliil-

dud ¥y le energia de disipacidn,

?.ft. Lin {1} presenté almrios aspoctes lmportantes pare el
diseto sfemico de estructuras prchférzadns,-referﬂntes a los fac-
torea de curge ¥y ecsfuerzos permisibles asIlccmo algunos encayes -
estudinnde lu capoecidad de absorber energla, concluyenﬂoriin (47
su articulo e gue les diagramas lomenbte-lurvatura ¢n vigaes de -

conc1'eto prectoraunde en {lexién oo oreseativun Arciys 1spodriunies



-
1J
que moetrzban altg capacidad para absorber energisg,

Rosenhlﬁeth {(2) comentando el artfculo de Lin, enfatizaba
el inconvenienté de establecer conclucioﬁee basadas en la cur-
va de p?imera carga, indicandn l1a importancia de las curvas i-
dealizadas carga~deformscidn en la descarpga Fig.l, para miem-
bros de concreto presforzado y aiembros de concrete reforzade
prefentaban gue para muagas § rigideces comparaﬁles una éstruc-
turs de concreto presforzade tendrfa probablemente mayores de-
formaciones debide a su baja copacidad de amortiguamiento oue
una de concrcto refcrzado y que asi mismo seria mis fleﬁible la

privara, lo cunl ecentrarrestar{s on parte el efecto de su baja

capacldad purz absorper energino,

Despeyrovx (3) courmcluye ouc las 4drens bajo el dlagranma ko-
mento=-Curvaturs en conereic presforzado y relorrzado son cornph-

rebles ¥y no nececariamente menores lisde concreto presiorzsdo,

pera nue un factor importznte que afects Iz respuesia sismicn
do estructura ;a su capacidad para disipar energla, En su arti-
cule, de acuerdo con la FPig.?2 concluye que la enerpgla absortida
es efectivampnte compzreble en nmicmbros de concreto nresforanic
¥y reforzado pero que la energfs dicipada es bastgnte L2NOT en

los miembros de conereto presforzude, lo cual Tepresentard que

i resmuesis en ecton Glticoz bajo el sismo nerd movor.
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Fig. 1 Idealizacion de curvas tipicas carga-deformacion

A) concreto presforzado B} concrefo reforzado
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Un estuiio reciente realizade por Blakeley {4) sobre la res-
queata dinimiaa no lineal 4e sistemas de cnncrato preafarzadu -
' _;concluyﬁ que .al ﬂesplazamienta méximo . abtaniﬂn ¢s '¢el orden de -
40% moyor quﬂ el de un siatema de concreto reforzado con m1sma‘-
reuiutencia,'rigidez inicial Y mismo porcentaje de amortiguamien-
#P ?%ECQEO. -

Thompamon (5) hizo un estudio somparando las respuesstas de -
nlembres presforzados, parciplmﬁnte fresforzades y reforzzdos -
bajo diversos movimicntos gismicos, ldezlizande los diagramas -
Momento-Curvatura cord lo indica le Fig. 3 y tomando los regis-—

tros del giempo de E1 Centro 1940, H-=3.

El factor de ductilidsd ce define como la reiceidn que exio-
te entre el desplazamiento en ia falla y el desplazamiento corroa_
vondiente g ‘1a primera fluencia, Thompson encontré gque pars pe-
quefios peridédos el factor de ductilidad era mayor y gque 1z ten -

dencla a dilsoinuir ¢l desplazamientc se debfa a un incremenio en

el acero de presfuerzo,

Andligis de miembros presforzados en flexidn. Lca eaiuiles

reelizados por Blakeley {(4) paras determinar las relaciones Momen-

to-Curvatura bajoe cargu monotdnica, demostiraron que la curve ob -



T » :
Mep T M
_ AR AT
1; '."I
- i _
. Llﬁﬂ g . L _qﬁ/ﬁy . #
a) Concrato ratfortads ' b) Loncrato prasrérzad’o
M I
p———
I|
e ?
~
8 !
=4 e) Concrate Parcia[rn entz /pr:’::/é!i’dc/ﬁ

Fig. 3 Diagramas idealizados de Momento Curvatura
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tenida para eute tlpnkde carga es colineal con la’ curva envolvenL

ta‘ﬁe cargas cfclicas. ﬁ? miembroa de tonereto presfnrzaﬂn y que-

L !
fl1j‘ '

_por Lo tantn esgte an&liaia puede efecuarse 'para el eatudlo de 1a

L ’

ductillﬁad}hajn cargas sismices.

Se rTealizaron ensayep para obtener diagramas Momento-Curva-
tura en trabes haciendo veriar el valor de la fuerza de presfuer-
2o, lzs poeiclones del mismo en la seccidn y le cantidad de re--

fverzo transversal,

Asimisme, Thnexpson {5) realizé ensayes en uniones presfaf——
iadas'viga—culumna; refqrzan&u'al nicleo ﬂé acuerdc con las es-
pecificaciones de cortante del ACI 318-7i, Leg coluznas se dise-
Baron de tal forme que tuvieran una mayor resiptencis que las vi-
gas y loe engayes se hicieran con carge cicliea éstética simularn-

do la carga sismica, .

Los repultades obtenidos por los estudios mencionades {4)

{5) se resumen a coqtinuéciﬁn:

a) Porcentaje del moero de prﬁhfuerﬁo;

El efecto de la yariaciﬁn de la relacidn drea presfusrzo a
concretoc, P = As/bh, se muestra en la Mig. 4. L3 forma de -
los curvus indican clrramente gue a un incremento de capacidad -

de momento corresponde una dieminucién de duetilidad., El1  ~-
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Fig. 4 Retacicnes momento- curvafura parg una Seccion
con diferentes contidades de presfuerzo excentrico
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ACI 318=7), espscifica que la mdxims cantidsd de acero de pres-

Tuerzo que debe tener una trabe para prevenir una falla frigil-

es!

0.3 (1)

I\

bdf"
fc

Este limite corresponde & p = 0.0069. El estudio de, las -
curvas de la Fig., 4 indica cue para eségurar una ductilidad m-
zonable en digefio siemicc, Blakeley y Thumpaon recomienian dis-
_ minuir 1l exXpresidén anterior & 0.2, 1o cual conducirio 2 weomr—-
p =~ 0.,0043., La ccuacidn (1) Bigﬂifitu que lao mixima fuerza de —-

tensidén ea D,Ef; bd, lo cuzl imrvlies cue en el blogue de esfuer-

Z0OE €0 una Beccién rectongular se tendrd:

0,2f'¢ bi
g @ wm——— = (0,235 d
] -
0.851° b
y st d = 0.,85%, 1le condicidén cueda conme:

a = 0.20%
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'b) Distribucidn del acerc de presfuerzo,’

En una seccién transversal de una trabe ge hize veriar -
el ﬁﬁmern ¥ b poeicidn en los c¢ables de pregfuerzo, permane-
clendo constante la fuerza total de presfuerzo, p = D.DOEB_ -

As{ .mismo, ce obserbd que si se aumenta el acero de -
presfuerzo en 1z zona de compresién, la curvatura no disminu-
ve, debido a gue 8l cable de presfuerzo actiia coﬁ; acero de -
compresidén en curvafuras grandes. Cuand¢ el acero de prestuer-
Zzo se coneceatra en un aolo ¢cable centrado hay une pérd:ida con-
siderable de_cupacidad de moaento pafa grandes eurvaturas. En
cambio =olo existe umd pequeiia diferencla entre 8os o mis ca-

hles, Por tunto, se recomiendu gue el acero de presfuerzo se

distribtuya en dos o mi&s posiciones por efecto de duectilidad.

éi Efecto del refuerzo transversal.

En los ensayes realizedos, la caniidod de refuerzo trancs-
v9rsai tuvoe poco efecte en la éuctilidad de trates, va qle Lri-
plicando el ndmerao de estribos normaimente especificudo e io-
gré un incremento relativamente pequefio en la capacidad de mo—

matito.

d) Puctilidad on ¢olumnas de concreto presforzade.
En los encayes de columnas bajo cargas ciclicas, las cur-

vaa experimentalec se truzaron parg una articulacidn pliastica
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direcizmente scbre la trabe, provecéndose asi €l mecanismo en
un msrco de un nivel, ¥l diagrama MNomento-Curvature en lo co-
lumna de concreto presforzado se reﬂuce1con un nivel-de carga
axiazl y se requicre un refuerzo transversal especial cuando -
la carga alcanzz valores de 0.1 Po, siedo Po la resistencia de
1a ¢olumna con carga axial concéntrica tnicamente. Hey poco -
conccimiento del comportamiento de acero presforzado de miem-
tros & corpresidn, sin embargo dc los estudios remlizzdos ae

pud¢ ¢oncluir que en las curvas de Momento—ﬂur%aturas, la co~-
rrespendiente 2 p/i'’ecbd = 0,22, - . , cerreaponde 2 la mé-

xima curvaturs obtenida en lo2 ensayes,

Amortiguamiento de mienhrae de concrete rnreefeorzmedo. In

la referencia {2), se menciona 1z relativaments bajsz caopacidad

de wmortiguamiente on estructuras presforzados,

Depeyroux (3) hace notar que el amertipuamlento del con-
ereto precforuzedo ¢e comparable al & lzu estructuras metdli -
cas, e3 decir del -orden-del 13ﬁ;q§1 erf{tico. Fn cambio en can—-
creto reforzade es @1 aréen 109 delrcriticc. Wakanoe {8) encon-

tré valeres mayores &l 7% del critice para esiructuras presfor-

exden,

Esto significar{s quc deberdn tonnrse coeficientes gfs -

micos meyores para- estructuras do goncretoe prosforcods, pési-~
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e jemplo del orden de 204 mayores sue los aplicedos al concre-

to reforzede.

-

" Una investigacién reciente de Penzien {7 ) sobre le amor-
tiguamiento en trabes de concreto presforzado, oostraron que
el presfuerzo y la reeistencia del concreto tienen efecto sc-

bre el amortiguamiento sole cuzndeo se aproximaba al momento -

— -

-

dal colapso.

3in eombarge el efecto desfaverable del concreto presfor-
zado referente a su baja capacidad de amortiguamientoe que sa-
traduce en dcaplazaqiantoﬂ mayoresn, se contrgrrestra en narte
por el hecho de qte las cpiructurus ﬂ&fcncrc#g rraesforzsda da-
bide a sus menores escupdrias que en el coneretc retorzado, -

reguleren una reduccidn ern la demunda de 3ductilidad (§).
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-

3-1.- Egtructuraciones préforzadas,

3,2 Estructursciones postensadra.
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4 .~ REGLANENTOS.

4.1 Reglamentc< del Distrite Pederal.
4,2 Reglumento ACI 318-71.

4,3 Recovendaciones C,F.B.- PID,
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KECOMENDACICIES DE LA FIF FAHA EL DIS:HRQO SISKICO DE ESTRUC-

TURAS, {LOADKES 1978).
Se presentan & continuszcidn un repumen de las principales

regonendaciones.

1} e consideraridn dos estudos limite de sismo: moderado y-
severoc. En sieBmos severos la estructure no debe fallar, debiende
formarse un numero significativo de articu%acinnea pléasticas ca-

pzces de disipar energia,

?) Son vAlidog los dnalisis estdtice o dindmico para deter-
minsr 3pa fuerzss sismicas y las-estructurzs deberdn. anslizarse-

¢n dos direcciones rrincipazles.

3) La ductilidud por flexidn d&he*asegururse mediante la =
pﬂsiEiﬁn 6e srticuliclones plisticas bzjo sismos severos, En e-
aag frticulaciones ¢l eje seutro debe estar a 0.25h en puntoes -
donde ocurren inversidn de momentos y ellmnmentn ﬁltimg tgerersi -

ger como minime 1.3 el momento de rupiurs,

4} En les ariiculaciones plésticas, tode ol cortante debord

cer tom:de con eptriboe,

5) De preforcacin los czbles deberin lechudeerse,

4"
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1 1 . , . :
&) Les anclajes de presfuerzo deberin colocarse en zonass -
alejadas a lae de méximos esfuerros como lo son las ariiculacic-

nep pldsticas.

7) las uniones trabe-columna deberdn disefiarse en tal forma
que eazeguren gque 1la folle por cortantie no ocurre en el nidcleo de

ia umidn.

Unt considerzeciébn imporicate en las Recomendiaciocnes de Nue=
va 7elandiz para estructurss presforzadas en zonns sisaicas eg ~
la de tomar un ceeficiente de 20% muyor que lzs de CONCreto re -~
forzado. Como un intento quo permite incremenior la recopuesta en

estrueturas presforzadas (5).

e e -

Ly



5.~ EJEXPLOS.

5.1.- Trebe postensada,

5.2 Trabe pretens:da.

41
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" EARTHQUAKE DESIGN OF STCTURES WITH BRITTLE MEMBERS
AND HMHOAVY ARTIFICIAL DAMPING BY THE METHOD
OF DIRECT INTEGHATION
- 0 A Walkvng and H. L. Hilcheor™™ :‘ Y ]
. . . i wrs
1 A st s oy ] ) fovbuld also requiFe replacving.  The feoial cest

This paper outlinss an investigallen by the
Yew Zoaland Electrieitly DOepartment wnia possible
methods af jncreasing the seisulc strength of
2P7A%Y awrblast rfircuil Dreakers. The ¢lrcult
breaksr was 1da3l et a2 & tv? mASS vibrataneg
sy stem whose Dehavioour an differenl earl Rguahes
wak exarminged L 1he prthod ol dlrect Jhtagration
gf the fquati1cns of motlon,

Hitgr?

SThe elrcnit hreakora had heen rurehaded
undar & Speciflearion requaping & ser13mic desigh
fagror of 0O,257. However earthguase dumygs to
similar breakera in a number of countrinn toget-
Ner w1th a more Qetailrd understanding of the
rairfassr of sTruciures Lo sarihguahes lead to
the adeption by the Xew RFraland Elegtriclly
LUepartmant af standard design 1pectrum furves
ke d ofn a wei of !Enfle mazs respandé dprelra
t + up By Skinneptl/,

These spucira were produced from Lhe el ght
components all four well known sfarthquakes, LI
Ceptba IS0 and 157354, Tlympra 1939 and Taft
t1952. The recards were scaled to the 1940 EI
Cenlro A-5 x31%8 then thelr apeclta weld Averaped
and smoathed, The presenl %, Z.L.D. apecifica-
Lticn For equapment w1th britele componenty
requliled them To witnsiand garthguake forces
obrtaitned from Lhe appropriate design bpecira
curv# =ith a Tactor of safety of wt least Lwa,

Tha La [igua earthquake of 19u% [Chijle],
paginliude J=7.5 on the Richter Scale ad 1ty
wplerntre BHOD miles From San Pedro subkstation
where 8 ntrbtast circuit briakera of & Lyps in
conmdaN use 1 New Zcalsand weare edtenazively
damaged. Cut of & tolal of fortyewighl 1 IOKY
sSupperttl columns, thiri¥-eight were Fractured al
thei1r bDate, Althowgh the ground dccoelesration
fiyd not eacerd an earimated O.16g, the mivimyn
resnponse of the aipblast heads was condidearsd
o ne In the region l.5-2.5¢ {r={.2). Ths
New Zwaland Electricity Department Ras over

alghty of this type ol Greaker lostalled through-

aut the covntry, rated from HOKV to 245 kY.
The BEraioum adculeTatlon the ZZ20hY circult
bresker porcelaln columns can wlthatand 1s
approvimately T.ég. The need for tomv furm of
sirengihening of the ¢olumna brcame appareni
after 1ha S5an Podra and similar incldents.

“he manufactuerer offercd te supply vibra.
r, samplng devices Tor fitting at the Insgl.
#rer column BaZces Ly Liecavse of the Lype af
fopairuciian, the ex3fting poarcelain celumas

. CiLnieer , Yew Zoaland Eltcectricaty Ovpariment,
scllington.

** Senilr Restarck Enflnver, Sew Zrealang
Electiracity Deparsment, kelilaptan.

of madifyifg eath clreull breaker was ruch that
alternative meéans al 1ncreadlng ithe Clrcult
Breaker se1smic reslstance waz saught.

fine such proposal was o provide Lhe
gircull breaker base with a more Mlrailbley
mounting tofether will heavy viacous damplng.
An elemnatAry ipsatment of this arrangemont was
Jercribed in reference 3 and Lhies sugrests that

targe vajues of wvitcous ZGapglng 1n Phe toppur
stcnclype cowid to am abproflable crlenl makd
up lur the lack of dampryg i i purceldnn

corunns,  Whien computer Jacillitias becane
Wyailaple the present mure delailed Study
representinf the ¢itowit breaker as & twd mads
sysiem was tihdertaken.

Methed gl Asalcesis gl Qircuil Breakes Relponis

Since [he lleaibility of the percrlain
columns wa= nat pegligible and slnce thelr
atrength was limtted, il wa3d deszsred L4 40Lalin
maTe Jdefinite iaformation on Lhe dellecilen ond
sLressing of Lha porcelain DY regresenting
Fathh pole of the Sreaker as 2 btoo MASY Ay s.wd.
The upper mas4 represents the thiree 3«03 af
alrrbrlast heads which arg mechanically coupled
so0 (hat they move virtually as one Dody o og .af
Inser mass represents the compresazed A1r -afa
whieh forms the base of the Circuit Breahasr.

b is difficult to decerminge L parioghisu
refponse of 2 iug masr Syafem woth widely verya-
vaf damplaf by rodal anglysia. Imatoud e
atudiped the response of the twE mats 4y Stes ti
reur of the carthguake roegoeda used by Shinner
wn ubtarnming his oraigloal respenso dessan
EuFYoa,

The Department has svatlab]e R Lontiraew
computer program koown 45 Coplliuuuy 3y stum
Medeling Program, or C.5.M.F. Thig 13 designed
T oximulate any fontifudus Syatums Fepresen-wd
By une or more linear duffersntia]l eqguailoni.
£.5.M.P, ha* facilities fur beth lifivar ool
pquidrat:e lnierpolatlaon of ground scceziotatien
from the digitised earthgjudke regcorda, Tho
first metnod was used by o: primarily fo )ioante
computer opfrat:ag fime. The rachioe wied for
the operaticn was an IBVISG/2D alared Zeintly
by Lt hew Ioaland Elect-icaity Departeeni afa
the Mimistry of wWorks.

Scaltng of Accclerzgrass

Leveral methods of seasurlag the 'rice” 2f
an varthguake have teen uzed.

{al " acecurding to masimum Craung Lrefeliese. badn
(t) acveordizg 1o fMC moan Yalle G5 LRE L0, -
ity rewpuiity spocipum Lotleewn @,1 and 2.5

recLAdr oloral Rrriod Ter o4 vallr uf Numu-



., 2

IR, aprrenrlabs Lo Le mtruclurr“hhfhﬂ o
cun=1cheFisd fhauaner |,

(] accoarding: te the moan value af aceeleral L.

respornsr speclrum Letween 0,1 and 2. %
seconds fur 2 percont critical damping
| Skanne ).

{d) accurding tu-the rim.a, valuc of the sLrong
mution port.aen nf the accelopram lJdoennings),

le] accuording Lo the mean value of the velocity
specirum for 20% dampiag between 0.3 and
J cycles gor srcond pluetted logrithmuicaily
{PlLichun ref. 3],

The scaling faclars yndicated by the
dailferent melhods are 3liawn 3 Table §. Forp
our study we ufrd the 3caling factiera generally
4% derived by Skinnet But calculated Mrum Lha
prriod range applicably to gur structure,
samely 0.1 to 1,2 meconds. Table | shows Lhat
ithe diffcreacs Detwern Skinners and the authors
[figures are small.

Apnrlicatian of ACesleorurrans

The twd Dody arrangemsnt repretenting ihe
Circuit breaker Las shwuwn In Fug. L.  Thr
equaliond of mallon govarning the syt1lems are:

- = XK= ¥ e £y .
5 ‘*:'JLH AL ‘3,_:'”1"&].,1(_‘;

Hi H’_ Mi
5 _F .53. . ,'I_'z _ Ky oy L,
At z*’f‘(u.) . (E} *(ﬁ') ok (F)

The nirimum 3tyess Lo vhich the columna 4
subjected are proportional to the maxioum dis-
placesent of Lhe eirruit breaker head relative
ta the tank.

The structury way Tirat subjected to tho
%40 El Centru A.%  acceleration record and
the response aof the airblast heads ix AROwWRA On
Faip IIL for differsnl values of support
slructure atiffaras and damping.

Scaled wp versiony of the other threes
varihquakes wers Lhen wpplied to the structure
for the values of support structure staffness
most llkely to bLe of interest. The circult
Greaker head respansas 13 skawn on Flg. IV.

Conclusiony

f1) Fig II eompares SkLnners responsce spactrum
for Z4 damplng with Ehe response spArtra
fecaleylated by us far four of the eight
individual ecarchguaked which were scaled wup By
Sktnner when deriving the standard. Tt 5Hﬂﬂaﬁ}5
that the uvte of these gceelerngrams In dirernt
tntegration methods 1% reasunably cguivalent

te the uae of the dosipgn spoecbrum bul is pAr-
naps slightly an tha aptimistic side.

{2} ¥aig 111 shows Tthat the greatest reductlon
ln teading on the porcelaln columns was Eiven
by fHilgh [Tecibility and damping. Damping ¢ven
45 hagh a5 0,8 of eritical zZives an IMBTOYE-
LT LR L Tne curves showinre thye resznonse ol aLr-
Tlast heads to four varthguakes in Fig IV
incileate:

lal  tial the scullsar of rospens: Fapr the faur
CaArihnuakts deerratod o heeavy dxaprog and luw
aprbng slaftress,

. .
{bl  that with 120069 FL'ID =tiifae=a o0 e 7
auppart apd danpiog b teeen B4 sl 8.0 of
critrcal, the respunse ol ERe Corcall
breaker Lup ta anm El Crenbpeo aieed Harkli=
quake 1s Likely to be below O,40.

fel  That with 24,000 10 fout staffoces and
damping wiitch répreasnls the rocommondal sl
th+ earlier elementary drudy [3] bLased i Lhoe
trcxwment of Lhe £itcwsl breakers as a sLPftke
masy Aystem, Lhe veapunisre Lu fwo of Lhe 1ozl
rarlhgquakes 13 a3 predicted by Lthat sludy andg
io Lthe oiher tww 34 abeut IGE larEer.

L Y

Te liril the dellection of tne circullt
broaker cdue to wind [forces, to about | wrch at
92-100 m.p.h. 30 would be necexsary b Lanat
the stiflfnesa of the auppurls Lo nul lyess than
12600 tbi{looe,

The results ol this investigatlaon confirm
that by chousing supports of low stilfnoas and
heavy wiscous damping, o Subistantial lmprovemaent
in Sircuil breaker asbksmic strength iy puss)ble.
Freliminary investigations of the macnanical
desipn andicate that the provisien <f thaese
Teatures 14 bBolh practical amd coOnTLE.
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EL CENTRO
1940 N. S,

DLYMPIA
1959 NiOw

DIYMI'TA
1949 NEQE

CTAFT
1952 S2iW

Mas Groumd aceelin g.1773 0,17 6,732 o.1H

FACTOR 1.00 .94 b, 00 1.84
Socelral Intensily {Housner) .94 B 50 6.03 L. a0
Zore (damping, O0.1.2.5 spos

FACTOR 1.0 1.6 1.54%8 1.97
Mean acecls reosponse [ Skinner) 1.1 0.74 0.91 0. 39
29, damping 0. 1-2.5 sens

FACTOR 1.00 1.75 1,42 2. 19
Mean accol. rosponse {Authors) DLEDD 0, Lhe 0.612 0. iHGO
2T Jdampiugr 0.1-1.% sees

FACTOR {.00 1,52 1.2 2. 10
NoM.5. Accol. { o) £,20 1.537 (.95 T h2

FACTOR 1,00 1.4 .17 1. 53
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LS

{1



177, - 59;55/}'?/56(2
my = 7816 sec?
ko =68000/b/ft

Air Blast Heads
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L

g Forcelain Svpnort
= 92 [bift/sec. Ve Colymn. |

I+

ﬁ 1 F] Air Pressure Tank
[ = -

L
e

T 'H?E-c-\

-

'~

I

Viscous Damper

| —Support Structure.

7y, My mass . conslanis
ki, Ky, Stiffness consfanis
G, s dampx}?y &an.rfanf.r,
where ¢ = 2N i

N s Fraclkien af crfﬁ cal  damping

. a;;p{acemgﬁfj af ngﬁffrﬂz ?20}(1/ /‘41”}? BAAST (/R(U/T SREAKER

¢

i

7z 1" of grovnd. .
| | Fre I
&

Single fole of Circuit: Breaker
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SEIS?\-'HC,QUALI]*'I{_,'.J\'I'IUN TESTS OF ELECTRIC FOQLIIPMENT

T FOR CAORSO NUCLEAR PILANT:
COMMENTS ON ADOPTED TEST PROCEDURE AND RESULTS

L. BACCARINI M. CAPRETTO
Fan-Llecire, 1- 2800 Novara, fiafy,

M. CASIRATI, A. CASTOLDI
ISAES, Iviteto Spertmentale Madelli ¢ Stevitere, 1214100 Berngamo, fialy

SUMMARY

Thﬂistismif.‘ lests on Class I electric equipment for Lhe nuclear power plant of ENEL at
Ceorso nave been carried out at ISMES in the last two years. The testing procedure, supplied
by I[hi;: Customers, 8 mainly based on the "1EEE Guide™ Std. 344-1971, and is summanzed
i [oliows:]

~ pomplelt pantd (fully sguippe! with operated and Aon operaled devices): (EMOREREE weurth al iow aeetafulan evel; determunation gf
prpiefication and wemprmy ot (he found resonantes. vibrauon 12505 4l IRE resdnenes frequencies {CORUEUGLE Hioe) with gcorlerytion
ro b relaved uo Hh Pt responas spectrurm (6.0 3 Jon 1e basis of The resuls ai 1he prevseus 1ests;

~ dovices (operaled and Mo loned) pesoneie SEarch o abeve ; visrelon 14505 a1 1he Fesonance frequencies, of ot 13 cpa il esonance, e
8l found, wilh (hOredding soceration until Lhe Gevice CEwstd 10 porivimh.

Without going into details as 10 the reliability of the [Lr.s. a proper correlation betwean the
resulis of the resonance search Lests and the f.r.s. 15 easily made could the panel be considered
asingle degree of freedom, lincar and viscously dumped system. Actually, almost all the pane!ls
show 4 very complex behaviour with numerous resonances, which, in turn, is highly non-ti-
ncar. To determine the damping value is then an almost upsolvable problem, and the corre-
lation between the test acceleration und the Tr.s 15 very difficult. As regards (he responses re-
corded in points of Lhe panel, high accelerations are due to local resonances of small non-struc-
wral parts, se that the chaice of Lhe gage poinis should be done very carefully when the overall
behaviaur is 16 be delerminged. As 1o the meaning ol the “siructural integrity™ as a critenon
of seismic adequacy, the guestion s debatable. Strucwural damage occurs very seldom, and af-
fects small parts of scarce importance unless fatigue effects, unlikely to play a noticeable rote
during an earthquake, are introduced, On the other hand, structural damage may not affect
the performance of the devices placed in the panel, where.ts their bad performance may occur
without structural darmage to the panel itself, Moreover, the influence of the mounting (we!d-
ings, boltings, connections) greatly affects the dynamic behaviour of the puanels, especially
when the first resonance frequency is concerned.

On the basis of these considertions, a more selhiable testing procedere should be: a con-
finucus [requency sweep at low acceteration (sinusoidal), 1o record 1he behaviour of the most
significant points; a random excitation whose spectrum mutches wnh the given f.r.s., or—Ilor
1 more general west procedure—, envelops a number of caprecied carluiuake spectra, to repeat
the frequency sweep to make evident possibie diflerences in the panel behaviour due to im-
poriant structural failures.

Criteria for a correct choice of a specimen panel to be tested are discussed in detail.

As regards the devices, the determination of the resonunces frequencies is somehimes dif-
ficwlt {due to the small dimensions of the device 115 behaviour might be modified by the pre-
sence ol the pick-up mass), and in most cases, it has no meaning. {n effect, 2 bad performange
of the davice is mainty due to locul resonances (of springs. contacts, connections) which can
be discoversd only by monioning.

The tests ut 33 cps when resonances me not found have little meaning, because, mainly due
to the non-lingar behaviour of contaets and other moving pants of the devices (switch
on—switch ofl pasitions), bad perfarmunce may occur suddenly at any frequency for lower ac-
celeration levels. )

A beuer testing technigue seems Lthen to be to test the device, its performancs Being mon-
itored, with continuous sweeps in the frequency fapge of interest and Increasing the acceler-
ation, unti! it cousey to perform correctly.

!
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1. FOREWORD

Live to thy tarpe forces \n play, and to the fact itaffeets the whole etructere, o Sirong
earthquak# 15 lndeed one of Lthe mont umportant and dangercus aicidents which may oocurs
to a puclear power plant, Of great importance an regards the selsmic nafety of the plant is
the posd performance of all the electric and elecironic equypment instatled. Lis conlinuous
periormance must pe always puaranteed: for the mosL dangerous condition in order o con
trol ard,” il hecessary, to shut down the plani; during emergency in order 10 avold the activ
ity of the plant ritzelf being interrupled, Despite its importance, the seizsniic veriicationofl
this vquipment is based on a testing procedure vtill unsatisfactory.

The problem has twoe distinet aspects.  The Mirst (s related to the knowledge of the
tharacteristics of the motion. generated by the carthguake ot the poinl of lhe structure at
which the equipment is copnected, In normal practice, Lhis informatian 15 supplied by the
ko called "floer responde specirum® {f.r.s.}. The second !5 to Nind out a suitable and
reliabhie testing method, whatever the technique used in order o obtain the f.r. s., and
kowever reliable it is. - ‘

Thik paper 18 an analysis of the problems arisen: ) from the ehoice of the testing
techmgue adopted for the seismic check, carried out by means of the testing facilities af
ISMED, ol panels and eluctrical components lo ke insialled. by Pan Eleclric and others, al

the ENEL IV power plant; b) {or the interpretation of the pegulls obtaned from the lests,

2, SEISMIC TESTING PROCEDUNE ADOPTED FOR ENEL IV XUCLEAR PLANT

The Eeiemic qualification of the eleciric equipment for ENEL IV nuclear plant has

been carried out according to the lollowing two sleps:

a) gualification tests of modular panels, monitoring acceleration levels at coripenent

installatjon points;
i) quatification tests of components,

According to the adopted procedure, panels which may be differen! from Lhe one
tesled {due io possible slight changes in mumber and type of the installed componenls) are
vonsidervd lo be qealifivd by just testing the new components wilhout requalifying the entire
electrical board.  Among the different lesling mythods {(simusaoidz], sine beat, mullifr_{:
quincy motion) suggesied by some slandards - as, fur example, the [EREE Coides - o g)
nusaidal exeitation hag been chosen W carry oul the tests. g particular, the following pro

tvdure has been used:

a) ag regards the panels, lhey were lested fully equipped with non operated devices,
or dummy loads, and were mounled on 3 vibratipg tabie in the same way as they will be

mounted in the plant.  Motion was applied in the three orthogonal directions separately,
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A first test consisted of a resonanes search carrled out with a sinusoldal vibhration

at low accelecation level (.05 + 0. 10 g) and with variable irequency belween 2 and 33
cpa approximately.  In many points of the gtrucire, dslected on the basis of the probable
hehavigur of the:panel and ncar the mounling points of the compopents, accelerometers
weure placed, and the relevant response curved were recorded. When Lhese curves showued
a clearly delineated firstmode, that is, when the amplification factor hada pattern as shown
in fig. 1a}, on their basis a ''representative point” of the panel was chosen, in mest cages
located near the center of gravity af the panel. Besides the value Amu of the amp]irica—
tion, the natural period TD = ‘-l,l"fcnr and damping factor of the BlruEture under test were de
termined from the amplification curve. These values #nabled to abtain, an the {. r. 6. curve
{fig. 1b) the value a of the acceleration that the representative poirt has to reach during
the quatification test.  This test was then carried out at a frequency slightly wvarying a-
F ot !'0, and with a4 base dcceleration slowly increaging until reaching, at the repre-
sentative point of the gtructure, the value . previcusiy determined. During lhis test the
acceleralion levels at the componenl mounting paints were monilared 1n order (o compare
themn with the level esch component can withstand withoyt damape. The Pan Electric panels
were tested according to this procedure.

When the response curves showed more than one important resonance, the same
procedure was applied at each of these frequencies. Ipn turn, when glear resonances could

rnot be found, the maximum acceleration value at floor level was adgpted an test input,

'
k) As regards the components, testEwerequite sunilar and aléo congigsted of two Steps.
The component was first {ixed on the shaking table either directly or by means of a 9tiff
supporting Wtructure, The mounting of the component was carried gut in the same way as
when in operating conditions on the electricpanet. A continuoud Eweep was performed over
the entire frequency range in order Lo determine, Beparately for the three pringjpal axes,
the resanance [requencies af the componenl. At the vesonance frequencies or, if they are
a0l found, at 33 cps, a vibration test was carried out with ihpul aceceleration slowly in
ereasing until the-level is-reached at which the'companent no longer operates correctly, X
During this test the performance of the component uhder normal operating conditons was h
monitored,

As regards the quality control lesty, a certain percentage of the tatal amount of a
fiven component hag been tésted at the same frequencies as before (resonance ‘requencies

or 23 cps) with lower acceleration levels,

i COMMENTS ON TIHE TESTING I'BOCEDURE

In the course of the festx, and depending on e cesults obtained from time to time.

a number of proklems arore abpul the (orrect appiication o the singhe cases of the recom
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mendedd sl procednze. The theeg main paoiols under discussion are:
a} the corrcicilon belwecn the agopied Lest cscllation and Lhe fiven foros.
1] the erlteria used for the analyvsis of the lost resulls and the conseguernt assvsament

as o e susnee adequacy of the panels and conponents;

c) the peneralizalion af the test results, that is the capab:lity of the specimen” tesled

Lo represent the slandaprd behaviour.

4.1. From & theorehical point of view, the corcelation belween the L1 5. (which is a dg
sceription of a randem motion). and the swmuscidal vibration {which excites only a single
frequency at a time) 18 never possible, unless only one vibration mode 18 considered to be
of importance for the dynami< response of the parel. In Lhis case, the correct correlation

i£ Civen, in reeonancye conditicns, by the aimple relationship;

I
oL =C-fli.'---—--ah

- I 2t
wlgTe
ari 18 the amplilude of the respon=e at point § af the structure
ay is the amplitude of the base matjon
L ia the coefficient af participation of the mode considered
s i5 the "amplituce” of the normalized modé shape at point i
o if Lhe percentage of eritical damping,

The "representative point' of thestr ueture under test has to be determined through
the knowledye of the mode shape and the relevant caefficlent of participation, as the point at
which C - § = 1. Infacl, st this powt, the amplification factor of the panel equals thatof a
single degrue of freedom system. Generally, thiz pointis higher than the center of gravily;
it follows Lhai to adopt the center of gravity as the represuntotive paint means to increase
the base avceleration and the test becomes mare conservative.  Anyway, as the results of
tng resonance dearch supply all Lhe necessary data o evaluate the responbe, the lesting
method coold B, in this cage, Tully satisfactory. ]

However, rmany tesls carried oulon a number of different pancle show that thelr
aciual behaviour does not mest the above stated assurnptions, is the panels cannat be con
sidered linear single degree of freedom syetems. In fact, a panel is geperally a framed
struciure made of sleel bended sheets, connecled by bolisor weldings in a vertical arrenge
rmient. M supporis sleel doors and walls, ik and on which are mounted many electrical com
ponents of variouts types, such as relays, swilches, transformers. etc. It is then a rather
complez system of parts with dilfferen; masses and stffnesses (figs. 2 -3) and i1s dvhamie
behaviour is uswally involved, From the tests, ih many cagus response curves are ohlained

which show a large number of resonapces pven in narrpw frequency intervais.  Too many
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tests would then be required, and the use of an impractical and expensive quantity of gauge

points, in order to determine the value of the participation coefficient, OUn the ather hand,

as ta the influence on the components more than the first mode {wnlch l& usually related to

the overall siructural behaviour of the panel) higher modes are of importance, which depend

on lacal vibrations of nonstructural parts (fig. 5).

The dyazmic response of the psnels 8 made more |nvolved by their strongly non-
lingar bebhaviour, ag clearly shown in fig. 6. Increas:ng inputacceleration levels gencrally
causze decreasing values of the peak frequencies and of the amplification, and produce deep
modificatlon in the response. The values obtained for resonance frequencies, damping and
amplification factors during the frequency sweep al low acceleration are no more the gnes
in play during the qualification tests, carried gut with higher aceeleration levels, This is

the main reason for the attempts which have been made during the qualification (lests, in

urder to adjust the vilue a.,  of the isput aceeleration to the value a_, required by the

5
f.r.&., i ad of i y the simple ralin ay, = .
inste using dirvectly th mple ratio &y, as_.-'am“
3.2, Ag regards the interpretation of the test results, ltis necessary to take into account
that the ¢venivzl task of the panel is to allow the performance of the components. Its

sciymic adequacy has then to be Judged an Lhe basis of Lheoperative integrity aof the devices
bhorast agsur e, O course, the integrity of Lhe compoenent deprends on the amplification of
the panel ot the mounting point, which is in turn dependent on possible siructural degrading
of the panet, due to fatigue ellects, This oreurred an some occasions during the course of
the tests. owing to the uncertainiies about the correlation between input acceleration and
f.r.s. Infact; in many cases - as mentiantd nbove - the qunlificatfun value was reached
after & nurnber of tentative tests, and, in other cases, a very high in‘put value wag adopted,
Duspite this, the tests mught huve nol been conservative, as the determined amplification
may be less than that occurring on an intact panel. '

The structural integrily of the electric panel during and aftler the seismic test is not
a decisive criterion lor judging its seismic avequacy. Structural damapge may nat affeet
ihe performance of the devices, whereas their matfurction may occur without any gfructural
fault of Ui panel. Nevertheless, an essenbinl requirement for the seigtnie qualifieation of
he panel should be that s averall behaviour before and after the lest remmaing unchanged,

Another imporiant paint for the esaluation of the results, 1s that, even for inpot
motion in a single directicn, a pawnt on the panel may hawve @ response along three axes.
The engice of the gouge poinlys hag then to e made with care, asd, at least for the most
imporlant devices, should give 8 complele picture of the response.

AB repards the resutts of corponenl lesls, the foilowing congiderations can he
drawn. 'l resconauve search is sometimes practizally ¢ifficult, due o the reduced size

ol the devices under lest; when possible, il uswally puts in evidenew the resonanees of the
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frame or of 1he box :nio whick the device 16 placed, Howewver, puberally theBe resgppances
have samall influnnce, if any, on the malfunction of the component. Iis performance dupuends
in fact on the possible vibrations of the springs, cgntacts, and <onnections the component
contains; the resonances of these paris can be discovered aonly by means of electrical mon
ilering. Hopwever, should the input excitation give rise tos motion lower than the stroke of
the contacts, which have p discontinuous behawvioyr (8witeh gn - switeh off posilions], even
the elecirie monitoring may not show resonances which actually are present, Of coursr,
the malfunciion search at rescnance fréquencies orf at 33 cps. even al very high acceler
ation levels, does not ensure that malfinetion may nol occur suddenly for lower acceler

ation at any olher [reguency.

3.3, The neceasity of selecting a single épecimen tebe tesied among the pumerous panels
ol a set, caksed the proolem of the chaoice ofa panct representing the "average' behaviour,

taking- uitn accouni the poseible differenees. Among these should br mentioned:

- differences duc to manuiaciuring, such asz welding, boltuing, other connecting opira

uons, whose uniformity should be guarinteéed.  Weldings having the same external appealr
ence should have aleo the same strength; bolts or screw connections should be lightened in

the samme way &0d have umform mechanical properties, to ensure the same performance;

- differenceE in number, type, weipht and arrangement of components which panels of
tiie sarme structure hold, Considerable ellanges in weight and pesition m?y be of noticeable
importance, af thkey may give rise to mew vibration modes, such &3 torsional respnancues,
which may moedify the response armplitude in & way difficul: te forecast, uniess the weight
and arrangemncnt are not very different from these of the tested panel, Similar panels can
by vonsidered qualified on the Lasis of the testresults of thespecimen only when the amount
and gistribution of the mageesare"'more or less" the tame even with dilferent components,
and new devices are mounted ¢n rigid Bupports, withoul modifying the main structures of

the panel;

- differences of mounting conditions o the panels. Semetimes many similar panels
are jolined together to obtain a single electrical board of large size] in other caxes & board
alresdy teated haw to-be completed wilh an additional panel for another installation plant.

Then the prollum of extrapelating the behaviour of the complete board on the basis of the
rugulie of a partial test ariges. In partlicular, the minimuam nunber of panels to be tested
topether apd their arrangement 16 a debatable question. 1o i difficult to provide a general
answer to these problems, and, owlng o lack of regulations, al the present level of knﬂ‘-i

ivdze, they should be examined oue at n time.

Ag to the componenils, the iekts sre generally made on g §peeimen which is consid

pred represeniative of the sl of eguipment to be tealed.  kiodularity problems arise also
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in thiz case:  they may somulumes be kolved by means of 3 previcus detailed examination
of tne modificzlions introduced into the meckznical streckere of the component by the varja
tion of some characteristics, as its pominal current and voltage, nuinber of augiliary caop
tactz, etr. The quality contral tests {carried oul - as menlicoed above - ik a statistie
way on a percentage of the total amounl of the equipment set) may simply require, especial
1y when mass -produced components are conCerned. the control of the main characteristics

of the device during vibration.

£ CONCLUSIONS

LI On the bagix of the considerations laid oul in chapter 3,  which rise {rom the expe
rience presently avalahle, i1 is possible to infer that the problem of seismie qualiflication
of ¢leetric vqulpment for nuclear plants hae nol yet recejved a satisfactory delinition.

Hesides the unportant probleins relaled o the choice of a reliabie L r, 5. and of a
sultable tesiing efmipment, which are beyond the scope of this paper, it should be ucderlin
ad that the use of a sinusoidal excitation makes tmpossible a theorgtically correct correla
tion with the {. r.s. From a practical point of view the problem has been overtaxen adapt
ing, ina number of c25ca, undue Input acceleration values,

The use af a single frequency excization at the resonant {reguencies ta check seismic
adequacy has gencrally as it consequence lhe overtesling of the panels with respect both tn
the ampliiude of the input motion, and to the text duration, as tesis have 1w be repeated at
the maoln resonances, o in oder to adjust the japut to the required 1.8, aececeration,
Fatigue ellects may then arise and sometimes damage the panel. »

The use of a sine beat motion of given characteristics, as Suggested by some Etand
ards, does not overcome these probluns. The resonance search has to be made also in
thi® case and qualificatian tesis should be repeated for each found resonance.  As regards
the correlation with the [ e, ., the same consideration lor the sinusgidal imput can be made.
The: slight advantsye af a legs marked nfluence of an incorrect damping determination is
balanced by the more involved testing equiptnent necessary o gencrate the Sine beat. -

For qualification tests, a more coaventent procedure, which is in turn more correct
fromn a theoretical point of view, and supplies st the same time more reliable results should
be. in our opinion, the application to the panel of a random excitalion whose specirum
matches with the given . r.s.  This method requires the use of & rather sophisticated test
Ing equipment; on the ether hand it does not depend en parameterys of uncertain, if not im
possible. determinationand makes immaterial the previous knowledge of the characteristics
of the gtructure, Tests hecome Sitapler,as it 1§ enough to measure the acceleration levels
reachea at cemponest Mounting points, thus reducing test duration and avoiding possible

overtesting.
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The sinugoidal tnput should be used helier a8 a research alep curing the desigh
stage of \he proiciype panel, the correct determination of the struclural behaviour of which
can in this case be Justified,

The problem of finding one or mere Ume histories having a pives foroe. s still
open; from a practical pomt ol view, nowewver, a oo detaaled motebing ol the TLro s, 1s nel
Elrictly nueessary,  ln fagl, 4 complelely reliable Tor s can never be abinined as Lhe
miethods used 1n order o detérmine it invelve peperally o number of asgumptions regard-
ing a proper definiton of the earthquake, a suitabhle slructural schematlization of the plant
huilding, an estimale of the values of the paramelers in play {(soil characteristics, damping
etc, ). In turn, the problem bgcumes easier 1 it is considered that the gorretation befween
time history and f, ¢, &, should be a:ihleveti for & parrow_band of damping values_, and, @
wintpally, tho! the equipmenl marufacturery - 1or veonomical reasons = wim ingualify their

products for more than a sipyple piagt.  In thie case, time histories shoyld be used whose

spectra envelop a nuinber of possibte [ r g . and consequently rhow amoalh shajes.

4.2, As far asthe componcnis are concerned, laking into account their diffrrent operating
conditions, as they arfe mounicd on panels having very different behavioer, the simplest
Gad mnest reliable procedure seems 1o he to adepl & sinuseidal swueep aver the entire [re
quency range, disregarding the resonance gearch and the vibration test at resanance or at
33 eps. Az latigue effects are uplikely to ovcwe, each sweep Should be repealvd with in
ereased aceeleration levels, until maifunetion vecurs, which hag to be ghown by mezns ©f

a continugus electric monitoring.

4.1, The eifect of an cxcitation in three Jirecuons simulianecusly is a) presgnta prob-
lem far from being theoretlically solved, due Wnthe complexity and nonlinearity of the panele,
even on the basis of (e knowledge of the singie direction behaviour; froun an experimental
point of view it should require theuse of very sophisticated and expensive testing facliities,

whicnh In reality is not juatifiable.

4.4. As menticned above, also the problems which arise as to the representative nature
of the specimen vnder test, can nol be complelely Golved &t the prescnl Stage of available
experigenge, Wherea® o ataliatic test for the components seains 10 be gullable in order to
BE&ur# their quality [diffurant devires may roquire, however, different percentages of the
total amount 1o be tested), the problem is more lovolved at regards the panel tests,  The
EtEndards sheuld establiah proper eriteria ln urder te judpge when the differences arising
from different numhber and arrangemernt of the devices, additien or connecticn of maodular
ranele in the electric boards. modify the behaviour with respect 10 the specimen panel in

such a way ag to make nernssary surplementary fekts,
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LAS ESPECIFICACIONES SISMICAS DE LA ENDESA
PARA EL FEQUIPO DE ALTA TENSION (1)

En loe Sltimos 25 afica, el disefio del equipo elég
trico de altz y muy alta tersidn ha ido afirmando una tendencia hacia el
emplec de elementos normalizados, de volumen relativamente reducido
¥y gue, con caracteristicaa eléctricas funcionalments bien definidas, pus
dan ser combinados en aparatos de diferentes voltajes y capacidadea.
Una tendencia en este sentico puede detectarse, en Mayser o Menor gra
do, en el desarrollo de equipoa tan diferentes como son loas interrvpto-
res de potencia, log transformadorea de medida, los deaconectadores,
las pararraycs, etc.; es decir, todos aguellos aparatos que pueden ser
englobadeos bajo el nombre de equipe primaric de manicbra y de protec-
cion.

Eata tendencia hacia 1a composicién de aparatcs
a partir de unidades normales se ha urido a la de racionalizacion de los
elementos aisladores, para reducir en lo posible pus dimensiones y dis
minuir el nimerc de piezas diferenten de porcelana,

Armbas tendencia puede decirse que han provoca-
do una convergencia, en los disefios de equipos de alta y de muy alta ten
pid6n, hacia dieposiciones estructiuralea esbeltne y flexibles, con sus
elementos dispuestos de manera que resulta, en general, propensza & 18
formacién de reppucstan elevadan a lae oscilaciones de un temblor.

Los primeros equipes de hasta 154 kV con esta
dispoeicién, comenzaron a ser instalados por la ENDESA hacia 1950,
Por entonces creiamoe suficiente especificar, como condiciones sismi-
cas paTa esios eguipos, que fueran capacer de reaistir '"una acelers -
cidn sfamica horizontal de 0, 3g, y una vertical de 0,1g", en que "g*
en la aceleracion de gravedad, combinadas en la dirsccidén man desfa-

(1) Version revisada de un articulo presentado por F. Novea al Congre-
so Panamericano de Ingenieria Mecdnica, Eléctrica y Ramaw Afines,
4a, reunidn efectuada en Lima (Perd), del 7 al 13 de noviembre de 1971,
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favorable. E- decir. elepiamos simplemente un factar sismhco relativa
mutte revero entre los vevales de los codipos de entences para la asis
rytcicad de los edificios. )

Los equipos, los seleceionibamos antre los que
tuvieran una estruclur? favorable, en relacidon con las masas seporta -
dac 1 adopivhiines, en peuneral, disposiciones de instalacidn que evita-
san la trannmtsidn de esiverzos durante un temblor, a Ltraves de las co
rexiones, naroduciends uniones flexibles o.deslizantes, en las de tubos

IS, v dejando una huelga en las de cable. . : -

: Disponiamos el equipo con sus paries de alta ten
sien es un plans bhorizontal, seportado an estructuras Teticulares de per
iiles livianos de acero, relativamente rigidas. lotuitivamente, tendia -
mos 4 disponeT una estructura Separada para cada clemento tmportante,
como ser, cada interrustor de &6 kV, cada polo de interruptor de 110 o
de 154 kV y cada transformador de medida. Los desconectadores, y al-
punNGs pArarrayos, un razén de su peso mds reducido, los disponiamas

en Ui estructura comdn para los tres poelos.

. .Hasta 1960, la experiencia acumulada a través de
diversus sismos menores habia confirmado que, cn peneral, dichas rme
didas parecian acertadas, pero que, en determinados casos, €ra nece-
saTio considerar el efecto dinaimico de las ascilaciones del temblor ya
que, tipicamente, por ejemplo, los reiés sistema Buckholz de los trans
ferrnudores, cperaban incorrectamente debido dnicamente a las sacudi-
di.s de! minrcurio de los contactos utilirados en elles, Para tomar en
cuoenta ¢sios clfectos, y otres que podrian temerse en ios mecanismos
d¢ wperacidn de los interruptores, por ejemplo, agreparics €n nuesiTas
aspecificaciones la frase : "cl equipo deberd operar correctamente ba-
jo la accidén de oscilaciones de frecuencia cntre 1’y 10 Hz' y amplitud no
mayocr que [0 mm',

) Los terremotos de mavyo de 1640 en 1z zona cen-
tral - sur del pais, cuatro de los cuales alcanzaron magnitudes Richter
entre 7,5y B, 5, causaron ciertos daflas en nuestras instalaciones, sicn
do los principales, la destruceién de un banco de condensadores con uni
dades dispuestas en columnas, y la saltadura de sus vizs de dos Lransf_n_r
madares, con riesgo evidente de voleamiento. El andlisis de éstos ¥ su
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comparacidn con desperfectos consiatados en instalaciones bien proyece
taduis, como las de la acereria de Huachipato, nos hizo agregar a nues

1T4a6 précticas :

1) Aumento de'lus factores sismicos de especifi-
cacidn a 0,5 g en horizontal v a 0,2 p en vertical, para tener on cuenta
la disposicién del equipo sobre esiructuras alge flexibles y poco amor-
tiguadas.

2) Exclusidn efective de toda tranemision de es-
fuer2os enire partes sujetas a oscilacicnes diferentes, por mejora de
izs conexiones flexibles y holpadas antre los equipos, vy destierro dedi-
nitivo de las conexiones cn tulios [}P5.

3) Consideracion mas cuidadosa de las dispesicio
nes en ¢clumna, para evitar las de resistencia horizontal insuficiente.

. . 4} Montaje de los transformadores de potencia so
bre bases planas de concreio 2 ras del suelo, con anclajes dimensiona-
des tegur 1),

En marzo de 19465, sin embarpo,. un tembior de
magnitud Richter entre 7 v 7,3 en la zona central, produjo dafics exten-
sos en las instalaciones existentes en San Pedro, cerca de Quillota, vy
alcanzo a producir algunos dafios en Cerro NWavia v otras subestaciones
en Santiago, en donde se midid una aceleracidn mdxima horizonial en te
rreno de fundacion, de 0,16 g.

i

En San Pedro, 36 columnas sobre 48 de 1os inte-
rruptares de aire comprimide de la cempadia concesionaria de la distri
bucidn, s¢ quebraron en la base, Exstos interruptores se encontraban,
cada 3 polos y 3 transformadores de corriente, sobre una estructura de
entramade liviano, aparentemente rigida, proyrectada por el fabricanie,
De la ENDESA, se derrumbaron dos pn]ﬁs- de un interruptor de pequehio
volumen de aceite, de disposicion vertical muy clevada, arrastrando
consigo dos transformadores de corriente, y s¢ quebraron en la base 3
transforrmadores de potencial con aisladores muy debiles,
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En Cerre Navia y otra subestacion de la empresa
distribuidora en Santiage, 3 columnas de interruntores come los de San
Pedro, en estructuras simileres, s guebraron enla buse. Sin embargo,
& columnas idénticas de 1a ENDESA a 10 rmds de 50 metros , v 30 colurm
nas mias desfavorables do 154 kV a no mds de 150 metros de distancia,
no sufrteron dafics, estando sus polos correspondientes sobre estructu-
raf separadas,

Concluitnas, por 1o tanto ;

1) Que los factores sismicos especificados para el
equine destruide habfan resultado absalutarneote inadecuados para repre
sentar el cfecto.dindmico del temblar.

2) Que, oo Sanlisga, era evidente una influencia
cel tipn de estructura, que era favoravle al sistema empleado por la
ELDESA. _ ‘

I

+

Esta, tenia colocada una orden importante por in-
terruptores hasta 220 k¥ del mismo tipe que los afectados en San Pedro.
Reguerimos, por lo tanto, de los fabricantes, que investigiuran en una
me.sa vibrateria, cudl era.la.accién dinamica de la mesa capaz de re-
producir las rupturas constatadas, ydeterntnar 1os medios necesarios
para impedirias, bajo eza misma accidn.Mientras tanta, estudiariamos
especificaciones gue estibamos dispuestos a discutir con ellos, para de
terminar el grado final de seguridad que se alcanzaria contra los terre-
matos reales.

Una discusién mas completa de los factores inve-
lucrados puede encontrarse en otro lugar (1}; baste indicar agul, quc la
sclicidn 5610 pude ser encontrada a través de la disminueidn de la res-
puesta sismica de Jas columnas, mediante el apregads de amertiguado-
res en la base de cada una de ellas, Como dichos amortiguadores ihvo-
lucraban una considerable clasticidad, debid suprimirse toda elemento

de resrriccion lateral de las colurmmnas, ¥ establecar solarmente conexiones

Nlexibles antre allas.

(1) CIGRE, Sesidn de 1970, idforme N° 23-02.
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Para representar la acciun dinamica de los tem-

blores, adoptamos un "espectro de respuesta' de aceleracicn. Eata cuT
va representa, con sus cordenadas, la maxima aceleracion instantanea
que llegara a tomar un cscilador lincal de un prado de libertad, de la
frecuencia propia dada por la abscisa, cuvandoes sometido a una deler-
minada curva de aceleraciores en funcién del tiémpa. S5e obtiene, des-
componiendo la curva de aceleraciones en una sucesidn de impulsos
“a; A t", cada uno de los crales, aislado, produciria una oscilacidn
transiente amortignuada del oscilador. La vuscilacidn resultante de €s-
te, serad la suma de dichas rcspuestas transientes que, en términos

del cdlculo operacional, esti dada por la integral de convolucidn de lia
funcidn de aceleraciones sobre la funcién de respuesta del vscilader, cu
yo valor miximo dependerd fundamentalmente de la frecuencia propia y
de la amortiguacién de €ste, y purde ser determinado por computador.

Comparands los espectros de respuestas calecula-
dos para marzo de 1965 en Sarntiago, los de otros dos temblares en Chi-
le central vy los efectos de los sismos en Huachipato en 1360, se resol-
vié adoptar la ¢urva empirica :

pw=0.4 To< 0,8g

equivalente, grosso modo, al doble del espectre medioc calculado por
Housner para amortigeacion 10 %, para el sismo de El Centro, en 1940,
Como representativa para comparar con la resisiencia a 1a ruptura de
las columnas,

Se pidid delerminar la frecuencia ;:uru,na ¥ 12 amor
tiguacion de las columnas mediante una prueba de oscilacidn libre, vy
aplicar luego en mesa vibratoria al equipe, la excitacidn sinusoidal que
fuese capaz de producir en ellas la respuesta que les corresponderia se
gn la curva. Previamente, se habria verificado ¢n la rmisma mesa, ia
frecuencia dindmica de resonancia de las columnas, mediante una prue-
ba de excitacién reducida, a frecuencia variable cotre 0,5 y 20 Hz.

. l.os interruptores adiciconados de los amortigua-
dores en la base de las columnas resultareon dotados de un facter de se-
guridad superior a I, con respecto a la curva de respuesta mencienada,
Sometidos a prueba los desconectadores y los transformadores de me-
dida, se pudo ver que, e¢n los primeros, la respuesta critica de un buen
disefio tendia a2 ser lade Hesplazamiento de los contacios, y no la de ace
leracion horizontal: y en los segundos, la [recuencia y amortigracion B
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relativemente altas de ins bueros disehos, no los hacian peligrar, on
fencrid.

+

“:Aientras se reatizaban estudios mas completos ¥
s obtrnia: los resultados dn las pruetns, devieron emplecarse, para los
¢ juipes de! stglema El Tero, ordenades catre 1967 y principios de 1969
-:-s.;.w.r-ifi:.‘acinrlea rarzcidat.

Los #studios fueron demwestrando, sin embargo,
i 12 enpecilicacian de 12 respuesta de 1966, adolecia de defectos se-

-1 . -

:1) La respuesta constaate supuesia p2ra periodos
ipieriures a 8,5 5, £o permitia coordinacidn Iégica con el hecho evidente
de gue un wiemento suficientemente ripido, tendria una respuesta no ma-

.

el v oge la de! suelos,

Z) La respuesta limite adoptada para dichos perio-
UrE, ALé LioICAroen practicamente toda la gama de disenos usuales de
imierruptores, cessonectaderes y otres, junto con la {6rmula de extrapo-
lacicn parn entortiguacicres inferiores a 10% (1), no cxplicabia satisfac-
tzriaminte la ruplura en masa de las columnas en San Pedro,

R A ‘Estas contradicciones pudimes notar que tendiat
a decaaparacer, 5t se adﬂptana el métode propuesto por i Newmark ¥ Hall
crn 1349 {2} para fijar respiesias mdximas de disefio, '

En diche procedimiento, se hace uso del resulta-
As del astudic comparative de muchos espectros de respuesta de terre-
mectcs repistrados en lugares cercanos al epicenitd. Cuando dichos es- .
pecires de respuesta son representados en un grifico lngaritmico tria-
«ial, cuvas erdena s de maxima aceleracidn A, velocidad V y desplaza-
mients Dhavas sido trazadas en funcida de la frecuencia propia f de ma-
nera de que salisfagan la cond:tmn del movimiente :trr'mmcn mmpie de

un csciladar:

4

4

A.g TS S LU an®t? | p vE - 980,665 err /s

- . '

puede chservarse en dicho griafico gue 1os especiros de mixima respucs-
T2 tlenden a2 quedar representados por una midxima aceleracion constante,

e

. 1.5
[T.Jant"u :31&4;-;(1 D;’T‘. )
{2} "Seismic Design Criteria for Hfuclear Reacor ]-ﬁmhtuss IV thWorld

conl, Earthg., Eng., Santiaya, 1949 | B-4, pp 27 - 50,
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para las frecuencias elevadas, por una maxima velocidad constante pa-
ra lag frecuencias medias ¥ por un miximo desplazamiento constante o
decreciente, para lae frecuencias bajas del oscilador.

Estudios como los de Hanat y otros muestran la
relacidn que existe entre las miximas respuestas de aceleracidn, de
velocidad y de desplazamiento en el terrcne ¥ la maonitud absoluta
{(magnitud Richter) y distancia al epicentro del temblor que se conside--
re posible, Es posible, entonces, elegir, para las condiciones de sis-
micidad que se reguicran, un juepa de valores de respuestas maximas
de aceleracidn, de veloeidad y de desplazamiento en el terrene de fun-
dacidn, del cual podran ser obtenidus, mediante factores de multiplica
cifn adecuados, segun el método propuesto en el articulo citado, los
eSpeCtTOSs respuestas miximas para osciladores con diferentes factores
de amortiguaecidn.

De acucerdo con nuestira experiencia anterior vy
considerando Ias condiciones sismicas en Chile, hemos llegado a que es
aconscjable adoptar, como valores de rnaxima respuesta en el terreno
de fundacidn, 1os de 9.5 g para la aceleracidon, de 60 cm /s para la ve-
locidad y de 46 ¢m para el desplazamiento. Estos valores han sido con
siderados por los autores del articulo citado como_recomendables en
paites sismicos con registros insuficientes de terremotos destructivos,
como seTria el caso de Chile, Los valores coordinan, ademdas, con los
factores sismicos utilizados hasta ahora por la ENDESA para elemen-
tos rigidos, que se seguiridn utilizando,

*

_ . En cuanto a la influencia posible de las estructu-
Tas s0porte, nuestTo estudio procurd abordarla a traves del acoplamien
to entre el oscilador que representa una columna del eguipe ¥ ¢l oscila
dor que representa la estructura, soportando las masas de la base
(CIGRE., ref. cit.). Aplicando los conceptos desarrollados por ia teoria
de las comunicaciones para el cstudio de 1a propagacién de sefiales alea
torias a través de circuitos oscilantes dados, puede llegarse, como se
muestta en un estudio acadeéemice del auter, cn preparacion, a la valo-
racién cuantitativa del efecto gue tiene, sobre la respuesta del escila-
dor superior, la razdn entre las frecuencias propias de dicho vseilader
solo y del esacilador inferior solo, y la razdn entre las masas de ambos,

¢
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Para una razon de {recuencias propias en las ve-
cindades de 1, cl factor de amplificacian que reprosentis para la respuct
ta del oecilador superior (la eolumna), su acoblamniento con cl sscilador
inferior {las masase de 1a base y la estruciura), alcanza valores numeri-
CoE princiual"nenm limitades por el valor de la razdn entre las masas.
ando dicka relacidn es, por clemplo, de 1/4, el factor de multiplica-
cién de la respuesta del oscilador superior puetde alcanzar valores en-
tre 4 v 5, pura amortiguaciones como las gue se presentan en las co -
lumnak ¢ ¢n Ias estruciuras, 5e creyd, por le zanto, que circunstancias
come ¢stas podrian dar la explicacidn de las rupturas de los interrup-
te.veg de San Pedro, en 1905, an at_r:ncién 3 gque la masa del oscilador
infervor, rcpresontante de la catructura, poedria scr elevada, en razon
del sgruparmiento de 3 poles y de 3 transiormadores de corriente sobre
la masina estructura,

Estas ideas teoricas encontraron inesperada v
Aramatica verificaciaon en 157].

Después del sismo de marzo de 1565, los interrup
tores de aire comprimido en San Pedro fueron mantenidos, paor razones
econdmicas, en las condiciones en gque se encontraban antes del sismo.
Aparie del reempiazo de las columnas destruidas por otras del misme
tipo, uo sufrieron modificaciones en su disposicidn. En Cerro Navia, en
cambio, 4 de los interruptores mas imporiantes desde ¢l punio de vista
del servicic, fuercn desmontados, para reemplazar sus estructuras sa-
porie por otras rigidas, individuales para cada polo y para cada trans-
fecrimador de corriente. .

cL .El 8 de¢ Julio de 1971, un rueevo terremoto afec:a
las provincias centrales del pais. La intensidad en Santiago, fué lipera-
inente inferior a la de marzo de 1§63; eno San Pedro, [u€ ipual que la de
cntences, Los iaterruptores de San Pedro volvieron a sufrir prictica -
menie los mismos dafios.que en 1965 (1) y, en Santiapo, en Cerro Navia,
dos columnas de log interrupiores cuyas c¢structuras no fuvieron modi-
ficacicnes, se rompieron,
- - Nuevamente, sin embargo, no se constataron da-
Aos en ]05 1nterrupmre5 de 110y de 154 kV de la ENDESA, a corta dis
tancia. La nueva subestacidn de 220 kV de esta ernpresa en el mismo
lugar, ¢on interreptores de colurnnas amortiguadas, no sufrid tampoco

{1} De un total de 54 columnas, 46 resultaron guebradas en la base.
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el mas ligero dafic o perturbacion, Una subestacidén mas pcquetia de la
ENDESA en la zona epicéntrica de este temblor, tampoco sufrié dafos,

La investigncién gue se iniciara por este motivo,
ha dernostrado lo siguniente

L.os 3 polos de los interruptores alectados en San
Pcdro y Cerro Navia, van apoyados sobre dos vipas que corren a lo an-
c¢ho de la estructura soporte. Dichas vigas trabajan libramente a la fle
xidn, de modo que cuando se excita la escilacidn de un pola lateral, os-
cilan ¢con lz misma amplitud, en direccion contraria al polo del centro,
¥ en la misma direccidn, el polo spueste. Los tres polos forman por lo
tanto un oscilador, con las vigas trabajanda a flexifin como elemento
eldstico, La frecuencia pruoia de este oscilador es muy sirnilar a la de
ogcilacidn de las columnas sobre 1a base del polo. S¢ cumplen, por le
tanto, todas lag condinciones para que exista un factor de amplificacién
del orden de 3,5 de la respuesta de las colurnnas,

Aceptando que, en Santiago, la maxima acelera-
cion en el suele, fue del orden de 0,15 g, la respuesta de una ¢olumna
de estos interruptores, debido a su periodo propio }r_ﬁ. su arnortipguacion,
seria unas 4 veces superior, es decir, de 0.6 g. El facter de amplifi-
cacion de la respuesta, por el apovo flexible de los l;alcns sobre las vi-
gas mencicnadas, llevaria sin embargo la respuesta’totala 3,5 x 0,6
= 2,1 g. Esta aceleracion es justamente igual a la minima de ruptura
de las columnas, lo que explicaria las dos columnas rotas en Cerro Na
via en esta ocasidn,

r

En San Pedro, bastaria suponer ura aceleracion
rnaxima del sueleo de 0,25 g, para llegar a 3,5 g de respuesta total en
las columnas, suficiente para explicar la ruptura eu masa de ellas.

Este factor de amplificacidn por acoplamiento en
tre osciladores, resulta también de fundamental importarncia pura verifi
car el equipo solo. Esto es lo que se hace, cuando esti asegurado gue
toda oscilacién de la estruciura de soporte se efcchie con (recuencia
propia de 15 Hz o mds, va que entonces, la respuesta maxima de tal
csacilador no podra ser mayor que la respuensta en el terrens. Pero, aun
en este caso, si se presenta una Lasc de un grupo de columnas que no
pucda ser coneiderada rigida en comparacidn con ellas, o un elemento
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flexible liviano con su base fija sobre otro elemeanto flexible o, adn,una
parte superior de columna considgrablernente mis liviana que una infe-’
rior y flexible, pueden presentarse, detiiro-del e-_q'uipr_- rmisma, corndicio
res suficientes para la aparicion de un facter de amplificacidén conside-
ruhle nn las respuestas.

Es ueccsario concluir, por lo tanto, gue los fac-
taras de verdadera importancia para la verificacidn de la asismicidad
del nquipe eldcirico de alia tensibn serian :

1) Amplificacién de las solicitaciones sismicas
pot la respucsta de un elemento flexible que quede dentro del range de
irvuveacizs Wipicas de este eguipo,

2) Amplificaciéu de'las respuestas sismicas por
Lovmamientio mutuo entre clementos flexibles de frecuencias proplas si
milares combinadis estructuralmente,

3) Transmisidu indebida de esfuerzos entre ele-
mentos {lexibles separados, por ekceso de desplazamiento relativo en-
tre los exiremos de uniones eventuales vntre ellos.

Las especificaciones sismicas que hemos prepa-
rado, junte con tomar en cuenta nuesira cxperiercia descrita mas arri-
La, dan la debida promineacia a dichos lres {actores, sn un procedimien
to aproximado de-verificacidn. El murgen de duda y de varizcion que
permite dicha aproximacidn, hacen necesario considerar, en la mayoria
de los casos, pruecbas tipo de vibracién dei equipo. lLas pruebas exigi-
Lles, asi como sus condiciones minimas de ejecucién han sido rambien
concideradas en estas especificaciones.

»
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ESPECIFICACTIONES SISMICAS AR L

FQUIP0 FLTLCTRICO DE ALTA TENCTION {=£220 kV)

DI - 4 L\.--IUCH-

Ghli-

0.2,-

- - r . - - T o+
Esta especificacidn se aplica al equips elgcirico e Lensisn

igual o inferior a £20 k¥, en especial, al de éisposicicn €=

tructural relativasente eubulta, en columnos aiszlastes, coxo
intermuplores, irantissmasdoves de eedida, dnscmqe:z:icres W
tedos ssuellos enuipes o partes de aliz tensicn rivas :::&i-

ciones ¢sTriucturales puefan considerarse asimilzbles a €stac

Otras cspecificaciones u+$ﬂihﬂ' gue, en la presente, 5S¢ Qon-
sideran especifliczzenie excluldas, son :

a} Especificaciune sizriens para el equipo eléctrico de muy
al%z tepsion (mayor que 220 ¥V) i

b) Especificucicnes sicmicas parz transformadores de poder;

¢) Especificaciones sfrmicas para instalaciones eléztricas

-

prirzrias en Centreles y Oubestaciongs ;

- - - L -
d) Especificaciones simicac para instelaciones eleciricas
auxiliares y de conirol, en Cerntrales y Subesteciones

l.- GENERAL.

1.1.-

El equipo cléctrico de alt 2 Lencion deburd essar disefiado de
anera GUC Soa capaz de ruﬂiatir, sin dufos ni perturbecin -
nes de servicio, los efectos de movimientos sismicos de  las
sigrientes amplitudes maximan de n:c:lac1oﬁ herizental, go -
rrespondientes al terrene de fundazion (1) :

. -
(1) Se supone un ierreno firme de fundacidn. 81 1o
ciones de 1z obra obligan & fundar en iterreno suel
de relleno, estas caracverisgicas deberan ser revi
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fculerasion, menor e el que $,9 4.

Velocidad, menor o igus) que &0 cm/o.

Desplazamiento, menor o igasl que 4 cao.

en que "g" designa la aceleraridn de gravedad (990 cm/s2).

Fn los casos cn gue fe sefizle expresamente, se con
slgerara texhien un movimienis . oscilatorio verticel de acelera-
cion maxima C,2 g.

Se aceptara Gue les resprestar horizonialer mivimas mas deslzvo
rables on cunnte a aceleracion. velecida? o desplacamiente, 4&c
an oscileadour simple somesido 5 movicicentos simaives de duracion
media y con las caracteristicas mivires irdicadas ern el articu-
1o 1.1, guedan dejas per los escpectros de respuests de la fig.
3y en funcion de la Trecuencia propila y de 1z amortiguacion de
dienos esciludor.

Z.- DNIEPOSICIONT CTITRAL ¥ MOIMAJE DEL BAUIPO.

felem

2.2.-

El cquino puede ser clssificedo en dog tipos de disposicidn es-
trustural :
Tipt I, los eguipos gue, por tener sus partes principales de al
ta tension encerrades en une envoliura meiilica al poiencial de
tierra, presertan une disp "4ci6n estructural cuya rigidez y oz
racteristicas elastices no eston generalmente limitadas por ra-
zones de dlzefio.

Tipo II, los equipos que, por terer sus paries princivzies de
alta tension coporindarz en aizladores, © por consistir esencisl

mente su estructura en un hislhdev ticnen una disposicion es -
truetural bﬂulcamewtc limitadr por racomes de diseilo.

£ eguipos del tipo I deberin cztar construidos de menera que,

al zer ‘1jado_ sobre una base rIzidz con los medios previstes
al efectc en =i disefio, ¥ bajo una fuerza horizontal igual a;
50 % de su pesc, aplicada en su cencro de grevedad, el dezsple:z
mienvn de este cop retpecio o le bage, por efecio de 1os dafc*

maciones elésticas e¢n lz estructura, no sea ruperior a 0,5 mm.
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Los epa1pos del 4ino IT deerin sctar, preferentemente, cons-

truides de manarp gue svs elemcnios de alty tensidn consisten

cn simples coirumias, estraciuwralzente aicladas y soporiadac

soluente en ln bese, con el objcto de facilitar su oscilacicen
livre aqurante el +exilor.

Ll enuipe estara, en jenerzl, destinnde a ser montade anovado
sobre eutruciuras relpliveseate rigidos, oue aseguren uwnn fice
cvenciz propia de ossilasion, del centwd de rravedad 82l b o
po o de c-dz crupo de columnas soportadazs en una bane comii,

igwel o meyor gue 15 0=, .

Los ejquipos del tipo I cu= consten éo unz =olz cplumniz:, o -
bre una hase de éimenciconet pocuefins en relanidn ron izt de
aquella, deberin peder cer moniados rosre eotructuras de rind
dez infericor a Yz indlcudn en el arileulo anterior.capzces SO
lacente de azsguray Wis frecuencia antre 7,5 ¥ 12 He en sl cen

tro de pravedad del cgulino.

3.~ EETRICTIEAS DE 508087,

3.1.-

3.2.-

Cunzdo el dinelio del caulpe incligya estrusturas de soeporie des
tinzdas 2 ser anciadas divociamente a la Amdacidn, o cumndn
iz orden de compra inmpluya las esirusturas de somorte. fe in
terpretara que estas cuzplel con la condicidn del artiewlo
2.4, si se verilieca que :

Fl desvleznmientn horinent=l Acl centro de grave-
dad del eqguipo, por efeccio de desplocamiento horizentzl de e
estructu-z en los punios de fijacion del eguipo y pos elania
de lz inclinacion del pizno do sujeccidn del equipo con respen
to a 1a horizental, cuando aciian =obre el eguipe ¥y la essruc-
tura fuerzas horizontales imuinles al 50 < de los pesos en los
ceniros respeetives de provedsd, zez fpual o menor gue 0,5 o=

La verificacidn indicada en el arcieulo 3.1 se hovd tomindo en
cuenta colozente 12 delormncioncs elisticas de 1n esiructura
soporie, zin Incluir degplocomientas de pornes on los nudes o
sentzmientes en 1z funmdoeion. Gzturalsente, la ejesucids d=
log nudos dcberdi ser adeeurda para pricticamenie ellminar
posinilided de dichos decplancmientios, duranie ¢l pericdo  de
formacidn ée la resouest: mixima de la esivuctura gl novirien-
to oscilatorio del texblor. -

s

P
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3.3.-

3.k, -

En ¢l caze de qQue una mizma estructura sirva para soperiar va
rioc grivor dov colunnss, cado grupt e uns base separadoa, le
verificacidn indicaZa en el articulo 2.1 deberd considerar la
fuerza horizontal ootuanae en cads geupe, en el sentideo mas
desfavorabls sl desplazamiento del ceunlro de gravedad de cual
guicra de ellos.

Lo resistencia ée lax estructures soporte que cumplen con el
crticulo 3.1 deberd ser. verificada ervesanGo & 1= cargas usul
les en cste tipo de estruciuras, un esfuerzo, sizmieo horizon-
tal igual =1 %9 € dr ios vecfos de les estructuras ¥ del egui-
po. &actuando en los respectivoe ceniros de gravedas, ¥ en la
direccion mas desfavorsble. La resistencia de los puntos de
anclzje a 1a fundacicn deterc JeriF1carfe agregando, ademas un
esllerzo sismico veriiczl igual sl 20 % de los pesos, en Za di
ruccion mas desfavorable a2l voleaniente de la esiructura.

*

h.- VERTFICATION DEL EQUITO.

bh.i,-

L.2.-

)

El =quipo del iipo I que cumpla con el arti{culo 2.2, debera ve
rificarse ccqo sigue :

L.1.1.- Tode elemenio O grupo ge elemen+ou, cwya Irecuenciz
propia de oscilacinu, determinada chun el copitulo 7,
see igual o superior a 15 Ez, debera resistir una ace-
leracién norizontal igual a 045 g v una veriical igual
a 0,2 g combinadas en la direccidn mas desfavorable,
sin dafios parz el elemento o grupc de elementos ni per
turbaciones para el zervieio.

4.1.2.- 81 21gin clements o gruge Qe elomentns tlene una f1e -
cuercia propia de osvilaciodn inferior a 15 Hz, dicho
elemento o grupo de elerenios deherd ser sometido & las
mismas verificocioners gue se espeeifican pare elementos
gel eguipo del tipo II, sepun les dispociciones del ar-
ticulo k.2, '

Los equipos del tipo IT gque cumnplan con las condiciones de los
T + 1l
erticuleos 2.3 y 2.4, seran verlficados come sigue :

L.2.1.- Cada- elewenio, o© porcidn de eleresnio. cuya columnp sez
de seccion transversal uniferme o asimilzble a2 ella,
pudré ser considercde ecomo un oseilador simple, con la
masa total pue spports concenlrada en mu cenirg de gra
vedad, ycnnlai¥enuenc1n propia de oscilacidn ¥ el f&c-
tor ﬁe amortiguscion que se deducen de su prueba 'egnu
el capitulo 7.



k.2.2.- Para cada elemenio definlds ecamo en L.2.1, supucsi
. Boportando el conjunio mias desfavorahle de mLEAs A

- h.2.3.-

i, L G g

3u

e
.

que esta destinado, deoeri verificarse :

&) gQue resiste, cn lzs cundiciuqes gue ge fijan en
t.b, une aceleracign horizoni2il en 1e direccion mas
desfavﬂ*ahle, de velor 1DH:L 2l gue s5e deduce para
la frecuentia prepia del elewenio, €n la evrva ée Tes
rresta gue correzporde o s foctor de emortigugcic n,
en el grafizo de fig. 13

b} Gue es capan de towar, en la dircceidn mds desfavona
ble, sin Que ninzunc de sus peries Sotrepase lzs 237
dicicnes ‘4.4 nl elterc las condiziones de togsais
previstas en el direfio, wn moimiente ozciielo-ios de

Pt

le smpiitud fue se ﬂEﬂ_ﬂe, pare i Cenico L% gozvEszl :
segun su Irecienciz propia, en le curig “Eﬂ:iﬂ?°4+-

¢) gue no daré lugar & pertus rzacionas en el servicio cuan
do fus respiesizs de acelevaﬂ1a" ¥ e deswnlacooisnto
gean les detesrinzdas segqin 2) 7 0).

* +
Teda union entre elermentoz diferentes del eguipo deter:

»
- permitir, sin gue epsrezca un esfucrzo apreciable éx zeaz
]

cion #abre ellos, un desplazaniento relativo entze st

- extremos, igeal a la combinacios mas desfavoratle de =o-

vimtentos deterzirados segun bL.2.2.b) para los "es*e::i-
vos elementos. Si un elemento puede asimilarse a 1wz ©9
lumnn con mase repartida uniformemente, delera ton _-;-
en cuents, para este objeoto,gue el degplazarmicnia de =

" parte superior puede alcanvar a 3 veces el veler del Oes

" h-Et'h--

plazamnen 0 en el ceriro de grevedsd.

Cuando un elemento de frecuencia propia de oseilazidn
inferifor a 15 Hz, tenga sy kase de oscilacidon tija sot-e
otro elemente de frecuencia propia inferior a 15 Hz, e
e¢lemento soportade deberd verificarse como en 4.2,2 & --
4.2.3, pero con sus respuestas de aceleracian y de dcs -
placemiento amplificadas por el sigulente Teector :

~ L8{(r/fp - 0,5)

k = {mp/m) - para 0,570 /fperl

1,2{fa/ry ~ 0,25) .

k = fmg/'ml) pers 1 '-i*flff;_\':_:h
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siendo "k" un factar de multiplicacion, "my" la zmesa
pscilence del elemento £oportado ¥ "mp"” 1 masa nsci-
lante nue eorresporde 2l elemenLo SD‘pnrtante, r
frecuencia tropia del elementlo Soporiado ¥ L.
frecuencis rropia que corresponde zl clcmentc sopor -
tante. Cuands este Ultimo ects reprezentado por 1a
base del ¢lemento seporiado, sujete o una oseilacién
angLL:_ de =i planc de .ldacio"i, la razon de maszs de
bers reemplazarse por la racdn. de mozentos de inercia
en torno al eje respectivo.

Es importente, en la determinacidn del fag
tor de nultiplicacion "k, qQue en el valor de 1z masa
"ma" se considere el efecte de todas las masas {o me -
mentos de inercia) que coniribuyan simultincamente al
mads de ezeilacion de gue formn  parte el eletents so0-

portante.

Perg T /f‘ = 0,9 o para f‘lf E}"’ el fec-
tor de muttiplicaeldn™podr:s cnnqlderarse igusl a8 1,
cualquicra Gue sea el valor de la razon mefml

L.%.- Loz equ*pﬂa del tipo IZ _Gue se encuentran en los condiciones
del erticulo 2. O deberin ser verificados como en el articulo
L.2, torando en cuente gue la estructura Soporie represenid Un
elementc escilante, que introducira un factor de ampllflcaciﬂn
de las respuestas, como se indica em L.2.4%. Ee supondri como
minino, en estos casos, un factor k = 1,5,

L.%.- La resistencia de 10s elezentos de los eguipos considerzdoS on
los erticules 4.1 s k.3 sera cossiderada acepicble, cuando las
tenciones elisticas maximag que. reeudten en cads una de lus
pileras, para las condiciones mag Ceslinvor ab"' g5 o 1lus Reelers-
ciones de*ﬁerlflcaczon, sean inferiores o le carga uniteria
niniuws de ruptura dindnica de los materiales fTrigiles o sl 1i.
nite ipferior de fluencie de los materisles dictiles cue las’
corpenen, para el tipe de trabajo que corresponda a la respteg
ta, tenida consideracion de todas lag concentraciores de forma
que pueden provenir de la disposicidn finel de montaje de' la
pieza. El trabajo de la= piezas, en las cc*dic ore=z de ca
g4 cefialpdas, no pedra implicar 1la elteracion de ninguna ée
las condiciones adecuados parn al cervicio en ourac piezms.

L.5.- Les verjficaciones detalladas previsias en los articulos bl a
4.3 pudrzan ser dispencedes en Bguellos elezentol cuyz resis -
tencia minicn al tipe de trabajo proveniente de la respuesta

{*Y...overificacisn sumoglos = e m- T i nne e

de serviziz, 08 iml.nio.
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£l tombhlor, vn los condiciones pruhcritns en L.U, sen icual o
superior a 4 g, verificndiz sepin el cepituleo 6.

Los equipos del tips i cuve disposicidn esiruezural no cum-
pia con las disprsiciones del articulo 2.3, por presentar res
tricciores hipereciitices en lz eswrusiura de sus elerenios,

no deran cer zoretides a verificacion Dujﬂ los matodos aproxi
mados del mrezente capituia. Solo podran zer verificedos re-
presentando su estrastura por un nimero suaficiente de masas
concentradas pavtl raler wecutir cus difesoentes modas d= orcilz
cion, souetiéndoios - Trusbs cong s¢ indica cn el crifouio
T7.1h para dewermiinzr lag czracuerzsn‘c1' oscilzto z 8= dinnos
Moans, ¥ caloulsnds lieso las anlicl acionas mas Tavoroales
de sus elenentos, por la cc:rmnam:m de las rezpue
diferentes modps, calzilada semin 105 especiros d
Dichas soliciteaciones mis desfavorables deberan cum
artiruio b.L.

S5.= ADIPYACION DL FoUTR0 L TAS COIDICTINTES SITIOCAS.

5.1.- En el caso de oue zigin elemento del eCuipa no satisfaga las

condiciones sue %t inéicen ern cl capiiulo b, podran acepiarce
rodificaciones €n &l disefio tajo les =ipvienies corndicionss g

) Antes de recurrirse &l simento d= 1z resistencie d= lzz pie
zes afectadns, deteran haberse esotedo les posibilidesdeas de
redueir cualcuier fazctor eventual de amplificacién ce la
respuesiz del elemenic por motivos como los sefglades  en
L.2.4, y les ée reducir las respuestas propias del elemen:
a traves del auw-ento de su factor de mmoriiguacicn o de  1la
modificacion de su {recuvencip propiz de oscilacion,

b) Tode efecto de zroriiguaciton depbera introducirse, en 1o po-
r o+ -
sible, en el lugar y del nodo en gue incida mas directanen-
te en la reduccidn de 1z rerpuesta del elemento eflecisado.

c) La modificacidn debera hacocrse de menera Gue no se Toefus -
ca una pérgida zpreciable de nizzuna ée lac cualidsdes de
servicio o de mzrtencion ya logrades para el eguipo en =i
dizefic norms

d) La modificacion, tanto en su dicefio cono en sus meterizie

debera estar sencionzda por ura clara experienzia enterie

del fabricante ey dispositives gimilares, sometides 2 zon-
diciones de rervicio ceorparables ¢on los que éeberi SiTis-

Tacer en el equipo modificede.

-
=
bl
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5-2."'

5.3.~

A _ 8 .

En fguzlded de econdiciones, se dz=ri prefersncias : .
¥ 2

a) Al ecuipo cue con su dizefo no“ﬁzl, satisfepre las fondiciones
sigicas de las presentes especiflicesiones, frente al ejuipo
que reguierp de yedificeciorss.

s0lo en #1 reezplezo

vadss de digefins

) Al equipo cuyas modificacianes consisiarn
de pertes del disefio norzul, por peries edec
noruales pore ovras condiciores de serricio.

e} 2. eduipo oue presente un fecior de sezeridad.zis adecuado en
el cunplirlhn.o de las presentes especisicaciones.

d4) Al equipo cuvas ceracterfisticzs de ressuests puedan zdzntarse
wes favoradblenenie 2 positles va:iac1o1es irdi7dueles en el
scelerogramn de un deierminade movimiento tizmico, ¥ a posi -
tles verianies en la comninscifn.mas des’avorable de spligi-

saciores dentro de los maxizos sefplados en el erticuios 1.1.
50lc podrac aceptarse disposiciones ¢ue 2lieren el Zonigje del
ecuipe, con respecto a lo ezpecificadeo en el eriiculo 2.4, cuen-
dn se deguestre ;

-’ - -
6) que la solucion recorendeda sgtisfece lis condiciones del ar-
r - '
ticulo 5.1 y representa venitajes en ¢l zentldo del erziculo

5.2;

b) que se pueda rezlizar uns prueba efectiva pere 125 condiclio -
- Fl
nes de respuesta mas decsfevoratles a —ovizientos Eis=icos de
las carascterf{sticas selzizdzs en el cazpiiulo l:

&) aue existe una veniajz econdnirca caphz de compenssT los mayores
costios que pueda representer el nueve sisztete de zoniaje

d) cue £l =istema de monteie no interfiere conl 1= d:spc51c1cﬁ &t
neval del resto del efuipo en la sibestacién.

e
4 e 3

PRUSBAS TXICTRLY,

:E 1.~ EFl fabricante de cuzlquier ecuipe de elia iension dedvera propor-

b

¢ioner, junio con la propuestz, la Srecuancia de osci il1apion  de
cual'uier ele.eqnn o Zupo de clexzenios suscepiible ce ser exci-
tado en vibrzeidn wor las oscileciones e un tesblor
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£.3.~

E&.L.-

£.5.-

6.6.-
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Fara aguelios elecmenzos o grupes de elementos cuya frecuencia
propia queds per debejo de 15 He, debera proporcionarse ademds
el f{antor de emor-i 'z:;sn de les n*cilacinnes, exprespdo en por
ciento de lo ewortipuncifn erivies :
L]

Ex el equipo del tipo I, wele dagir, interruptores, transformalp
res de medida o e*pec;a;eﬂ el ecLangue & tierra y CoOn aisladeres
de pasgo, cgulpes blindados con czvcass o tlerrg v similcres, la
esiructure (ol eguips v osus Stoovios deveran ser verificados de
aczerdo con lo dispuiestp en el articule £.% ¥ el capitulo 3. To
do.elemenio o grupo de elemenioss suscerilible de ser excitadd en
vnnrac1nn deberd ser sometido e las verificaciones que COTTonpu
dan segun el cap*tulo L, previa determinacicn de su frecuencia
propie de oscilacion ¥ de sy facior de zmors ripuscion en conformi
dad con 1os ersicolor 7-1 a 7-3.

5i en un cjuipo del tine I pueden eristir dudas respecte de la
tgpacidad EIEC»I"'; del coniunts o de cualguiera de sus elemen -
tos, para cunplir sin repers lz2s condiciones del capitulo b, di—
cho couipo debera ser fom=lido o une vrueba de respuests i

en resa vibratoria, cezo sze indica en el capfiule 7. Si la Eu*n
se restringe a2 1a recistenmsia estructurazl de un elezento © LrUDo
de elementos dedas, le nruicha podrd restringirse a una de resis-

tencia minima e la rupture, =egin el ariiculo 7.4,

El equipo del tipo II, es decir, interruptores de aire comprimi-
do o pEQueﬁn voluwnen de aceite, con sus eamarezs de rupturz cobre
columnaes eiclantes, descon e:uEdDFes, iransformadores de Tedida
de columna, pararrayos y otros elemerios de 2lta tensicon zimila-
res, en colunnzs fexibles a*slaﬁtes, debera cuwpliyr con los ar-
ticulos 2.3 a 2.5 ¥ el c*31Uu+D 3 cuande corresponda, ¥ cada uno

de sus elanentos debera ser veriTicado de acuerdo cor el Cﬂﬂ‘tdv
lo . Para esto, deberin determinerse la frecuencia propiz ¥y la
amortiguacion de ellos, de acucrde con los articulos 7.1 & 7.3,

El equipo del tino IT que consista en grupos de columnas ¢on re-
lacjon funcional entre ellis. o que contopne en sus columnas
otros eclezentos gunTtepiiblics por sus respuestas de BCE.
leracién o de uesﬂlnz:mieﬁ'o, como son los intg crrupunrc cz po -
tencia, desconectedores, alpunos sransiormaodeores de medidz, pa -

.rarrayos y olros, Zcbiore cer sametido a pruebac tipe de accepio -

cion en mesa vibra~oria, somo se indica en 7.5 v “IEhiEEtEa- Es
tas pruebas se haran ademds de las verificaciones 6.5, que nece-
sariamente deberan inciuir ia de {odo elemento susceptible inte-
rior. Comd Quiera gue amono de dichos elementos resulte critico
en el sentido de l=5 condiciones ol capitulo U, deberg ser expre
samente tomado en cuenia corente la pruehka, considerande, en ca-
8o necesario, las disgosicjonss del articule 7.12.



ENRDESA - 190 - _' 41

6.7.- 103 ¢auipos o elementos del tipe II que consistan en simples colum
nfs ¥ GQue no prezenten partes que resulten Lan eriticas en suz res
nuesias comd la nisma columnz, Cono e5 €1 CRSO de diversos wrans -
formadoras de medide ¥ pararraycs, y-de los nislzdores soportes ¥y
ae paso, terminiles pora c_ble ¥ similares on general, en lugar ce
1a prucia especificada en 6.4, podran ser cometidos a una prucbha
Ar ninisa resistencia dinamica hn*1*cn;al, como se irdieca en:itn
prra le respuests de aceleracizn que les corresponda sepin el va-
pitalo 4.

s

1]
- La determinacion de la recpuesta, con-deterni
nnc‘o“ previa de la [recuenciz propies y del factor de awovtigaa -
cioq, ?ﬂdrn ademas ser evitaia ep aquellos elementos de disrvosi
¢ion estruostur al nomogénza, ccao sisiefiores soportes y de pelafofe]
terminsies para czhle, eie., zicmpre gue el ¢lemento =zea capie 56
=ecistir en es:z prueba, segln T.L, une respuestz de velor igusl o
ruperior a 4 g.
]

T.- CONDICIONTS MIUTAG PRRA LAS PRIEBLAS.

Teis- Para le determinecidn de la frecuen-ia propiz de los elementos,
segin ce pide en los artlcules 6.3 y €.5, €1 ecuipo, en condicip
nes Teales de servicio, sera rijade, por los medios previstas &
efecto en su diseno, sobre uwnz base rigidas Scbre el centro de

grevedad de cada unn de los elenenics cuya fre"uencla se recuie-
re determinar se aplicara unz iraccion, en la direccidn de la
maxins amplitud de les oscilaciones, de valor no inferior a 1/3
del peso dei elesento cuc‘la:te, ¥ se regl ‘straran las oscilacio-
pes aue el elomento cfecuue por segundo, cuasnde se interrampe
bruscamente la traccitn aplicadsa.

7.2.- Pora le deterninacion del facior de amortiguoeion, se aplic Lol
el wizmo procedimiento que en el ariiculo anterior, pord en &ily
caso, el registro de las oscilaziones debers ,rezlirzarse por me -
¢ios gue proporcionen sensibilidad y preciside suficientes pare
detcrminer el decremento de lzs oscilaciones en funcion del tiem
po trenscurrido desde la int errupsicn de la tracsién. EL facter
de amm*tiguacinn eguivalenie e doterninara de acuerdm con cl
graflcc de la figura 2, a travos de la suce 5i6n dc maximos de las
ondas en la cona del refisire en gue el desrerento aparsce  COn
claridad ¥ precision suficientes.

7-3.- Cuando el equipo contenga diversos elementos susceptibles de vi-
bracion, las pruehes de los articulos Y.l ¥ 7.2 me efectuaran
aplicando tracciones en los centros de graveead de las diversas
maSa: sujetas a oscilacidn, ¥ regisirando simuwltineamente las os

cilaciones de los puntos corre-pondientes a las mayores amplitu-
des, para tratar de detectar todeos los modos de oszilacion de la
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7:3.-

disposicién. En ector cosos, €5 posible que el degrexento de
las oscilacioner de un elemenic se vea interferido por batimien-
tos con las oscilzeiones de ptro  elemenio de frecuencia pareci-
da, en cuyo caso debera procederse como se indica en lz fig. 2.

Ia prueba Qe reuisuenciu d:nanlca minima a la ruptura horizental
previsia en el artfcule €.7, sord efectuzda en Torma similar a
la d=1 articulo 7.1 pers zpli agdo una triccion izual a UnES vied
vecas la rospustia de zeelergelon que cnrreupo—de al elementio sE
ELH el cnp{tulo g_f La n*ueba debers efestua-re fucn51v&u_“ue =
cada elemento definido s=qmir el ticrlo b,2.1, LY gors necesasio
resistrar las ecelerzciones instantdneas en el “ceniro de frave =
éad del elemento, en Pancion dzl t1e:nn transeurrido deosde cue

ge interrumpe Bruscamente la ore ccidn. FEl wvalor cuadratico medioc
de las dos prirerzs sexicondas, Gebers alesnsar nare czdz el<emen-
to, un vzlor igurl o mayor que a/¥Z (siendo "g" la respussta de
aceleracion). nl eciipo sornetido 5 1o p*ueba no debecs presen-
tar, daspues de éstz, ningin defo, delformacion o filtracidn ¥ ade
bera estar plenazente £2%0 para rg515ti* cualguiere de lac prie-
bas ESPECifiCaﬂEE de recepuion

-

Las priebas en mes: ribratoria cue se presericen en el ariieulo
6.6 deberin sef reslizades en un leboratorio autorizado que cuen
te con el equipe y la erperiencia necesarics para la prueba.

. . ' , .

Las pruehas consiztican en la aplicacion, en regimen

forzado, de oscilseionss sinpsoidales hDTlZﬂntaL“S, 2 le hzsa del
equipe en condiciones reales de servicio pawa :

&} Verificar las frecrencias de resonantis de sus distintos oodos
o elemenios (artieules 7.9y 7.10)

.;probar 8i sc currplf. 1as princip=a
dzs para ellzs {a-;lculn 7.11}.

4, para ¢ 3 ccmdic1c A=

establ

be reempleza orticyla 7.5 b. Ver piging 1

7.6.-

Lz prueba debera efpetuzrse sebre un conjunto complete del eaui-
po en condiciones de servieio. Este conjunto deberi comprender
todos aguellos elementcs montados en columnars sobre una bare co-
mun, la cue debers ser fij=zda por los medios previstos en su di-
sefio, ¥ teniende erzpecial cuidzde de no alterar fus condlciones
naturales de rigidez, a una mes2 vibratoriz de capacidad suficiern
te para la masa y dizeasiones del conjunte, segin les dispesio -
nes gel ertienio 7.13. )
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TaFe= Znn el caco de cnnjuﬁtus con diferenies pleros vertlesler de sine
tria, ia prueta deterc efectuarze cplicando omeilaciones en la
direccion de cada uno de esios planos. 5i el conjunte puede al-
terer omus ¢ondiclenes estructurzlers cuando ze encuentraz con dis-
tintas condiciores de servicia, Como seria el caso de un polo de
desconeciadnr en posiciones "abierto” o "cerrado"”, la prueba de-
bers efeclusrse en cade una de diches condiciones de servicie.

7.8.- Durante la prueby debersn registrerse-las variaciones instantd -
neas en funcion del ticwpo de los siguientes volores cuando me -
ros !

a) respuesta de aceleracion horizonizl en el centro de aravedad
de cade uno de los element;u culetos o verificacion;

b} tenslones eldsticas miximas en no menos de dos puntas de 1e
pieua rir solicitede por Yz respuesta de cada elemento;

¢} desplazemiento relative entre cquellas pielIAas cuyp respuesta
dc desplazemiento pueds ser de importencia parz el resultzdo
de la prueba (contactos de un desconectedor por uj.):

a) desplazasientos de Ia bese del conjunto con respectio 2 la e
sa vitratoria, en un rumere suficisnte de puntes como para
caracterizar los modos de oreilacion propios de dicha base;

e) mceleracion o desplezaniento de lz mesa vibratoria.

. El registro de las respuestas de aceleracion indica

do en a) deberd indicar velores medios cuadraticos. Las lectu-

ras de los detectores de tensiocnes del puato b) deberan ser czlibrs

des aplicando en cada elesento urnz faerza horlzental varizble -
entre 0 y 50 ¢ de su peso oscilante, para registrar las lectu -

ras cerrespondientes,

7-9.- Para una emplitud constante de oscilacion de la mesa, tal que la
respuesta de ninguno de los elemenios sotrepase vn 80 T de la
maxlma.rcspue'ta si=zica cue le corresponde segun el c*p_tulo L,
ze efectuara una prueba de Trecuencia varinble, haciendo variar
ie frecuencia por escalones, y menteniéndols eonstante en czda

*calnn durante un tiempo suliciente pare gue se esiableces la
mévima respuesta de los elementos a esa frecuencia de excitacion,
La prueba se repetiri parz distintes #rplitudes de lo mesa, hes-
ta logrer regisiros de rezpuesias maxizas en los distintos ele -
mentos del equips con lecturas no inferiores a 10 veces la minima
sensibilidad de le redida, parn frecuencias de excitacion éntre
0,5 ¥y 20 Hz.
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Los vooulianes < la prusis 1.9 Seén Teprésentadus el CuTvas
de respuesin oe cuda elepapne v puneion de la irecuentia  de
excitazidrn, para fiferenues 2l iTuce S conftanles de exclts
2181, In estzas ourvas aparoctran mexisos correxpondientes s
Lirerentics rosinancias secunuarian, que provan cer Ideatiflice
dns por interpretacion de los regisiros en 7.8, En el caso
de efectes no iingeler o seminlactvicss do wmu"_rhac*un. ls
frecucncic G4 restnahtia ¢e vela ¢lonfnio uL1¢a‘a apretisble-
LLOVE G fupcidn de 1n wroiitun Ge exvitacicn, pur ie Ju qs-
verd ser estimada por ewtreptlzcitn de aicha nariacicn.

A tads uns de las frecuenciss correspondicnies n Una re
en 125 curvas in2icadar en 7.10, ze efeatuars wic nraeta
excitacion a fldﬂhﬂﬁﬂlﬁ ﬁuquLnrte, rgh o uha =aplizToed el aw
respliestz media ¢uau.a»1 = cel eléemenieé O mOI0 curresponid ie
sea igual a la moxime que I correfpendé Seyin el coplIulo
La amplicud e eah1t9¢ian natesar;a e la el ¥ ﬂEIEEFL_DIZ
apro¥lsndaments de is ranon refcuesie- exc1nac*c1 obrenidz nare
vna Irecusnciaz Iuranie la pruocoa 7.9

En caso de qu2 1z excitacisn de un elemenio a la reSpuesip
oue 1¢ cnvrnr““ndu G LQ,IUhlG L, no cea mesible por el pre
codimiento erlzblecido en ¢ artlhula T.ll, debido a gue se
sobrepiase lp respuesta correspondiente a o elemenic de BDOYD
dul elemento en cuestidn, o cuando elelemento no ses accesible
para oedir ou respuests, deoerd reslizarce una Drueba sepzrade
sokre dicho LlEﬁEﬂuD, muntndo scure une bose rfbida, rijardolo
PoOr melios idénticos a ajuellos por 1258 cue va ooniado r ¢l
cquipo en sondiciones reales.

. . .
lLas trvebes Que se espesificen en el artizule 7.5 deberan =er
- . F . - L] - [
regliradss en una instelacion de igs siguientes ¢aracterisii-
£ .
ces Mmlnlcas .

a) La mesa vibratoria debera zer de dirmensiones y masa fuficlen
tes para gue sSe pueda lograr una oSzilecion predoziransemer
te sinusecidal con el eguipo mantade sobre ellz en cowiicio -
nes de pruebn. Sc interpretsrd cL.nllu: csta econdicisn CuRn
do ia amplitud de la gunu dde las evmdnicas on 1la onda de &es
plazarlnr-a dc la mese no schrepassc un 15 % o o amplizud

de la fundamental.

cuEﬂcia ai“"t ada, con el L,rv;her.::- oo ln;r:r esic
excltarion 2 los puntos de resonancia.
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7.14.- Los equipos del %iso Il, cuye disposicion estrunturazl no guede

dentro de las disporiciones del ariiculc 2.3, deleran fer some
tidos a una investiracion detellada de Sus modos de onvilacien,
apliczudo on 1o posible nétodos similarer a low de los articu-
o .1l 2 T.3. Ho ze puede gierprar aue las rospuestas maxi -
mAS de Sus elemenins sean posibles de obtensr durante uno prue
va cono la del meticulo 7.12, por lo que sersd necesario veriti
cavle, en Todo cato, de la corhinecion ner riiculo de les res-
puestas de sus diaulntﬁﬁ =mcdos de oscilacién, cocme ce 1nﬂlcn
er el articulo k.6, : -

-’ -

E.- P% JCA3LINAD DE 145 PRESENTES ESPRCIFICACIONEE.

B.1.-

Dade que las disposiciones de lzs presentes cspecificaniaones
se bacan en muchos ©oS0f €T una repressnIacion sproxivaca ce
las eondiciunes, reaies, los coses de dudas zolo podran Sur T
sucltes mediante la discusion tedrica de un modelo mas detz -
1lado de la estructura del ervips, en forme similer a la inhi
zaZy en los articwlos L.6-y 7.14.

Modificacidn del artieulo 7.5.

b) Reproducir on los discinton elementios las rocpuesias maxi-
macs Cue le corresponiar scgin las especificacicnes del ce-
pitulc L (véase 7.11). Las tensiones elastiecms maximas du
rante esta pruepa, combinadas con las que 5o celoculen para
los esfuerros de servicio espe:ifica&us, deberan quedar
dentro de los limites del articulo 4.4, El equipo no detg
ra presenier, despuss de le pruebn, ningin Liﬂﬂ ucugldgh
mientc ni alteracion de sus elsmentos, y debers enconsrar-
se plenamente apto para pasay Tualguiera 42 larf piras prie
bas de recepcion especificadus.
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1. Introducticn

Jagen I3 well kaen for the wost feequent pecurrence of ekrthguakes
In the world,

It 15 adsolytely necessary for the #lecteic wiility cowpanies to
mrbe comlete erovisions for the safety and efficlent resteration of
slectric Tacilittes after an errthqueke berause the ut!lity has s
respons bt by for the continubut supply of electricity to. the community.

We wish to ezplain here the wany exsmples of selsmic demige o
electric utilitles which have occurred in Jeoan in the patt and the
repsuret which the electric ut111ties have adopted to counteract selsmic
affects. )

2. The Esrthquake Hazard s

Mygnitude B earthquakes have occurred sbout once every 10 yesss;
and M.7 or less occur divost yedrly, Following 15 & brief description
of the demege cauysed by mafor telimt fn modern timet.

2, The Kento Earthquake, M9 (1923) extarsively dameged electrical
Factllttes in the wicin!ty of Tokye end Tokahaima. Servite restorstion
tock several rontht. In later ewrthquakes the #lectrical tystem
waz more resictent, damage wes considerably less severe and service
tutages Jasted only 2 day or bwo. .

b. The Fyko! Esrthquake, MT, 3 {1945) Ted to adoptlon of en sarthquake
strength provfsion In the Jacenese Bulléing Law.

€. The Mifgake Earthguaks, M7.5 {1964) was the flest occaslon on
which the Infrastructure of a modern Japanese city was
tubjected to & damaging selsm, Many boltdings end Industrial
stryctures were demaged by sl Medlures.  The utilities (water,
gas and etectricity} were 811 simu)tanecusiy dicrupted, sc the
city's functions were wirtually parslyred. -

d. The Matsishiro earthqueke swares (19657t0 196R) were only woderately
demaging, but provlded valuable opportunities for observatlon of
telsmic response of Full-scele structures mnd to develop selsmlc
predletinn technlques

#. The Igkachl-cffshore Earthquake, M7.5 {1968} disrupted yarlous
telecomunication fecilities. In 1ts aftermath, the Selssmlogics?
Prediction Llaison Councll wat attablished.

f. re Miyentken-gk+ farthquake M7.4 [19718) caused much Aamage to the
ut!ltey systems af Sendal City.

In a1l ¢f these marthguetes, we hive never seen any major darage
to penerating squlpmect, due to teltmic ghebing, #Vther in thermal or
mutlear power plants. nieach of the Nilgats, Tokech!, and Miyag
earthquskes, epparently due to ground Iquefaction or subsidence, there
wat tynicatty gne instance of minor daemge Lo a thermal power plant,
efferting ins fuwl-feed syites or the burled distribytion piping.

Table b s*ows the pumber of colet of sefsmic damage §n ovarhezd
trammlssion and cdstribution faci)ithes In the varions earthgquakes.,
There was ro demage due to ground vhaking, buk we percelved tecomiary
damrge due to growmd setilement or ground cracking snd Yiquefartion. .

There was no damtge to structures on Firm grownd, Some damage
accurrad te pole-transformers doe to support Talture but there were
very Few casets tn which the Erans Farmers secluzlly dropped of F the polet.

We did not percelve any damtge to undergrovnd Facilities de to
ground shakfng, Secondsry demape, owing to selt lguefaction, was
1t In tuenale and direct burisl Tines, but comparati vely grest in
duct Jinet. (See TabTe 2).. '

Teble 3 shows mmny exsmples of dasspe bo pobstatfon bremsformers,
clrcult breskars, and Vightning arresters, disconnecting swilches ande
potentle) transformers. .
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3. Experiences and Lessons Darfyad From the Miyagiken-oki Earthquake

O 12 June, 1978, the Mlyaglken-ck! earthquake, M7.4, shook the
Tohohy district. Damege watr especially grest, with ¥} persens dead,
mire than 10,000 pertors Ynjured, end at lewst §72,000 houter collapted.
Pubtic utttities were severely dammged,

Electric penersting capsckiy of 11X MWW went cut of service and
tbout 600,000 hovies (208 of a)l the cuttomers tn the district) suffersd
power failure, '

Both the Sendai and Mipag! 275 EY gubstations, 45 well a5 7 wniis
of ore 154 KV stetfon, and 9 units of one B& XV station, were heavtiy
daraged, moxtly i bushings, disconnecting twitchet, arrestert, snd
ciroult breskers. {See Flgure 1),

Four tharmwl electric generating ynits tripped out of service. There
were no culagey resubting from damage-to 4 hotler, turbine or generator.
We did find some demage to suxillary machines wnd, 1n one case, in the
elping system. . - . :

There was no damage which caused matfunction of tramtmistlon linpes.
On the other hand, in the distribution lines there was breaking #nd



tfiting of supports, Alse, we found damage by tifting of translormers

situated In poor sotl preas.

Most of the damage to power #quipoent comprised breskage of targe

porceladn tubes at high voltage substattons,

T

3.1 Damage to Substations

In the aftermath of the earthguske, soi] condltions were
investigited at the 275 K¢ Sendal Substation, which had experienced
the cost entrese danspe among w11 of the sghstations En the area.
Ressors For the vnususl iy severe demage are deszribed bebow,

It Is clear thet there were 51?11”!\:"“ differences of ground
wcceleration and predominant vibration Frequency on different
trpes ¢f sofl. '

Ground accelerabion was Increasingly amplified In moving From
tut ground Lo natlve ground to filled ground, as shown in Table #,
(However, dawage to transformers and porcelain type equipment was
almost ;,he same for thote Instelbed on A ed ground and on natlve
groond.

At Lhe site of damaged 275 KY equipment, we conductad vibratlon
lests and n respoase analysis. Almosk #1) of the devices Yached
strength under dymimic detign conditfons {resonant frequency,
tipesaldal J-wave with D,JGT As & contequence, three principal
cavses of damage appearad, a3 shown in fabie 5.

Juiging from cbserved damige of equipment 3ike condensers and
arreslers. Tt sppeary that these devices Intersct with esch other
by way af ithe conduclars which connect them,

Selsmic strength of current transiformers is conslderabie.
Thelr wylnerablibty Hes {n thelr suscaptibility to porcelatn Lbe
flange-cracks. Also, equipeent adfacent to these 15 spt Lo breask
dur to tnteraciipn with these very rlgid devsices,

Tahle & 115ts byshtng d'ama?e af the 275 E¥ transformers ag
Sendal Substation. The dawage Initlated with hreakege si the lower
inslde paris of lhe porceltain tubes. Ses Figure 1.

la arder Lo wver!fy this, we have done fleld vibration Lests
and al50 0 respanse analysls of the corbined systen of foundalion and
grommd. Yhe resuits are shown 1o Flgs. 4 and 5. From the results
ef thewe tests, we could conflrm that when the natura] frequency
of the transfermer bushing, oatural frequency of the foundation-and-
ground syslem, #nd predominent Frequency of groumd nolbion are
atl apprazlralely equal, the bushing response begores several (imes
liryer then the ground seceleralion.

This [5 because the wse of rubber padh for nolse suppression
re;uits in strong rockbng of transforeer and thls Induces resopant
ampll Heatlen of the sefsmlc Enpult to the bushings.

3.1} Dercage to Transmission and Ofstribetion Facilities

As regardy trenswmission fecilities, there ¢ccurred & ground
crack around the base of a steel tower, and partial wall tiicekage.
Alto, there were & few Winor ddmapes such #3 tl1ting of poles .
and Tootenirg af guy wires in poar ground.

The ungarground duct-tines, due to lassons derived from the
Wilgats enrthquake, were In $tes) plpes; a'so, locatlon of the lines
whs curefully selected. Therefore, therw wit no damage to doct-
Fires die to soi] mowements.

The mit notable feature in the dfstridution facilities was
axtensive breakage or tiltipg of poles and tuwpparts in Sendal Clty
and 1ts environs, espechally am poor ground. The lessons derlved
from the Kiigats and Tokachl selsas had Been adopted to prevent
tefimic deammge; w0, in this earthquake there wis no falling down
of trinsfomers, and atso no damage to substation bus-bars.

Qamage to the tupparts and wires cauted by ground shsking was,
in reality, very sifght in distribution syttess. By far the greates
patt of the dewmage occurred for tecondary ressons, suveh as ground
shifting and Houefaction,

In the telecommunication system there occurred bregkage of whve
gubdes at mlcro-wave statfons, but thls did Aot interfere with their
operation.

-

- *

Countermeasures for Farthguakes by the Electric Uti11ties

Bated on review of the dorage caused by the Miyaglken-okl earthquike

aselsml € design concepts For power pquipment heve bren developed.

4.1 Sebstatfon Facilities

In case of substatton faciltties, especlally large equiprent
such a5 transformers and circult brezkers formerly were designed
nith telsmic coefFicient of 0.5, r-

Howaver, the damage eaperlienced in recerl selims  has denaniira
that, |IF the predoalpant frequercy of the grownd dnd 2 natwral
frequency of the device malch each other, & resonance pherom:non
occurs and this resubis 1n a larger stress Lhan that to s 0.5g
ctatic aquivalent Toad.
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Therplore, & dynamic design ytandard inpyl { resonance,
sinucdldal J-wave with 0.3G maxiewm] has been gdopied for bhe large,
cr! HH?II pquipment, eepecially ot 500 KV subsistions. [See
Tahle .

The substatlon facilitdes consist of the foundetion [ingluding
the groumg}, the tupporis and the devites. Strength 15 declded
by dynsmlc d-slgn rather than [rom a static equlvalent,

Taking Inle cons{derstion Futere Seitm and also octurmence
af tarne parlwuabes pver the 1att 53 years in Japan, peak gqround
acesleration of [0.3q has been sdoptad a5 v stindard <alsmic loading.

A% shown in Flg. 6, netural frequecies ot the 275 K¥ and
WX EY¥ rlass pquipmept evist over a wide Ffrequency vange, in gereral,
Therelore, the potsibillty 13 high to develop resonance tnder
selsmlc loading. . !

I
As A congpryatiwe dyramie Toading, 1% 3 necessary 10 consider
slnysdidal wave ipput which has o natural-freouvency equel ta that
of Lh* equip=ent,
Tt
Flg. 7 thows that when the equipment, ldeatized 25 4 one-
direnslonal lyped-mass Systen, has resbodnce Agafact a grouwnd
sotlen input, retppnoe arpltfication w!¥) oecur,  This amplifcetion
of aceeleration ts compared with [hose of resonant sinusoidal 2-wave
A Jowavr Inputs, e T

Here, the spltfication dee to resonent sinusoldasl Z-wave
1opul tovers almst the Full range of acteleratinn responie
magnlflcatign due to en aitual seismic wave, And o earthguabe
response exceeds that Tnduced by the resomiat sinusoidal J-wave.
Accordimgly, we have adopted the respnant sfmsoidal 2-wave a3 the
1npyt wavelorm for designing schstatlion facilities, Tables A, 9
and 10 show setemic design criterla for tvhetetion FaciTltfes.

Irproverrnt of dynamic performance of transformer bushings may
be schisved by #limlnating rubber pads bebwren transformer and
foundation imasmuch as sound Isplation deviems cam capse adverse
reaction to seigmic inputs. Flgures 4 and 5 Indicate how ground
Arceterations at Sepdal Substation were am-M Hed feom foundation
to tank to bushings,

Ususlly, spectal investigatior of sofl conditdons 45 performed
galy 1F FIM1 1g tp be placed. [F the ealsting ground 15 kngwn o
be wedt, Imptoveronts c#n be Pade, b.g., oeaslfication or consalidation.
ntle placing) or bearing pressure can Be redyced by wing larger
foundations .

S5ee Figurpes 9 and 10 for suggestlons-fgr Imgroverenls af
spismler skrength of porcelaln bype equlpent,

f
i, .
L)

4,7 Wyclenr Fower Facilitles

Ax have nevar yel experienced demage to a nucledr fower plant
due to an earthgueke. However, to guarantee that no release of
eadigact'vity could result from a sefam, we practice stricter
selimic-proof wegsures For nuctear equiprent than for other power
rquipmeat,

"Bt muclesr power Facllitlas, the bullding, structure, equipment
and piping systems re a11 classified, by seismic categeries
relnted tp the safeby nf the faciii{ties, and thelr selsmic deslgms
pre condutied in sciorddnce with thelr classification.

Twn hipds of selsmic mtions [on the basls of the sirongest
selsn and the sarginal sefsn) sre stipuleted bared on the seisqic
history, actlve Tayltt, and selsmic geologlcal structure at the
gqnerat'ln? pwer s5tes) and sefsmlc design incorporates dynamic
analtytical methods | ’

Bullslng Fourdations are usually installed directly on bed-
roth.  The piping systers are designed to prevent resondnce w!th
the bulldlng, ty be'ng made as stIfF a1 possible.

In ordar to obtadn mazteym safety, & seismic detegting device
1¢ tnstalled to Initlate shut-down 0 the reactor in case of &n
earthiremor greater than anlticipated.

When 8 reactor tuddenly 15 "scrammed” during 1ts operation
mwing to esrthqueke shocks, thorough fnspection of the nuclear
power factllty st be carried gut lmnediately to determine 17 Lhe
prant has been denmged. e

4.3 Hydrg-power Dam Installiation -
1

Asefsmle design 1s reguired, based on a pseudodyramic process, cn
Howaver, for eseecit)ly importint structuyres, dyranlc response
analysis 15 Included in the design process. Alsp, for principal Lol
hydraulic dams, continugus selsmic monitoring !nstrumentatlon has
been set up. i Thereby, the actual dysamic properties of the major
dars haye bren determined,

8.4 Thermal Power Grenerating Facilitles

For therms] power facllittes jabte 11 shows setswlc design
griteris far each equipment.

1.5 Trapsmission Facild
N ' Ta 1
{n the design of overhead transmissfon Himes, the stress dur
1o wind lgadt 5 always greater thap seismic,

tfrsl

fn the case nf treansmisslon route sotection, we avoid bad
ground as much as poscible,
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Although wv~dergeaund transmicsfon cebles are pet dlreclly
affacted by the ground shaking itte)f, the following deslgn
precautipns 4™ nedetsary:

{8} HWhen the routss are selected, tiquafithle sand subgrades
or fHited ground are studiously avotoed,

(k] We use flexible Jointt In buried Tines, so that the ground
strains do not transfer to the buried conduiis.

fc} Potheads and oll supply devices sre designed for shabing
Toads,

$.F Dlctribution Facilities

Distr thgtlon facilitdes have wipaliy eshibited suvbstantial
resistance o ekrthtremors. By Selecting the routes snd duplesing
the ctrcults, sufficient sefsmlc protection s obiained. &3 1bng
&t we avald poor ground.

4.7 Telecormunicatlon Equi prent and Computers

Seismic design for telecomwnlcation equipment and Strengthensd
technlgques af installation of flexible micro-wave quides hava T
been carrieg out., The lrporbant fecflfties ere proyided with
PrimtrgEnl penrgenly powar SGUrces. Theraefore, by the uie of duples
clrcults, the telecorrunicdtion fumctions will be maintaired.

Lomputer systems haye besn provided with sufficient protectfive
devices 1o Spsure that operstions wiil mot be interrupted by selses.

4.8 Seryice Resloration Pollgies .

A1V electric power companies tn Japdn have sstablished {heir
Dwn Paergency damage recowery systems.

At & time Of unespected accidents power |s sent to another
corpany 11 g power supply dhortage occurs. This 15 done under s
mutual afd pgreement, [ necestary, perionnel and saterfals wili
also be dispitched to assist 'n emergency recovery,

First priority for rettoration of power |5 assigned to those
Facititlec vital for preventlon of fyrther dapage and for spesdy
recavery of communlty Fenctlons. This inciudes hospltals and s ubway
shapping streets, which are Ympartant places for sheltering and
toaserying Mees. Algo, recovery faciiitlet such at damge-relief
beadqoarters, Qoremmental dgoacies pnd gas, water, snd traffic
tystens are 2551gned high prierftiy.

Algo, high priority 13 assfgoned to news media at they are
essentlat to allay anxfety In the coemumity.

- 1

4.9 Hesekrch haedk

" desiga margins.

it 13 teslrable for v ta conduck & selsmlp Study, with an
ev:luation of center-clamp-type buthlng failure mechanisms,
by raanmining transformer behavior In actual selsm.

We wish to evaluste the effect of ?round {mpravement, by
conducting tests on varfpus {mroving methods, such as psing
soll-tement.

At the Huclear Industrial Center, a large sefsmic shak!ro

table 15 under comstruction. This apparatus has a 15m » 15m. .
eibrating platfors weighing 1,000 tons. 1t 1t & blasial
mychine, which will be 2ble to develop maninum inertia force

of MO tons. We plam to conduct Full-scale seismic rallabllin,
tests on Torge nuclear power components to determine teismic

5. Conclysion

We have described in this prper the seismic resistance messpres
adopted by Lhe Japanese sleckric utldity fndusiry.

Early restoration of power facilities at the time of seismic
disaster will rontribute greatly o the recavery of both civle fynction
and fndustefal-economic adbivity end will Be reassuring to the publfc.

We of the electr!c wtility industry recognize that we wmust take
a1t reasonable countermwatures o protect ageinst effects of earthouakes

1n Japan.

ag
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- - 2 - Teble 6. Darage to transformer Buthlngs
¥ rable 4. Broued gurfece acoeleration oa varfovs

trpes of xall
. capacity Extent of damage
. Maxima ground Domimant [
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General setsmic design criteria for substation faci]lties

1lems

Seismic desfgn forge,
whirh 1% Lthe basle
Inpyt into ground
syurface: A

[-Purcehfmt,we devices

Trans farmer buyshling

——

[nd1¢ial application of
resonsnce sine 2-wyve
with 0.3 maimn

same A% at lelt

At i fication
factor, dwe to 1%
faundatign: 4@

1.2

2.0 {Inclusive of ampii-
fication of transfoermer
proper)

rcertainty factar,
baved on vertical
acceleratlon, effect
af ronnesting
condyctars, stc,: €

1.3

1.1

torrectlon factor

fieec): b

12 x 1Y =13

200l .22

Seismlt design
Forte c2lcylations.

Az D= resonance $ine
Z2-wave with & 9.39%5; but,
In terms of traditipng?
us*ga:  J-wave accelers-
tion

1
» 0.396 x 5 ¥ 0.3
{5ee Note)

AxD= resonsnce sine
F-mave with & D.66G; but,
in terms of traditional
yshge:  J-wive dccelers-
tink

1
= 0,865 x 13" 0.5G
(5o Kole)

Sefsmic fmrce 1o
ke uted In design

Resopance £ine J-waye
with 9.36 maxieum applied

Resonarce sine 1-wave
with 0.5 marivm,

uf devleex at the lowest parts pf applied af tha lowest
the device part aof buthing pochet
Neter This Is 8 conversiok of the des!ired (newer) 2-wave inpyl to the

egulvalent “traditions1” J-wave input.

for Y-wave input, a5 shown ip Fig, 7,

Amplification fx grester

Tabte %. Selinlc detfgn of porceiain devices

. Ground The equipwent should be huilt on grownd which hes
more than 150 m/s spred of S-wave, or Stendard
Penetration Test valpe, M:5.
2., Dettgm ﬂuusl-relsnnuncr method,
aporoach '
L Seigmic Rosonant 1fpe J-wave with 0.36 maximm [Indicial
o delsgn sppllcation)
1nput '
1. Dynimie The Towest parts of the device,
{  toad point Tt T
L i .
L Juﬁgguﬁt ' The stress which fs generated in the porcelain
criteriag tube 15 not to pyerrun the destroctive stress
’ ’ value.
e ny
G. #ange of As for the devlice whpse matyral-Trequency fs 1in
Frequency the 'range of D.5 = 10 Kz, use the natural
T frequency; 83 to those which are.under or sbove
thiy hand: 4n cese of less tham 0.5 Hr, asyoem
0.5 Hr 13 1ts natural frequescy; 1n case of 10 Hy
' ar more, assume 10 Hz 13 1is natural frequency.
' L 'l':

(M|
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CoradiIQATINGS LISELINES IH ESRTHIULKES

3y J. Y. Foss,™ M. ASCE

-

;?;‘:;:. Siate-gl-the-2rt information 18 presented on
;f;-fazicf ol ccrmunicatlons lifelines agalnst carthouake
?flﬂ?fl- fvismlc effects, dealgn objectives, and strengthen-
ine LeInnlizues are discussed fop gable and padio Systems

=5= T3 cguipmant In partidings, -

LR WTTT O
LT LR LKL

i

Comtiniecstlens 1ilelines, z!ways negessar nor . Iy »
¥ital In the perlod Fellowlng in ea:thquaaé.beﬁagfolmgg?:f‘y,
risinn: telephone, T2ierriph, and other cummunicutlén: macls
SLsi o.zse the infrrpatlon gaps !t onorzmal life Lhat tape
TzUfed Dy elriRdudes dimace. Obviously, communlcatlens ars
red2ed ta SuTmebn erengensy ald, to goordinate possible res-
i and mxiieal elffcrts, to collect damape data on ubili.
1iw3 a?_ Silelr Tazilliles, Lo atd speedy and sale recon-

v ard ro keep people informed. And, when

Ll

FUragiion efraris,
there ls dapger of aftorshock damage=-~for example, o
WeaqcAanel dan aioul o fall--gomrunleablcns can Save
Ltoasamis of 1lves by providing ample warnlng tine for
cvatudavlon T2 take place, .

il:?:uah there 2F¢ rony gozunications avenues, the siraln
curinf any merensfraction perled will necessacily fall on
trLade Facilicres whleh are still usable, This 18 where
ovelloadrs or mallunctions ean goour if system chegks or
zonirals are nat lacorporated inte de#EIgrs ard englneering
Ple="5. Tor erxirple, the telephone swlbching machlnes in toe
LSE_nqgeles ar=l were aple Lo cperate successfully after the
187 Zan Fernando earthquake botause the Dulk of noneme genl-
cy neonlng calls were seleftively blocked., This prevented
cverloading tne network amd allcowed the morc impartant
outflng Aand 1etal ealls to be progsessed,

Perhaps the single most imporiant deterrent to conplete
breandiésn of cormmualecations 1s the redundancy in Lhe many
Eystens svallable, Theae systems are spread ip 8 wob-11Ke
meirly ovey reglons significantly larger than desLroyed

|
. e, Fosg, Ohon, Power b Communications Coroittre,

ARSE-TLEY; scpevrvisar, Lullding and Doulrment BEeplircering
Deparinent, Boll Telephone Latzratorics, Whippans, H. J.

2un ’
'

"

aoapny Pakh rrregting #5301 divert mater corenlcations
sraund the destroyed area while communlcatlons withip that
wrea Wwill Bo partlal'y restored with avallable moblle ar
craneportable faellitles prlor 1o repalr gr replacesent ol
tae inicial s¥sicm. However, the enoroous need for poat-
carthguakye ecnaunicaticens demands chat measures be La¥en
ielore an earthguake ocodurs to assure survival of as much of
the total lifeline plant as 19 econocmlecally feasible,

MRS WERE STRUGCTURE

The lifelire refeérred 10 conalsts of cemmunilrcatlens reiworks
rade up af a serles of nodes or end points Interconnected by
disgributlan systams as shown In Figure 1. Communicaciansg
maln centers 9 nodes Most often conslst of bullding:, ar =
stryftures houslng eguiprent. The disteltullion systen is
generally canfliured of pole lines or burled cabhle &5 well
as oile 1lrnks bLkat interconnect each. node polnt, _ In. roSt. aee-
instanees, the high diversity in whese systems allovs Tor
i35 or fallure of certaln slepants wlthaout complete loss of
communicaticn In the Specillc aress where Fallures occour.
The offegts o system redundancy vary [com one reglon Lo
anosher. This makes 1t loglcal to consider seldmlc requlra-
oBents oo a Local basis rather than cedifylnd oiriteria lnde-
pendent ol recional conslderatlons. Using this approach 1s
A fensibla way to assure optimum and balanged aelshic te-
sistance of lifalines. T
L

Warking wilh the pngwledge af llkely earihnqLas@ =plcenlurs
and mocion-Jdistance «lfl'ects fop & partledlar reglan, one

can perforh & networs &nalysis to I'lnd the desirable pElance
deslen level of selimic reslstance®, The distriuuticn jaths
In thoe network form vul'y conplex clreults. From the stand=-,
polnt of survlvabllity atudlen, these may he ainpiers to
analyze by 4sing dezacposlilcd technigues to reduce £a04 to
8 number of aerles or parallel systems =athe™ thén by scudy—,
ing the circults themselves.,  An analyst reddlres not Only
thr netwark acd $eigmlie data but also infopmation oo the
fragllity level of each network clement, Generzlly,
equipment In structure#s at the nodes wlll be significantly
mare vyulnovable Lo ground ewcitations tham the cable or
rodio distriuatlon plant. and, because warthjyuake-lpnduced
mnotion wlll spread over lasge aress, auch ecphasle pust te
piaced upef improving the fragilley levels of equipment.
This will be digcuzzed in sulseguent zecblons.

STISHIC EPPECTS Off COMMURICATIONS LIPELTHES

Earihquakr effecta on cornunicaclons will vary in magnltude
and Treguency of oecurcence throvghout the ecodntiry as dlo-.
toted by the complex actlon of global teetpnics.  Zoning

maps portraylng informdtlon on local selamle ~iak are Lelng ~
developed to ald system deslgners In chaopsing dasign levels
appropriate o Achleve optimun performance. Trrough the
sears, btke ascphisticatlen wsed Ln developipg th maj:3 hag
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repn lOCTeaSLART, with iater versions based upon microzons-
tion technlques. Sush techniques comuine histerlcal earth-
quale data and zelsmolcogical and geolegical information with
slLatlatlical medels ta predicet 1llkely marthquake cecurrence

]

- and larzl elfecLs,

CALBLES
WAVEGLRE!

UNDERGAROWLND
FACILITIES
ARIPLIFIERS
MANHOLES

The most comsl-ie recent'report on Ccarthguake effects
and zaning appears in Reference 1, "Fecopzended Cornrehensive
Scismic Deslen Provisler ©ar Bulldings,™ prepered By ine
Applied Technolegy Counctl. Jenuary 1577, and soon Lo be
releagsed. This referenze conkalns geound motlon reglionalti-
zatlon maps af the Unitad States showlng elfectlive peak
acecleratlon and velocity levels not Ylkely to be cieceeded
aver & BQ-year papiod, 10U alsc goes Into considerable
detall in defining how 50 okLALn the cecommended deslgn
levels for bulldipgs and appiérterancer. Helerence 2 gives
the Buillding ficer acceleratliona shown 1n Table I for the
diflferent selsmic gones mipped In Figure 2. These criteria

i have bren prepared for use 1n the deslgn of rew instaila-

i tiony af central office eqvipnent in Bell Syatem communil-

cations facilities.
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Tre sensitivicy to earthquave effceils of communications
bulldings and siructure-housed voulprunt is different than
tabjy or radlao distelhuclon systems, The former are very
sensltive Lo ground accelerations or repetltive shock-type
loadings, whlle tine ilattier 2¥e more sensltlve (o relatlive
ground displacencats and gernerally lesa sensitive ta ground
Acceloratlicon efrecin. RAelative pround dlsplacementd lneluce
thase dcrurelng ab the favlt =1ip plane and areas oF OVer-
thrusting and Mlssurlng 68 well as the ossillations caused
- by compresslonnl and shear’ waves propagating from the
vEFthquake sourcs. '
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. While gonsiderable work has been dooe to develop eriterla @n
tarthquake acecleratlon effects, only limited research hus
beern done on the develcpment of eriteria covering ground
dicplagcements and relative motlon. Displzcement studies
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sgve Sael pade Mor use In the dealgn of the Alaskan plpelipe
{4¢%. 3}, Pefercnce & presency a brlel veview of Bome
rormul2s iised to estimate pelative ground potions. ozt
adgliional work s regeired co develop usable critepis foz
dif'furent reglons ¢f tne tountry, different soll sise con-
ditions pnd for different types of seismic axcltatlons.

BISTRIBUTICHN WEVWORHK PROTECTICH

* Capie in tne Grocnd

Earcheguakes moy damape cabdles purled. in shallow trenches -
where surh cables eross the reglon of fault sllpplrng,
rupturing or flzasuring and where relative motlons lnduced

by seflsmle waves in the ground “pulse” the gable along 1ta
tengtn. Compression of the cable by local hard objects

such as stones g paveDent zan also caude damage--especlally
Lo the coaxfal variety. [fezt eable has a great deal of
flexibility and ¢can oe significantly bent and [wisbed witn
minimal effecta wyon trinsmiszign. Also, the Shock resis-
tance, oF the abiiity of the cable to withatand grournd
valarlity changea, 15 sufliclencly great chat thls type of
loading 15 of little concern qurlng earthguikes. N

Azlal} elongatlons ol the cable pos%e the greatest Lhreat to
iln abllity tua curry signals. Elfnpatlons can geéur oo
cables crossing faults as the ground ruptures and shears.at
Theze lGcations, They can &lsc oCocur a3 selamis ¢ompression
kEives Oove chrosgh the Eround along the cable Iength.,  Pon-
ainle effects include: (1) g Fellure lp teqnsian by necking
dows at a parifcuelar location, (#) a capacltance cthange suf—
Melent to cause sigral impalrment, or {3) the separation af
conpnecklans at mantole and pullding splices.

A wvariely of strepglhening pracedures are vsed to loprove
Lhne reslatance of imporiant canles which crgss known aetluve
faults. DOne such procedure desipgned to protoct major
hiph-capacity teleoh2ne trunk 'lines orogsing the San Andreas
faulr 1n Califarnia involves using steel doubkle-arnered
cable lald fn “3" lowps along a 1,000 Foot tpench that
strgddled the fault. Tee trench 1s 4 Cpos deep and 10 Foot
wide 2L the top with LG-dazree ghgle Eilde slicpes. .
Nonconealve gravel BAcxS111 15 ufed In the irench to 2llow
Chuy cable Lo undeppe lasgye motlona without damage, Further,
the cable trench 1a nplaced at an angle Lo Lhe fault erossing
50 Lhat faulr shiftlng In the expected directlon tends to
riorraldze the cable pousitien and minimlze stress.

frotection of buried ceble Trom e¢lonpation Tallures caused
by sclsmle siress waves traversing the grownd may best be
accarpalished oy deslgning displatement toelerances into the
cable run, Thls may be done by laylng cable locsely in
trenches) by provsiding looae, pelfous, noancohesive backlill;
and wmost lmporiant, elther Ly leBving some slachk o hv
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B full cahle strangth at connectlans in manholes, ot
aints, and at the bullding atchébment.

Tk

Zilng attachment, W0# cable nusl 0o proftecied
rg. GSnearirs 1s paused by [a; selsmlo-lnduced
ck©l11 soi1l around the bullding causing cable
£

;
a
ve o the tuilding, o0 [b) zeismic-induced
;

-
x

1 ’
tifng causirg caple motion relative to the soll.

[

T

:J"b

catlors where sell condltlens are poor or secbling ls

v, Lhe cable npay be proteecied by placing 1t o a length
eel plpe anchored at one 2nd to the building Toundallon.

cla o1 Zoie Llnes

& supportad bty poles extending frem the ground will be
s82 to earthquake effegts simllar t¢ Lheose descrlbed
Lirted caple. I additlion, 2 whinping noivlen of the
e-sele syshed may ceuse furiher darage.  Heavy spllce
5 and amplifier egulpment on suspended gable spins are
1 owm eiperlente 3evers pakie oscillatlons auring mafar
rouakes. Suzh gsclillations are caused by response of
rote=line sysies L9 motlons noreal to The run &3 well a3
selenle "pulae” motlons In trme ground inoa Mreuctlon
2ng the cun.  ln uhe latter case, ong ¢gncern l=n with
“lons cdused By a £lack ©able with g heavy Dass attached
dd=z1v Veconing tawt. The princlpal strength rember ol
sevta® eable 1= a contlruous stecl strand wo which the

o
- 1

Th el G pfn Aoy T

or

5-

L=
=1

L ¥

 avtzched.  The strarnd wil} carry all mi'‘or Stresses
he ‘tne ant prevent axlzl loadings [ros sicainiag
Methods of pro-

"~ n

Lo
Y

T g5 CP other line-supporbes apparatus,

R
PR
oL
bl
b
exling OLe-iine syster: apolnst earthgueke elTeois Inciude
ecdrely attachlng the cable and other supported abDArALUER

5 tre stpel atrand and the strand te the supposting poles,
-

et 11 AW

g-rrunbed egulpment, such as amplifler cases, must be
wrelv ptrached to prevent aepapation which ciar faude
e Tatlure and produte dangesous f2lllng oblecis.

i

= A

.
ir

o Bgdte and Yeiewlsian Tawers

24'a ard Lelevis'an towers may be struciured as Tree-
tzndtpg cantilevars ¢n the ground; guyed to Loe soundy ar
ret=sianding andsor guyed on Lep ol othep structures such
at Sulldisngs. Host tewers apre 97 relatively llgn: metal
*riilce o pole-type eanstrusllon. Becadse af' Lthe rela-
voyety lipht welgnt of Ehe tawer strutture, wlnd loadings
e lly dletats the deslgn strength even 1o areas vhure
zrthguive codes stipulate Seissmid loadlings.

CEPON & B

o™

surw oY bBe, howewer, selsmle congiderations imocartant in
P gesiin of cortalin tynes of towera Lhat nve nus in the
a3l LRSI aspuulhited Tar,

LI Y]

! Tuwrlrb Fouperted upen multistory suildingpe W10 ( tpeETL-
ence chartbhaugke rmotions that may he ampiilicd by the

<
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Lupporting tullding strueture. Multlstory bulldings
ray whip L. Lower horizontally and also propagiate
amplsfied vertlicai makicns ta the tower, When Vibra-
tional Troeguergy-matghing 1s right, these combined
horlzontal and wertical =moclona lnduced by the earkh-
guake may rrodice towsr stresses signlftcantly higher
than thase caused by wind leadings. Computer stlutlians
considerlng the dynamle response Lo Selsmic forces are
gensrally required Lo analyze the pulldlng-omer oRtity.
The point of maximum stress, liwe that whleh occurs en
flagpoles =inilarly supported and exposed to wibraii-n
inputs, Ltz likely to, occur between the Lower base and
mid-zower reight.

2. Tall rodic ond televizian towers that are guyed and
supperted a7 the ground are often constructed with &
zubstaniial Qlatance betwWean the consrete blocks whileh
provide archorage to Lhe guy ¢ables. Thus, In some
cpoes, marthiqjuake dilatational waves in the ground
may noxzess hall wavelengtha that are aa shorst Or shgori-
er tharn the distance between the anchopr blocks. Under
Augch condillons, the selsmle motlons pmay ‘slacken or
tense the guy cables unegqually and thus induce dacaring
relative nizfons between guy polnt anchorages. Vertl-
cal motions actlng &t the same tlme may [urther lead o
ganes8lve nlreguses ln Lhe guy oystent or toxeT masi.

i. Certaliniy, <omwni2ations equlpnent attached Lo CLouers
must te well supported to ba capable aof sustalining the
selomic wlourutlon reipanse af the mast. Antennas,
Feadhorns, ~atepuldaes, couplers, etc., should be
rigidly atrarched to prevenl préscnante Irof GzeulPlrg
witp the Lower otructural syabem. However, sufiiclent
fleaibllivy shguld Fe allcowed 1n wavegulde pruns balween
tawers and esulpasnt bulldings to aveld displagenent-
1ndueed damdfe to the wavegulde. Elemcnts such &3
waveguides that night be duamaged by falling objects
should be protegted with overhead metal plotes.

NODE FOINT PROTRCTION

Communicaclons lfaciliLles at noéde or tepmical points {nclude
bullding/struciure-equlpment assembllies bsed L0 produce,
diaseminate, ampliry, or sWltely volece pp data slgnals.
Sclsmic analyals and deslgn techniques far tulldipgs are now
reazonably well urnderatood and docWsented alter several
deeades af researct and test work conducted by universitiow,
research arganlizallona, archisecl englpeerlag Mlrma and
industry. Refaprence 1 presents the latedt and most ¢onpro-
hensive Inforaacier. on thia asubject.

Broad seale progiess ol equipment protectlon researeh and
developnent haa lagzed behind that applied to bulldings
ard svrugtures. Data Fathered fogm the pgreat Alasaan

€9
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f:?:hquzke of %64, 1he San Fernsndo ezrihgjuake ol 1971, any
«azanese and ether Melent eartnguaxes Ehraugholt the wmoprid
reve shaun tnet equipment fallupes form & large par:t of the
destruciien less. Further, equipment rallures have greatly
delared affarts L9 resiore an acea aftes arn earbhguake.

In exmmunloatiens fact ivles, the net worth of the agulprent
15 ¢llen many tloes phoi ol che bullding or structure 1n
whizn 23 1s htused., Most bulldings, even if not speclially
desizned and consirucied tu withzcamd earthquake effects,
FISEEZX B Cedfure O resistanee by the vary way they are
zorztructed to withstand other loadings, auch aa wind.
Excent Ter speplial earthqubke~rozlstant dealprs, equipment
fs genovally designed only for gravity and handling loadings
niin many cases ls nct fapable on withatanding lateral
amie forees of auy significance. & result af thls may be
cailzose of equloment sltuated in buildings which themaelves
Euatiin only nminings selsnic damags.

Freveontlng cqulpment damape during an earthnuake 1g malnly
8 2ab of holding 1t in place durlng the shaking to keep It
friz osllding, overiurnlcg, or bourcing around and striklng
ther gqulyent or bullding elements. Ween equipment ramae-
2'k% 3I'e pTEperly Securad or restrained, the components
lthln &re in most pases capabhle of slthstanding low-
juency seismic vlvratlons. There are, however, some
e¥geniinneg, o.g., the alr-supported disc merories used 1m
clecirenle data processing srystexs.

Zqulp=tent situated on wpper starles of multistery bulldinga
¥iil usually eaperisnes a nore gavers shaking than that
sizuzled o the ground floor. This 13 due %o bulldlng
Erriillastians that occur baeausze thne natural Irequengles of
tall balidings lle clofe 'O Lhose of ground excitatlons (0.5
e id KEr), and ressnant bulldup oocups.  Furbher pesonant
Bulliup may peeur when the fuadamentnl freguencien cof the
eguicment alse lle in this band. Table 1 indicates the
Clllerentce beiween the ground grd upper flsor acceleration
lecels Tor the dlffevent selsmie rones shown in the pap in
Fogure 2. lollee zhat the amelificatlcn decceanes as the
cone earilhaulde level lngreasen, This is because of Lhe
lprreased zlastepliastlicity amd darping actlon of the bulld-
ing In severe enviranments.

Flgure 3 ahows MloQr respense spectra prepared for use as
Corsipn eriterla Tor new Bell Syutem gentral office communi-
fgriens aellitles (Refa 2 ana 51, The particualar envolooe
Spadiowt snewh 1n Flpure 3 3% used in designing 1lghtly
carped equipneny sltuaied en upner floora of buildirgs In
fonge 0 pnd lneledes all necessary salety factors. Notlce
Lhal Lre werinum Sp aceeleratiog respanse linit indicated in
Flgure 3 w1l be experienced by eguipment with fundasenzal
frensencies bebueen approrinately 1 ard 7 Hz.

]

LM MUNICATIONS

» Denipn tipleciives

Dealgn obiecklves to improve the pechanleml realstance of

comsdnicatians equipment ara rmated helow:

1.

strensthenine at Bufldine Connsctiona. Many ejuinnent
Talidres That ccour durlng actbal cartnquakes s woll

a3 thoze slpulated Lin the laboratory are caused by
inadequate strength of phe connection used. to attgeh -
Lhe equlpment Lo the nullding. Weldments, bLolts, and
Insarts tc conerete fall most lreguently because g
inadequiate strengih, Equlpment supparted by vibratlon _
inglators may shake loose and topple if snubhers or

1imil stcps ape Ro! srrong enough te reslsy the motigns
poplifled throvgh rescnance with the isalator, = -—% ro= =

Luwering Center of Gravity, Lowering the gentar ol
Eraviiy by plazing heavy ecmponents &£lozer to the .t
bottom (¢ to the Suppor: polnts) reduces the bterding
moment lnduced by lnertial response ta the selamlce

motlon,

Increasing Frequency., Increastng the natural frenuency

ol the equipment By siulffening it or reducing welght
gererally degreazes displacenent and acceleratleon re-
sponse Dhrough decoupiing from a near-resonance condl-

ticn with LUildlng and earthgunke mutiona. Yhere poas
saliule, the resonant Crequency of equipment comporents -
anoild exzeed 13 Y0 20 Hz to ave!d anplifications due

La resonance, Thia 1s often diffl¢ult to achlieve for

Lall, slender egulpment bays (framewprks] used ins oo
comunlcatlons syslems hesause o slze, welght, and

Srace constralnts. However, 1t s desirable to keep

the fundanental fregquencies of frameworks above 1 ¥z po €99
held dizplacements to reasonable linits. 1In this re- | fa
apect, eguiprent deaipgn differs Mrop bullding desipn.
Dasipners af tall, slendew bulldings achifeve a benell-
elal effect by deslgning for structiral Troguencles
below those of sarthquakes. Deing 50 minlwnizes accel-
eravion forces w=hich may Act upon slrutbubtes because
tihey will behave A4 lew-pass Ciltera, PFor eguilprent,
in contrast, the displacementa assoclated with low-
frequency design become intolerable. Forp gxample, a
1-foot relative displacement &% the top of & 3I00-foot
bulliding ray be acdeptable, but similar motlons at

the tep of a J-Toot equipment fraze with a comparable
natural frequency would Le destructive,

ol

Increasing Damping. Even small inerezses in damoing
diminlsh cthe azplification of motlons caused by closely
coupled equlpment-Sullding systems. An iperezae in
damping from 2 to 5 percent may reduce equlpment re- -
spornse by 30 percent in the eritieal resopance band
betwesn ! and 7 Hz. .
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5. Eeserve Ductilibv. One of -ne most der!rinle charac-
terlssics In any s=ismipcecpsistans somporent 1z Lta
capablility of absorping energy alter Lelng airessad ro
t;e derlgn Binit. To vield anc soiil carsy load rathep
Lhan suddenl) mail torough Sugiling of fracture pro=-
viizn a slgnificant salfety fagtor, allosinz conserva-
tive amd less costly desizns,

ey

serzieal Sirenptt.  Becsuse equipkent 1y deslgned to
Witrstand gravity and handling forces ir the vertical
31?9::1on, it usually cAn also withstand selsmic
fzrees under lg In this direotion withaul exceeding the
zalfely factar For CorVentlonal-design. Kowever, when
ejuipment 1s bhraced boatween the {loor ant cniling,
vertieal mztlors must he tonsidered to azcommodate
the relatlve displacementg resulting Fror cut-ef—phase
respanse ol She bullding floors. Also, when desighlng
agxinst horlzental matlons, one cannet couat on the
rtavilicing effect of gravity leads of the eyulpment
Le;ause 0y undalebilng dee to ve-tirpal aglsmic lMorces,
LLlkewlae, added siresses cansed by vertleal earthguake
ROticns canblning wikh Gravily«induged stressed muss be
censidered becduse these srpeapes may @ck vertleally
upan horizontally dellected equipzent {F - ¢ effoct].

T.  perlevipy Svenstry and Alsidiry. Components with
¢fvenirerlly 1oad=d 6r i-regatarly franed structures
CrEerlente uUNfeCESSATY And screriros exicessive zelzmle
Eiress gaused by torslon o- unevenly distrinite
response loaad,  Symmelrigal siricturea well balanced
around the nass provide Letrer sSupport and may be loss
ebatiy 1n bhe lorg run. Slender tibe or channel-type
atroztural elemernis such ns thase Lsed QN TratowanyE
Lpelghts may roll and bluskls 1F net atabliliced pioperly.
Intreased patorlial thicknezs, stiffeners, end rigid epd
tanstralnts minimize thio problem.

* Saulnment Sprencthenfne

Ejulpment slrengibenlng ta moer tke phova design vojectives
WIll be zohleved through carel;t ettention o even Lhre
tmellest detall. Below arc some t¥ploal pritecilon concepLs
Tor coamunicationies hardware:

.1. BHatileries. Datieries (or equlpment aperatlian or ler
BLrAlby power penerally consbitute the heavlesy load-
FRE TC ta cousidered In cormunications penter..
dutteiries sltuzted on metul franes or on shclves in
rrtal ¢ablnets nust be Sopuiead Lo praeyent them from
paenting Lugether or slidlng ant falilng t¢ the Tlzor,
The fronl or cabinets must b Arourely liraced e
Firiy ~tvached %o the iiding Lo seceenl collapse of
She eotir. sssenply.

CORMUNRITATIONS ) 21t

cabinets. iﬁuipngnt such as computers, rectiflers, ang
radio gear != pachiged in cabinets consiructed of
gheataetal aldes with tap and bobtom held together by
struetursl angle corfner pivces. Mueh commercial cakbl-
netry ef tuls type dees not incorporate dlagonal braces
Lo carry earihguake-induced shear loadings from the
upper parts to the Mloor supports, When dlagonal
momrhers are rot présent, the shearing forces must ke
carried by the retel skin of the cablnet, which in

thls cas: behaves a% a diaphragm. This arrangerens
requiresz a good sbtructural connection betwsan the skip
and Lhe anple cornet membera. Some commareial qabi-
netry irncorooraies lictle or no cennectlon of fhls type
and, for thls reason, =zhould not be used In earthgquare-
nrone areas Unless specifically strengthensd. Metal
cablpets enquipped with large swing open doors 'in ghne

or more 9ides must have the remainlng sides &nd top
conatricted to cArry cul not only shear but the resule-
ing torsier and berdirg moments as well. The bottes of
the gabinet musy e sulflclently stramg te transler the
shears end nements Yo the anchor bolés in the bullding
flapr.

Pramg-FMounted Components. Equlpment frames subject oo,

the most srivere earthquake excitations pay respond with
acceieraticus ol up o about 5 g's with slngle-

anplltude Clsplacedents 2f 6 inches o~ more @ the

frame top relative to the flocr. The atsslute dlsz-
placéement of the [rame 1s uswaily much higher whon the
molbion of the loor Ls added. Absaclute horizontal
slngle-anzlitude ootion may total 2. fest or oore in

Fajor earthguakes depending cpon the conatrdction of

the bullding. Further, vertical moetlons up to t3/ig

above gravily may #ct at the same Lime as the horl-

zontal motlans. Components supported by the sguipment Lo p!
frames M3l resist Such matfons unless separatiens or e
other types of mallfubctlons are considered scceptable

in that they may be repaired after the quaie,

Care should be taken to provide solld supper: for heavy
items Such a% transformers. Eccentriclty in the con-
nectlons sheald be mimimized to prevent overstress of
materials or fatigue faillupe of the fastener. Wire
wraps, where used, should be sezure. In the maximum
pelamic riak mress, heavy plrcult packs sheould he
squipped with restradring latches to prevent them from
belng dislodted from thelr connagtors and ejected from
the [ratewsrThk,. Tesls have shown that the ztatic with-
crawal force of typleal current sircuit packs ranges
froo alout 2 to 15 pounds depending upon the iype af
connecbor and the lubrlcant used op the sontacts. AR
average vaiue of about B 'pounds 1s typleal.  The with-
drawal [orces vnder dynamie conditions are very close
o the static withdrawsl Forces In the frequency re-
sponde bard of MeEk frameworks. Therefore, withoul
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latehes, o frame accelerztion of & g's may disiodge
¢irevit packs welghlng more than 2 pounds {0 Lhe
atatlc wiinhdrawal force 1s 8 pounda,

FRLacoent arduare etuils, arrengtn desigrned into
c3uiinnl 15 ol no avall urnless a2l1 of Lhe gritical
tcnporents conform as Intended to Vha earthguake load-
ing standards. For example, a sirorg well-desipned
{ramevark w111 oot survive in an earthguake iF the
Anchor Lolis guppartling £t saslly withdeaw from the
tullding. 3glis te the [lasr or obther parts of &
Lilizing regulre zetloulous centro! i deziagn and in
Imstzllacticr. ¥reguently, €XpaAnIion-type anchors ara
UEed T Lecur'd the balts to Lhe butlding mRsonry. Care
nusl Se taken In drllling holes for such devices Lo
keep Lhe holes fron belng oversized. Oversize holes
result from uslng worn Fasonry c€rill blts and greatly
reduce Lhe carrying capazlties of the anchar. Sell-
dril ing anchar systems are usually more rellable in
cenorale because ¢ach deviee iz equipped with an inte-
gral 2rill blt, Anchers placed In the butliding con-
trete durlng gonstructlon should be made Crom a materi-
a1 ol Louphness and some dyetllity--not cast ilran,
which may easlly be =znapped.

Since bullding {leors nay rot be parfectly level,
leveling shims are sotetires used under the mesal
Fra=oworlds of ¢ablnels,. Shims zuat sxtend fully ko
the vertleil or side face of the equlpment [rame.

Whee they do not, che ma3tion may Coree the Frame or
cabinet base Lo bend around the shim, giving clse to

& large sidewdy respense and pross redurtiops Iin frade
sLiffness and response frequency.

Frlsed Cipora supparting equipment should be provided
wlth sulflcient laveral support and rermpvable Floor
rerels shoild be secured 1o the undersiructure when
attached equipmect loedings mauy te large enaugh te
cause tlpping.

Attaching ejulpment te stepl bracing elements of the
Bulldion 1s sonelifeh accomplished by using forglngs or
¢old-tenl steel fasbenercs svenh g5 J bolts. L 1s 0
inportant that materlal for these devices be ductile,

For rxarpie, mild stecl, so that brittle fajlurea are
avoldod durlnpe an eartliquake,

h

- -~ =
gmlzr Teating
S E LA

oo nE bhe tewe garthquove rosis:gnce T equlpment
- H o 1

areatailon ajong fleguenily 18 relatively difPicult

Lezanse of tipr nezhanlieal corglexity, as woll as becawse of

tra
Confaients. o

ncalinear and fuelastle resanass o0 scne lpdlvidund
Or the other Gand, te=.lng wo a hydsgulle skoaker

CUMMUNICATIONS 13

"

progracTed to match the selismie ootions at the equipzent
suppart polnts evaluated the desaign and allows ccdificatlona
gefore [ield use,

fogqualificaticon fest should be used to prove-in equlipoent.
Bynthesized time history wavelgorms cdan e prepared that
closely resembls artual farthjuake motions In o bulldlng and
rateh the response spectrum of Lhe varlous earthguegke zocneg,
Figure 4 snows a wavelors [Bef 6) used to match Lhe reshiinae
spectrum 4F Filpuare 3. Trhe amplitude of the waveform i=
seaied downwarc to miteh the Ploor acceleratlons shown 14
Tanle ! for use In ta2stling gear Tor installaticns In less
severe selimic zénes. Sine sweep vibratlon Leats Day alao
be used but showld be limMited bo equlpment that does Aot ree
apcétut 1In A& nonllnear or heavily damped manner.

When testing 1s perforked 12 13 preferable that the egelp-
ment or somponent and 1o supporting medium slmulate as
closaly aa pesslble that actually used in pragtice.

Froleeting communlcatlons networks from earthguake damage is
deslrable to minimlse the losa of vital servicez and expen-
slve plant. The eo3tis lacurred o implenment the protect|lve
Features may¥y Yo sstlnmated and related to costs assgclated
wlth tne potential laga of service and plant.

Earthgurive protecilon 19 cont-effective when the total
ampunt spent Ln protectlpg all fnatallatleona 15 less than
Lhe dollar value of the Singular or discrete serviliee and
plant loases. Flpure % 1llustrates this., Shawn are dls-
arete losdes incureed duriag each earthquake damiges evens
related to the tommunications system.  The ancunt £f each
diacrete loss will increase with Sime pecauvee of inflation
arnd bazauas g sreater plant expnsure 85 2 result of growth
of the system. LiXxewise, the time spacing of dlscrete
losses dlnlnlshes wiih time Yecsuse thers 15 a greater
probabllicy of damags by a piven vcarthquake in a syslem with
many elements Lhon there is fn gne with Ceunr corfonents.

The discrete lozses may be averaped over time as shown 1n
the Mleure and conpared with the average coss ol earthguake
protection plus the reddeed avorage losses of the protected
system. The net rost advantage of the proctecbed ayates 1%,
cf ¢ourse, the diflference betwaen the lozs and coal curves
summed over the perlod of inteppsth. -

Earfhquake pretection Ip areas of signiflecant earthguale.
roceurTence 1s generally cost-effective in rew construction
ninde thHe prlce of such proteetlon amounts to only a Very
small per¢entage of .the value of the installatlon. However,
retrelie strengthening of exlsting installations 18 very
costly. Also, lnatallatlopns i{n merelnal zarihguake a~eax

L]
]

-,.‘1

.
o
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reed to ba evilugted Irom the Ccost standpoint to determine
the degrep %0 which sueh strengthenlng should be enployed.
In the latter case, the imporbinte ol the fnstaliatlon
relative ta that af the entire spectrum of ¢comaunlcatlans
muft te gonsiderad.

SUMEA

v

Communlcatlons distribullen syStems such as burled cable and
pele linea are nagk senyltlive to axlg] elongatlicons cauwed by
the ground motlzsns of an sarthgueke,. Froper siting and .
control of bazvsill cogether with sulficlient cakhle slack and
strength at spilces, manholes, and bulldipngs will help
mlninlze damage. Survivehllity is further improved through
avoidance of othyr structures of utilities which may fall
and damzpe gortunlications, For erafnple, & gas line expioding
in ah adilagens trench or a. hridse collapslrg and destroying
any cableg 1L carpeles.

098 aB3 wEb 1300 Wwoo  keed  ka8d  aod 2308 Bulldlnz-housed squipment, 1T nobt properly braced during an
TiwE {NFL) sarthguake, TGrma one Of the most vulnerable Scgnenks3 ol a

:ommunications svaLem. T?n buildl?p fln?r; thatlsupp?rt

- ulpwent wlil wulerge selomic mationa w accelersatlons up

F19. 4.-knalytically Developed Agoelerugoam to 12 in majer ea*thﬁuane zones. Responding to these

motlons, ejulprent whose vibratlen freguentier Ile Lelow

12 Hz may susizl: acceleratlont up o about Sg's. Thus,

Y ; the strepgeh of Lhe equlpment and chat of ita fastenfing or

DISCRETE LOSSES : bracing %o the bullding must be equal to the forces .nuucad

— 8 by auch acceleralions. '

= Heslgtance of equlpment to scolsmle shakling 23 ernhanfcd by

N -~ desipning for hklgh stiffress, rresuenzy, Jdarplng, and

- duetility, and locw center of gravity ln B symsetrle, rtoralen- \=p
L 121 resistant structural Cramswork. . Subcomponenta mesl be

j spcurely aktached op latched Into place Lo prevent Lelng .

[EFHD BRACING)

BRAT MG Costs
PLMS REDUCFD LOSS

“T AYZRAGE LOSSES

LO55%

1_
N

Ul YA LA |

dizlodged [rom thelr supporis. Darmapge to zadllng, ducths, oF
: piping caused by wurejual or out-ol-phase Jollons boelween

3 adfacent pleces af wauipment 18 prevenled by pinlslzlng or
eliminating the relpiive respapnte--za oY example, through
the use of tle-skTuta.

crim Lt

LosTs %
!

Farthguake protectlor of communlzsatlions oqulpment 18 gen-
erdally cogt effective in najor selsmic risk areas. The
Feasibllity of sinllar preoteztion in low-risk or oarglnal
earithquare areas ray bhe determlned from cost/less analyses
which tenrsider the importance OF the facllity as well na
plant expendliures. Appligue brazing that 1s graded in
TIME % . : strength to mateh the zonal and/for Icpeortanze ¢lassilica-
~- ) Lions may provide & low-oost optlon for Euch areas.

e T i e Ty

Lo e T

¥IG. L.-Bracing Cost and Loaw Eelut1onantp '
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PROTECTING A PUMER LIFELINE AGAINST EARTHQUAKES'

by
Otto W. Steinhardt®, M ASCE

ARSTRACT

An electric pawer system is described, its reievznce to the iife
of the comrunity is examined, and its sefsmic withstand capability is o
evatysted. Recomendations are made to afsure that this lifeline will™ ™
e able Lo keep the vital functions of the commnity going in the faca
of selsmie disaster,

INTRODUCTION

An eleciric power systen consists of many diverse elements and
rovers TwWch 2rea. To evaluate 1gs zbility to wibthstand an earthouake
requires Thal the gyitem be anplyred as a whole, Failure of one -
element ey constitute failure of the system, bub perhaps the system i
can funztion well endugh, at least temporarily, even if $ome of Its
parls hava been knoghed gut of service,

W-en an earthguake strikes, the Fights may dfm, but fo oost parts
of the cily they won't go qut -- at least not 1n a city where the power CF)
conpany has built and maintained {ts system with a reaspnable standard {]j“'
&f setwmis resistance, -

What is @ "reasgnab)e” standard? To answer that .question, we -+-+ « -ies
first need to consider why electrlc power s important G0 8 coamunity
fn the aftermath ¢f an earthguake, what & power System §s made up of
and which parts are necessary for praviding uninterruated power. Alsp
we need to ask what esrthquakes actuzlly have done to power systems,
what 15 the earthcyske withstandability of a large power system, what
sdditional capahi] ity caa be provided fa the futwre through replace-
rents and new construction, and what recommendations should be
implemented S0 that the response ta the great earthquake when 1t
Lappens w111 be all that anyone cOuld reasonzbly hope for.

]Prepared for presentation 2i ASCE TCLEE Speclally Conference,
2 Los Angales, Californde, August 30-21, 1907

Senfor Civi) Englnesr, Pacific Gas and Electric Dompany
5an Franciseo, Cajifornia
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LIFELTLE FLMCTIONS

Hasplials, pumping stattors, telegkane eachanges =nd certain cther
1eporiant fecilities are egainned with ERErGeNCY power generators, but
thasr seneraiars miy nob StArt when most needed. Alsc, there are many
irportact feciiities which are not so equipped. In some cases a Systen
m3y be 53 sproad cut that (L weuld not be practical to provide emer-
GErCY poMer at every plale where power would be neaded. Cold-starage
warehzuses, walk-fn refrigerators fn supermarkets, gasaling pumps, and
Lransit systers are just a few OF the power-dependent facilities which
are quickly felt by their abtence when they stop funclioning. Tele-
vigsian and radia stations snd mewspaper printing plants are peeded in
crsaster-sblricken communities ta hesp up morale and-help Cpunteract
the panic-inducing rumors which quickly start circulating. Home
Treezers contain ouch foad whick should be saved froz spoiling if
pos3itle.  fven in places which have emergency generaiors, the need for
Paagr t3 usudlly much greater than can be provided by the stardby units
in grder for the fagilities to function at anywhere near full capa-
bility. Clearly, {1t is important to the commnity that there should
e r5 widespread power putags résulting from an earthquake,

DFSCRLIPTION OF PCWER SYSTEM

A eleclric power Sysiem cinsists of generating stalipns,
transmizsicn linas and distribution lines. Besides these strictly
clectrica) comporents, there are the backup systems: comrunications
ang poeor CAntrol, reladr and maintenance service, aarehouses, shops
ard fuel-handling facilities.

The gererators dare defven by tyrbines which are, fh turn, driven
oy waler, stean ar kol giases, The siear may orfgirate fa 2 bailer
heated by Tossft Fuels or 0 3 nusiedr reactor, ar may come from a
geathermal wetl, Gas turbfnes, which are actualiy mocified jet
airdirait engires, are used Lo crive generators, also.

Eecausg bulk power ts most efficiently trancmittie? 2t veltages
ruch higher than practical Yevels 24 which it can he graerated step-up
transfarrers are provided at @)1 generating statfons. Then, when the

gagr criers the distribution systen, 1t must be steppad-down to levels
wlign zre effictently usabie by the customers. o maintain the
tredeterTicgd woilage. avtobtransfpemers and voltage reguiators are
used. Capacitors are used to improye the power factor by keeping the
tbrde phases of a trensmission circuit in good relatipnship to each
ctner. G0 profect tronsforcers against powmer Surges rosulting from
shart circults, circult breaters of various types are provided, and,
for Tong tern interruption of & cireyit, fsolating 5w1thes are used.
To protect the system against valiage spikes resuiting from 1ightning,
iighining arresters are wsedt bhey resist the passage of suregal at
ravcal valiages Lot allow traisfeny peaks of overvollage to 9o inte
tre grogad.  Wave traps are uted to cnable transmission of superviscry
stgnals theaugn the power 1ines.  Busses provide low-tess tramsmission
Tirsage ¢F the cany and v2rled comporenis A5thin a swizcpyard or
Tulstatiun,

MPWER LIFELINE Ny

The minirer essentials to kesp power Flowing are the generatlng
staticns (#1thouch sdoetiows bylk power §s available from cutside
sources). fransmissisn 1ires . teansformers, circyit brzakers, and
snitches [alircogn bypassel can soretimes be rigged}. Bus Structures
musi 10t collapse. Tne cemmunications system is vital for controiling
the flow of power &na enddling quick restoration of service. The rny
other components of the systet, valuabie as they are in caily seryvice,
van be Jispersed ~ith, bypassed, or substituted for in an ETAFGENCY.
Efficiency wil) suffer anc sysrem,capacity will be lowered, but power
stili will flow t0 tncse Cultemers ahle to use it. QOf course, in a
qreat garthgoake ¢ large nuabar of customers will be knocked out amd
30, temporarily at least, the demend for power will be down. It 1s
hoped that the repair rate will axceed the rate of recovery of the
desand far power.

EFFECTS GF PAST [-ATROUAKES

Sdvjecting & systeo to an parthguake is 2 good way to test jts
ability to withttand other carthquakes. 5o, Tet us take a 100k at
what earthguakes have dorg Lo power 5¥5(ems.

When the great earihquake occurred In Sam Francisco and aleng
the coastal zone north and south of there In 1906 (#28.1),
there-was 't a gredt deal of damage to electric syilems

because not much of g system existed. Power system damage

cite from 4 falling roo¥, falling chunks of brickwort and &
broken srale ttatk. Pole fines and underground ducts ware o
rIL heavily daraged, 'exzept in locations where the spil

faited, (1) ¢ Sy

In the great anto (Japan) eirthquare of 3923 {M+0.2), 2) out
of I hydrielectiric plants and all Y steam-electric stations
In and near Tekyo were daraged.  There was much desStruction
of waod pgle transmissipn lines and suhstations, mastly .
owing Lo tne fire wiich follomed the quake, Unrelnforced
rasonry failuras were responsiole for dansge of reservairs,
canals and renstock intakes. This, in turn, led to washouts
and jandsliding which f2maged the penstocks end powerhouses,
Legept where the fosrdations settled. ground shaking causel
ro damage 1o gencralors, Transfarmers servived where tney
had Leen archored. Cirquit breakers were undamaged if they
Rad flexible tornecticns to the busses. Bus structures
survived 1f Lhe buildings to which they wers attached cid ner
collapse. Of 2400 transmission towers about 16% were damaqed,
Wherever o tower was a complete failure the cause was lard-
sliding. Zome wert damaged because of foundation failure; the
few structural failires wnich occurred were in 1ines which
were "2t right angles o the seismic waves.” (2}

Ir Long Bevach, Caltfarnia, in 1933 {H+6.3), rransfomers
shifted, buskings broke, of) spilled froo transtcrmers and
switcres. Transnissian towers were undamaged. A1Y eircufis
were back tn service in 5 minutes. In Compton, the substatice
was back Ir service 1n 47 mirutes; however, Several
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distribsticn lices ware dommn so o1l resteratiza of servics
teaw langer. {33

Tme st=orgest sarthguake te st-ile Califarria siace 1996 was
the 1952 wern lounty [Arvin-Tecrachapi) earthguske {M=7.7),
It dig enougn damage tg electrical equipment fp cause the
fatitarnia eleztric power Compamies to take matice, Substa-
tizn srapsfermess roilad ofF their toundation rails uniess
trey were strongly aschored. Fola transformers fell off of
pletforms excep! where they were bolted fn place or otherwise
secyrely fastenad. Stanlard srocederes for installing
transforoers ware changed a5 2 result of the type of damage
chserved in this earthguake. There were Jther kinds of
damige:  fah blades bent., pump bearings burned out, oil
s1osted cver the top of storage tank wellt and in sore cases
wrerked the moof. Scme trangmission towers were Jdissbled
bectuse of lands}ides or foundation failures., !moouany spans
0f transmission and distributicn limes the conductors slapped
agairst sach otrer becauwie of swinging, and iome burned down
a5 3 ¢onsequence. A hydreelectric plart in Kern Canyon mas
cxragec by falling rocks 2and dirt, but it continued pperating
at redpced capacity. (4], {5]

In 1563, Kiigata, Japan, was hit by a strong [M=2,5) earth-
Guaale,  Spyen oub of B substatians were boavily damaged, A
1820 power Station suffersd damdge to the contenser ard
cooling Tires. Elewen rydroelectric stations oot of 23 in
the drstrict were pot oat OF servige; 47% of the ¢ity'S power
wat outi for reardy tiyve days. Portable traosformers were
helpfyl i qeiting service restored. Usdérground JiRes were
gdarrged, probably because of soi) Yiguefagtion,

Mayka wag siruck by an even greater earthguake [HiB.4) in
Lthat saoe pear (1963). At the Eklutna hydroeieciric project
Eear Archorage, the operalie on duty thought an atem bosb

had exploded 2nd had triggercd a huge Tardslice. The plant
=a5 a4le to 9o back on lime witkin 20 minules, bul Lhe power
had no place to g3 wntil tesporary jurpers could be inztalled
areund wreched Sircuit bredbecs.  Jnterfitfent rach and snow
s1ides and reservalr cave-ins made gperstlon of the piant 4
touch-ard-go eatter for bhe sext sia weses. In Anchorage,

an ol storage zank rogtured and casoline scpply 1ines broke,
50 the city's ¢35 turbines and diesel gererators coulda't
pperate. Heroic efforts by alt hands, made possible a 90%
rostoration Of powar within J days, ({7}, {3)

tn Chite in 1900 (Mg, 5) end acain {n 1965 [M=g 4} circait
breavers, transformers, and capaciter barks were damaged {n
coas i rabie numbers.  1RiS was the first Uize thet Ligh
valtan: subttatian raviprent, otkes than uninchored trans-
fturw11, had beer seriously doraced fn 47 carthqueke. Yntil
152 it sepzed that thire w2s na periiondar opid Lo
pnovid: seismic resistante vhen neslgnits such equipeast. (9)

1
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10.

Trhe San Fernandn Yalley earthquake of 187 {iaG.6) dracati-
cally dompnstrated that seismic design of major equipment
negded more attest10R than it had been given in the past. The
Cudke Lripped gut & oajor steam uttts, although they were not

damaged. A landsiide wrecked a smatl, 50-year @id hycro-
glectric plant. fruend shaking seriovsly damaged two
iwitLth“ steticns, resulting {m electrical isolation of 10

Euli pomer substatlers 2nd many sutages an the Zistribution
5ystem+ Most customers who could receive power were
reengrgized within & few hours and nearly all within & duys.
Revertheless, some Severs damage pourred at Jodations near
the epicenter of this “moderate™ earthguake. At Sylmar
Switcking Statdion, a1l of the 230 KY air-blast clrcuit

breakers were Jamaged badly; a1l 26 disconnect.swilches wir® ecuemey

damaged, especially 1n the bearimgs of the rotating columas;
most of the 12 potential transfarmers were damiged; all of the
wave traps broke of f of thelr columns; several lightning a.
arresters fell; sone of the 230 KV rigid bus broke loose frpm
supports; soowe transformer anchor weldy broke.)

Glive Switching $tation &lso was heavily damagod, and the
Sylrar mgh voltage DO Converter STation whs 0% destroyed
and reguired aver 18 months to ke restored to Service. There
was significant darsge at several recedving stations ([trams-
misston termiral substations) and at five 2istributicn substa-
tigns, and less damage 3i apout twd dozen distributlon substa-
tigns 2nd tnree recfhiving stations. Aboul A mile of 34,5 k¥
undepgraung cable, and 2 nalf mile of 5 k¥, had to ke
reglaced, aTong with Six manhales and some potheads and
trifyrcetors, ?ID], (i1}

tn the Decerser 19/2 Hamaqua, Hicaragua, earthguake [M=5.5],
the Managud Power Flamt, T0MY, was less than a mile from ooe
of the major fault 1races. This plant was designed for O:lg
by static equivalent ic:d methad; 1t had to shut down far
refdfr.
twd 15 3% turbine-generator units were damiced bectuse of ham-
rPering ©f torbine pedestals agqaintt the surrcunding concrete
floor. The smabler machinegs were repaired-within § weeks byt
the 40 MI unit reguired replacerent parts and technicfans from
Eurppe 50 répairs t60r abaut 4 months.

The ptant nad tws 16,000 barrel oil tanks. The floor plate of
one tank ruptured where & roof support column was welded to
the fioor. The other tank was unddmaged, [n the plznt
switchyard, rail-rounied trarsformers derailed and sore
bushings brake. Substatioms soffoered transformer and insula-
tor damage. Wood pole cistribuotion lires were not damaged by
ground shaking. By Dececher 23, six days §fter the parih-
??;Ee [?3§ctr1c service was almost Fully restored o Mamagua.

Guatemela was siruck by @n earthqguake, Mal 5, in FeSruary
1978. An electric powar plant, 42.3Md. §n Cuatemalr “'rny,

—
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Switengrar anc batteries-were dataged.~ N &0 M prg -om————
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w35 designed and Built in 1958 by EBASCO, o US firm. There
are 4 gas turbines and one ¢it-fired boiler wrnit.  The plant
wis proggaty designed according to typlcal VS cesign practice
for sefsmg eveas like Californty, f.e., uwsing 0.2 {or less)
static equivalent force. The power plant is 1060 miles from
tne cpicenter, but orly 25 miles from the mearcst part af the
faglt trace. The plant was tripped out by tre carchguake and
w2t gul of service for R0 minutes but syufferes no damege.  The
g1 tanks zpparently were undamaged 2s they are not mentioned
Tr the repart. {14)

AEILFIT TO WITHSTAND EFRTHQUAYES

Neow that we know something aboul what earthquikes have done Lo
POwEr Systems, whal QUESSey £an we make about what & future earthquake
wili €3 to & particular ptwer systes? |

ire particutar system | hawe im mind 15 the Paclfic Gas and
Electric CoTpany which serves 47 gounties in northern and ceéntral
{alifornie [Figure 1). It can generate over 14,000 megawatts {Md],
of which 97 f5 In stean plants and 423 15 hydroelectric capacity.

Becyuse PQIE 15 ik Californla, the threat posed by carthquake 1z
dfceaied a5 a fact of 14fe. There have been al Tedasl 19 31rang earth-
cuzkes [Frohter Magnitade over 6.0) 0 the servico ares in the last
€3 years, dard there rave been at least three great earthquakes [RM gwer
E.O] in the last 200 years {%an Frarcisco 1638 and 1925 Fort Tejon
1852). There are 203ut & dozen active faults [Figurs Z), of which the
Fus} threatening are the San Arndregs, the Hayward, and the Calaveras

aulEg,

Er far tho greatest part of the PGEE systec {5 of rocdern vintage,

The four largest steam plants, with combined capacicy ecual to 45% of

“that &f the Lotad system aré 8t Piitsburg, Contra Costa, Moss landing
and Marrp Bay. Two-toirds of thelr capacity 45 In wnics of 300 MY or
larcer, Keuses in draced steel fremewsres desfoned for 3. 7W static
cquivaiont lateral Yfad.  In their desigm close attention has been
piver ©3 tha d2tatly which nften mere the Jifferente betwarn what
ruTvives an parthquake and wrat doesn'i.

Eyxdraelestric development on the MeClowd, PIL, Xinc., and Feather
rivers, added 105 of system capacity, between 1932 and 150%.  Also,
nesrly 4% of system capactty has been installed in the Geyseérs geo-
therral stesa field since 1959, and ¢ 63 M4 pocliear unit w25 buift at
Eu=belat Fay only 15 years ago.

Tn the poxt fow yzars Lhe systee wil] be further enlarged by the
sudition of @ lzrge putircd Storage budroeleciric plaat anl by the twd
Terge nusiear wnits at Mable Camysin which wiTY 2dd 152 to system
cany=ity,  The Siableo Camyon plant 15 neaily complicte But 1§ mal yed
ltgensed v ep.s3te.  Arokker ruclet= plant, & coal-burning plant, &emd
fovird} gas-turkine pnits ace planmed fir the futuca, .

Tie tezpsorssion Tires, mostly =F padern corulructica, are widely

PEWER LIFELINE m
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dispersec. This fegtor lessens the danger @f earthquaike demije. Also,
transmission lines have never suffered much from sejsmic shaking,
tecawse the towers are designed to survive heavy lokds resulting from
ice, wint rnd broken wires, so the seismic 1sad dowsn't have euch
influence 63 the design. MHowewer. a tower may be dameged by land-
siides, rolling boulders, ¢r Viguefaction ¢f the supparting seil.
Alse. power 1ines sometimes swing So wildly when Shaken that they sTap
agzinit each other zrd bura down, 0= at Jeast trip out the circuft. -
The hazards of T&ndslides, etc., can ke minimized by careful site
telection and good foundation design. As For the problem of conduttor
slagmng, wider spacing of conductors would be of some benefit but
considerably more expensive.  Inasmuch as this fezard seldom occurs,
it's net justifiable tp spend money to prevent it from-happemings =+ == =

Some transcistion Jines gre underground. Faul: slippage i nct
Tikely to damage such underqround $ines because of their thick-wall
welded steel pipe jacket. Shaking has never been s sourge
of damage to sych Tines eucept where it ks Ted Lo failure of the
carth masses in which the tige is buried. [Dlsplacerent of canholes
from the conduits in which the cables are lajd sometimes Can cause the
line to f211. In case an underground line 15 knocked oub, repair
ssually takes 2 long tice and an overhead 1ioe would probably be rigged
3% & Eemporary bypais.

g

Substations and switchyards are vulneraslsa to earthquake damage,
Substaticn eguipment installed befgre the San Fermindo Valley earth-

. tuake {1971) was purchaseo under fgecifications which required that the

equipment be able to withetand Q.2 W lateral.load appiied statically. - =
After 1971, specifications charged to a higher level to meel the
dempnstrated need.  Wow, substation eguiprent which 45 necessary far
tonbinuity af power supply (the minimum essential system} 15 required !
to withstand maaimum Rarfrantal crovnd acceleration of at teast 0.4g
rorirontal acceleration and 2/3 as much wertical wiing designated b g
respgnse spectra. Equlpment which 1% not part pf the einfouao esgential -
system 15 required $o withstand at least 0.2 W lateral load, a3 before.

If critical equipment s to be supnorted cn.a structure, dyngmic -+ o
rodeifng of equipment and structure is inciuded fn tne design. In case
the equipment s wnable tp take the sefsmic lsads wnder these candi-
tions, medifications are made.

Many types of substation equisment have been dyramfcally evatuated
in the last & or & years, either in-house or by bthe ranufacturers.
Some modificatiovas of design heve resulted, and in a few cages
Installed equipment has been back-fitted or repliced.  {m many cases
the analysis has shown that all that's needed {5 to provide sufficlent
ancharage to the supports. - '

Sefsmic design criteria for distribetfon nets are not as conser-
vative as for transpission facilities. 1t is expected that after &
selsmic event Vina repair crews, reinforced by electrical contractors,
uslrg on-hand materials from Compery and other warshouses, will be able
to restore service to damaged argds at least as guickly as the
customars' demand for power recavers from the disruptive effects of
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the udae.

In San Franciscs, an energy contrpl center 1s nousad in -
bufliding which wis desigred {0 withstand the effects of geﬁLig lg?lgjse
fre= the nearby nigh-rise bufldings, The nonstructura) partitipns Eﬁe
suspenced ceiling, the operational mikp hoards and other instalied '
equipient have Deen subjected to a post-construction revier s tdentify
selszic wilnerability 2nd a codification prograa is turrently underwa
te correct the ceficicncies which were found. 7

tre ?:i:de: kceplng generating stations and traos=mtssion facilitles

S LEing knoched cat we noed to ba syre tha

be giirupied Y L the fuel supply won't
Tne Toesil fued stesm plants burn 051 OrF natural *

- _ ' ga5. A Lwd mont
fh?n!f ?f 041 15 stored 8t each such piant. In the last six y;ars. "
Hﬁﬁﬁn:'-ﬂUf :tiﬁstaragc tanks, mostly tne hatf miillion barre] siza,

sve heer instdiled. They were cesigned for 0.2 W lateral load and
haye been checked by dynanic analysis and found capable of sustaining

0.67c maximum ground acceleratfon without buckling or cvertopping by i

slashing,

Tne suppiy af natural gas comes from Californd H

i 0 ; a f171), Frem Texas
{§E-]. and frem Alberta {45). The 78 biflfon cobie faa:}reierwe 1:
5t0red in what eds A nearly-depleted gas field in tentral Califsenla.

The ofl and gas pipelines cross active faults at several Tocatfons
Ihefe crastings have been platted on maps of the system sz that if @
fauit hrzaks the liees cressing it, the damsged places can quicily be
fourd snd inspected.  In miny instances there is litthe to worsy about
vethuse the azount of tault slippage would probably be anly a few
irches. A weicad stesl pipelire prope-ly instalied in a sard £illed
Erench fan take rary inches of fault offset. This was dracatically
Jergnstrated afier the Kern County earthquake [1552) wnen & 34-inch
ligreter Righ-pressure gas main was offset more than two feel with nho
significant-daTzge. The pipe was later cul to relieve the losked-in
itresses &rd The cul ends sprang out of alinement by ebout four inches.

. Tfe Eydraclectric system depends on dams an? pensiacks for its
el There are peer Y90 Jams of carfbus types and sizes in the
LAl syster.  Some are at least 100 years old, having beon built by

.‘ltht“' croups for oiher gurppses, Tike geld-mintng. Abaut a fozen

rajor dary were bullt after World Kar |1 and were designes for G.1 W
latérzl loads. Soxe of Lhe cther major dams need attention. Because
af the potential Razird La downstrean populations, am on-gafng daw
safety eviiuvation prograd is being conducted, Tt wtilizes both
Meydostatic 2pd dyracis anaiveis methbds to check seismic s2fety. The
nragran has revealed some deficlencies which the Company has corracted.
itws fer, & major dam has been replaced, a8 reservefr has begn lowerod,
trd 2 half-dozer pafer strensthening profects have Leen complezed.

EEILTTr TO RECGULL

IT wpuid Lo o tnch Lo expetd 2 p.owBr 3¥5tes (o cooe thesuat Ar
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garihquake unscathed.  Economic considerations rejuire that the
doferses kzeinsl sei.nde Lardrds be prudently high tut when prevention
of such possible darayz becomes significantly expensive, some damage
asst be accepied. Thessfore, it is essential to be ready to sprimg
{rto action quickly and efficlently as soon &5 the shaking has stopped,
hn assessment of damace nast be made, damiged circudls myst be {solated
and undamaged areas restored to service icmediately. Availahle gress
pust be dispatched, reserve forzes must be sobilized, materisl needs
must be fdentiited ang supplies tovated. The rapidly changing
situation rst be kept under continuous chservation so that personnel
an¢ materials can be redeployzd 1f necessary, To 2ccomplish all of
this, 2 communications and centrol system is essenttal.

PGAE has 3 mobile radio systed, wltn 250 base stations at service
centers throughout the arex conirolling 3500 mainlenance and super-
visary vehicles, Power contreal sigrals.can pe transmitied directly
gver the power lines. Also available are migrowave trantmiss{on

stations &nd intri-company telephone lines.

Fach of the 13 oprrating divisions of the Compang has 0qe gr mare
smitching centers, each of which is continuously staffed. The
eperators moniter the slatys of all transmission circuits and take
{rmediate action am erergency s{zuations ag they davelocp, At the
energy coitral center, the dispatcher cocrdinates actions which are
pulside the contrgl of the switching ¢enter operaigrs and repirls ta
management any situatips which cannet readily be taken care of.

The coomunicaticrs system s capable of gperating on batteries
and emergercy generators far 72 kouts. Comcmsnicatien racks ard
battery racks have berm surveyed For resistance to earthquake loads J
and have been provideg with bracing and ancherage sufficlent for 0‘5%¢J
tierizontal ard 0.30g wertizal scceleraticn in all critvical relay
stations.

Substation and switching center sturage battery racks are
currently being surveyed to identify snd sirergthen those which nesd
jmprovements to withstand possible seismic loads.

Line rrews would rot be able to accocplish meth {f thelr trucks:
were wreched by the sarthguake or if the gas tanks were esply. Most
trucks are parked ouldoars, so there 3 1{itle danger of their beirg
trapped by collapied buildings. In several division areas, resupply
of gasoline is carried cut by tanksr trucks with on-board pumps. The
tanker goes to where the trucks are parked and #1113 the ges tanks.
There 15 Vittle danger, tharefore, thit the (rees walid be crippled
by rurning oul of gasaline just when they nead it smst. In 211 |
divisions, either tie gasolfne tanks Are abave ground ar an Grergency
gunerator 15 available to run the pumps In case of power fallure,
SUSMARY ARD RECOMAINDATIONS *

N B - .

PGEE {5 not unique in the way in which {t has addressed the
esrthzuake problem. Prohably all af the West Coast utility systems
are sindlarly ready ond able to cope gttb safsmic cvents. Howover,

»

“
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there thoutld te no relazation of efforts 1o search cut ways to improve
the setsmic withstandabdility of eritical comporents of tho system,
415, redundancy should be developed in a1l parts of the system so
that alterrate patis are avallzble for routing of power in an earth-
Quake gisruated system.

Ytilaties stpuld exchange among themselves detailed reports of
garthquake Zamage. Development of seismically resistant critical
electrical eguipment far substations and switcnyards thould be under-
taken cooperztively.

Rapic restaration of electrie service in &n earthquake damaged
area is achievable if foresight is applied.
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ATZVRNCES IN MITIGATING SENSMIC EFFECTS O POWER SvSTCMS

by

fnshel J. Schiff!

 HLOASCE

FBSTZALT

Tre history af earikquake damage and facility specificatigns for
elestrical seaer systers is reviewed. A bibliography of power system
derage reparis is given. Current practices for mitigating carthguake
effects in differentparts of the country with high risk are discuszed,
fesea;:h ta ;itiga:e earthjuake effects 15 reviewad and problem areas

re ciscassed.

InTRCLLET IS

Thiz paper 13 ore of a series written in conjunction with the Techs
nical Council on Lifelire Earthguake Engineering to revies the state of
the art of 1ifelire earthgquake engineering -- in this case, tne #lectric
poser Indusire.  The paper w11 reyies the nistory of earthguale demage
fuffered by power facilitfed, and concurrently, 1t will follow the ewvg-
tutign aof seismiz specifications for power equipotnt and facilities ta
adrrass the Jessons gsined from damage experiences. Current engineering
preztice Tor mitiqating earthguzke effects in high and maderafe selsmic
risk areas ~ith both high and low awarengss of the earthquake problem
will be reviewed. Curreat research to mittgate earthoyele effects is
reviewtd asd proliem areas re disgussed, Finally, the papar gives con-
tlustors end recormeadations,

WISTERY OF CARTHGUAKE DAMAGE AND SLISMIC SPECEFICATIONS

Thit secticn will revied reported sarthguabe darage 1o power Sysiems
and ine atiendint changes in design practice adopled.by vtilities to im-
prove tprthguake resfstance of power syStem facilibfes,

Jdapan experienced its most Jdamaging earthgaake and post-zarthquake
fire in 1923, 7The carthguake and fire took 152,000 Tives, destraying
5Q3,DSD gacliings. The earthquake magnitude is estimated at 8.2 and
effecied Tokya and Yoighama, Seven differenl systems serviced the damage
zrez, allhough two of the cystems syffercd most of the damage, wifch was
eatensfve, The cesgription of damage reparted hery will be rather de-
tafied, singe ramy of the faljures abserved in this earthguaie will be
reported in sihscquent earthguakes, The material has Beea t3ben from 2
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recort (121 which probebly represents the most corplete effort to date
to decument earthouaby damage to power systems. 1t ig wnfortunate that
fr did not serve as 4 Tocel far fatwrs effarts,  The paper which is pub-
Mched §n tnglish 1s *zn put!iee from the origfnal {sublished in Japa-
nese) which was very ectertive.” | This "qutiine" has some 51 pages of
text and 66 paces of prstographs. The coveraze 15 troad, detailed, and
concise, The paper was prepared by The Japamese Elecirical Committee,
eonsisting of 60 pmerbers representing the Institute of Electrfcal Engl-
neers of Japan, the Juint Electro-Technical Committes, and the Electrical
Assaciation of Japan. The original paper was published on Decesber 2%, |
1923, The Inglish version was published in April, 1925, and at east
one U.5. utitity had a file copy Ly March 1927, .

The caterial dvicrived brlow will, of necessity, be brief and frag.
mentary, as the source materfal i5 ftself g conclse sumary. To give
one an appreciation of the effort which went fnto the preparation of the
orlginal, one section Jaeit on the passibility of the power systed as a
cource of fire, Is this study, some 36,000 hoyses [in unburred poriions
of the city} were inspected for, fire damage and sources.

From an over:1l perspective, there was & tots] disryptian of ser-
vice with very Mmted service restoration after iwn days. - [t was felt
that the disruption of eiectric power “greatly adled to the chags snd
turmoll 2t the time.* Tabte 1 shows the growth of power demand after
the earthquake. The rractice of not providing system redyndancy, par-
ticularly for transaofssicn facilitles, greatly affected the extent and
guration of disruptlon.

TABLE 1. POST-fARTHQUAKE POWER DEMAND

Dake Power Demand (kW) '
8123 " a
93721 &
9730723 35,909
§/20/23 70,000
Wi 1/2 90,009 -3
1171423 140,000 cn
Tef1ns 170,000
12/8/23 ! - 23000
e 1/d 143,000
gfl2f2s 213,000

Max{mum power cnnsu.-nptrian prior to
the sarchjuake was 203,000 kilomatts
GENERATION v

Steam 2nd gas uRits were, for the =Ust part, on reserve al the time
of the earthguake, power being supplied by hydrogentration. Steat and

+
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cas unils required from ene to several months to resume goeratfon, Mast
vnits were cn popr 5afis. Boliers had no secipws problers eacept for
Teaks whign develoved it Joints of tubes and drums from esternal strycs
turai failures, Thirteen boilers [21%) had severe demage, 26 (31%) had
the sidewall bricks of the combustion chamber damaged, snd 24 {(38%) had
no dacage,

~ Steel pressure piping vas cndamaged, but cast iron water return
Fipes rad crecked flanges. Prime movers were undamzged, atthough they
were typically on gaod foundations,

Same hydroeicctri geaeration $ystems required 2 ponth or wore to
recover, while others were totally destroyed in the post seversly shaken
area, Rarin-filled dimg experfenced severe craching, although there
were 1o failyres. llone, however , were in the Severely Shaven area.

The transmf:ﬁfﬂ" system expecienced demage primerily from land-
stides and foundaltion Failures. In some cases, cylindrizal footings
pul1gd up, legs falled if diagamal pracing did not start ciose 1o the
footing, and poar warkmanship, such a% 1o0se bolrs, was gbserved. Can-
trete towers respended relatively poorly becasse their weight apgravated
foundztion problers. Wood tiwe-s experienced broken stays and also
fatied due to cverload, Pin-type fnsulators faired worse than- syspension-
tyfe Insulatcrs.

Fales 6n the fistribution system -- Crimarfly wiad -- behaved well.
Many condugtors short-gircuited because of fradequate semaratlon.  Un-
anchored pole transformers, which wer? coomon, fell., Service wires
fafied dys to building famase.

{regt and cordult-enclosed buried cables (370 miles of transmission
and 1025 mites pf distributign) had t-onty junction bex Ffailures and two
sharis due ta meisture seevage thraugh failed cesings. Brick amd steel
rankales and vaules were camaged.  Tre damage to steel enclofures was
causel by the f{re. Relnforied concrete enclosures behaved well,  Great
difficulty was ewperienced in lpcating and repafring cable damage due to
dibris. futensive damage was erperlenced at bridge crossings due to
flre cn wap2, steel. and stone bridges. Quiside of the fire area, toere
were na» failures.

Svbstations zad similar facilities astociated with genzrating §ta-
tions were =ast heavily damazed by falling bolidings, Trarsformers,
which wmre gerarally on wheaels or wnattiched to pads, moved. Thirty-gne
units roved armd developed Yeaks, broven bushings and breoken contral Vines.
Sova fourdations, which were often of poor gquality, tflted. 2150 causing
vilts to shifi. D1 circuit-breakers, doisconnect switches, and contral
basrds behaved well §F they were in gowd slructures and well-securcd.
Lightning arrcdters were ectensively Jaraged, For scoe pbilitles, all
Hghtning arrestrrs of 2 given type failed, eoplaclzing the importance
af dasien prestice.  Eetterles, fn gencral, (78%) were turncd over,
shoid elrewit A, o= complictaly destro >l On~ statfon bad them tied to
tha tieer and g, cenged o damag..

e sricetic: laes csrd 1o conts0) the froosmissien systerwm e
CArrizd am tratamesilan bowtri or on Adiaceal, boeb ospopar sle, peles
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Tower-supparted cibles behaved better, but stiil esperlenced wrapping,
ard comrunications werg, Ir. gqereral, disrupted, Public telephones which
were gperatforai and messengers provided cowmunication to control the
transmission S¥5iom., ' .

Within buildings, switchgear and accessories falled due to building
collapse or improper mounting, Transformers broke power, ofl, and water
connecticns duee tp poor mounting. Batterles overturned and had shorted
plates. Lights were heavily dacaged (B35 in one structure}. Moters
assoctated with various buildfng systems Tailed due to poor mounting.
Luss of power stopped ail elovatars and Tack of emergenty exits trapped
pastengers.

An extensive survey [36.000) of the electrica) systems within houses
Tndicated that ealsting fnterior wiring standards were ad¢quate to avoid
fires, i

&4 symmary of the varicus recocmendations and conclusions of the
repdrt follows:

1. Siting with particular attentfon to seil conditions and
fayndations 15 wital ta the earthquake resistance of
facilitles,

2. The lmprovesent of the earthquake res{stance of structures
fs vizal,

7. Teere shoutd te redundancy In transmicsion 2md comourica-
tien lines cet-een major facilitfes,

4. Earth-f1{lled dams eequire Fuether study. -3
5. Equirment must be adequately secured. oh

6. Adequate slack of electrical comnections between equip-
rent {8 requlred.

While present day facilities are physically such larger and the
state-of-the-art far analysis and design has made sjgnificant advances
since 1923, 1t 15 interesting to nate that rost of the recermendations
voiced in this, the first comprehensive report of power System earth-
Guake damage, have ty and large, bzen reiterated, in part, after each
daraging carthquake, The author doos not knew to what extent the recom-
wendations in the report were effestively acted wppn 1n Japan, 1t
would appear that U.3. wiflitfes did not respond to the report.

The Lorg Beach Earthquake of 1933 had a mzendtude of 6.3 The ro-
ported power system damage was not too signifizant, consisting of the
Toss of twg 220KV buses ?450 broken plilar<type {nsulztors, breken con-
rectipns to transformerd which shifted on thedr pails, shifted poteatial
trant formers, and overturncd batterfes). Khile the first buiiding <ode
with seismic requiresents was inftfsted &5 a result of the Santa Barbara
Earthquake of 1923, the Lony Reach Farthquake stimetzied their widsr wge
in {alitornia. Prior to 1937 & .2q static lateral force was used in
the design of some uiility facilities. After 1913 thz .2q specification
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wis used rore wideiy. Also, flexible put  was adopted fur res Ligh
veitaze fecfifiies and then trarsforecrs were secored to theic founda-
tions., 1t wag not wntf) 2fter 1945 that Hhe .29 lateral tcrce require-
Fent was formelly intorporated inta equipment specifications. [t shagld
be nated that tre decis1on to adebt selsmic specificatbons rested with
irdividuzi urilities. [3]

ite Olyrpra Larthauake of 1949, with 1ts epizenter tocated 15 miles
feam Oly=pia and 60 zites from Seattle, wis of 7.1 magnitodz.  [amage
vas ot significent, consisting of & 2306V trangformer ralling and
breaking insulaters ant control condufts; wrapping of wires pn long spans
caused defays din resteration in outlying areas: soil problems cavsed
transforrer fazizs; 21 fnsulation siring braie and many cnits tripped;
&nd many service Vines wera pulled from boildings. A brick stack on 2
trrdby Lnit Wt 2150 deragad.  The Bpnneville Power Aduinistration
{EPA) expertenced some damzge and inStituted a .20 sefsmic specificatiorn.
?}io. tor nes fazilities traesformers were secured te their feyndations.
The Arrdn-Teifachapd earthquake of 1952 with 2 rmagnituce of 7.7
Jtaused dimane ko cenerition, fransmission ard distridotion cacilittes.
A ceneraldr thrust besring wis gatiaged gnd @ shaft bent but was corrected
with a hart seak. Fifty-six eooling fans, Tour fuel tank rogfs, and a
toiler feed watler purp were also damaged., Transmission FaciiiLivs ea-
perienced two burnt down lines ard three towers were JOSsE oz 1o slides,
Seceral transforrers shifted but there were np fatiures. Over BOD pole
sransfermers fell ty ite 9-0und although rane which were secured to
their piatferrs fEli. It was felt thai releying of transmizsion lines
Fravertad burn gpms 01 distributien lines which were wrapnzz., The
lines werz cafficuls to zlear. A5 2 resylt of this earthouile, some
Califormia viilivies revicoed their facitities and secuied 51der eqiip-
rent rot covered by the practices adopted in 1933.03,141

Tne Hiijata, Jagan, earthguake of 1962 was of 7.5 magnitude and
cassed extensive pover System damige and disraption of gustoror service,
Eleven of 232 hydrociestric factlities were damaged as werc condenser
@-u cocling dutts 2t a tnermcelectric plant. Seven of eiqht substations
wire severely darzged, reguicing 5 <3ys to restore, during «Ficn tice
areravimataiy 507 of electrical servize was disrupted. Potable trans-
forers helsed restorme Service,  Underground tasilfti{es wora cxtensively
diraged and were difficult to repair.[4,13}

Tra 15242 Alaskz earthquaie with 2 maenitude of 5.4 cotsed damage to
the inlel of a hydroeiactric facility which maintatned soreice LUt with
rumerous prosiens.  Valder Tost the fuad supply and start up pgwer for
its giesel generaliars. [amaged circuit breskers were bypassed enabling
the Wydroalectrts facllity to provide service. Extensive cimage, which
wWis At arporled in datall, was ripaited se that service was 90T restorad
within=three days [7,15] .

Profr £ itdve e2re damaged 10 Ciffgrent degrens hy four Spoth amer-
122 acvhiuzl «w 10 Lodle, 1353 and 1555, Ricarafua 1372 and Duatoaala
1975, The now egoown damags af ufieeursd trspslor vers and tappied wat-

tery taks wmai 3¢ 5 038@rvRd Bt clbor oype. F deos 0 wg 2 3ic cRsaTved.

whree lerkine-geoerating uni s wa . Jivaged  In one rass o3-an, Wos

anoepsated wion thr 001 Yoarfzatden a0 ped dos o b, fal o an of
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energenty battericd, Alse of note was the failure of high voltage suh-
stetfon equipment from inherent {nadequate strength,

The S4m Fornmands eeeihfaake of 197) of magnitude 6.6 severaly dam-
aged powlr systems ard other lifelines. While the magnituce of this
eyrthquake wduld put 1t in & roderate class, there was very severe shak-
iny in the area close to the epicenter. A5 this earthguake wat exten-
sively reported [ S, 4, 11 ) the extensive damage wiil not be reviewad
in detall. Peocause of the estersfye damage to high voltage substation
facilities, this earthquake Lriggered the most extensive evaluatior of
pawer s¥atem equiprent dore in bhe 105, Some of the activities tn the
post Sanm Fernando period are discypssed halpw,

Cautior must L& exercised in attampting to surmerize and identify
patierns ard trends from damage reports from earthquakes which span &
Torty-three year perind, occurred in diffarent parts of the werld ard
for eqsipment and facilities designed tn many different countries. The
siz recommendations from the 1523 Tokye earthquzke are not only appli-
cable to the. U3, today but remsia ynused oubside of California.  PRecent
earthquakes have also fndiceted that Kigh vpltage transmisston Facilities
are intereatly wore suinerable to earthquske dazage. This could also cs
sald for large fuel starage tonks., Large fossil fus)l geperating facilf-
ties 1o the 1000+ meyawsatt class particulerly ¢oal fired wnits, have
not been sublected to strong earthguake mations to date, While the wul-
nersbiiity of underground transmission linet may be no greater than
overtead 19nes, which mave proved to be quite carthqueke resistant, when
they are damaged the entire 1n2 95 put out of service far an eatenced
period.

. 3
w
POST-SAN FERNANDO DEVELOPMELTS

While the Santa Barbard &nd Long Eeath carthguabes pravided the mo-
tivatiun for the deceliprent of sefsmiec requirements of building caces,
the 3an Fernando earthouake has selmulated mure covernmental, profession-
al and industrizl activity to mitigate earthquaie effects than any Qther
.5, earthquake., A cicaificart part of this activity has been assocdated
with Tifelines. It welld be impossible to summerize all of the develap-
ments since 1571 related to power systems in this peper.but 2 few of the
developments will be triced ant the present sitration relative to earth-
guake mitigation will ce reviewed, .

Fach of the ytitities which experlenced demsge developed darage

Jeports,  Also the federai government funded through HSF 2 study of

unprecedented magnitudi- to study the offects of the earthquake which
inzluded 2 modast effort refated to power systems [11]. The ubilities
in the damaged area alsd started pxtensfve aralysis and test pragrams.
Hrected prizarily &t transalssion eguipeant this work wis done by uiil-
ity personne) in confur:tfon with centultants or manufacturers at
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consicaradle aapense 0 the ttilities. The Boaneville Fower Adcinistrg-
tien (3PA)] alse Funded [0 ] detailed studles pf the DE conyirtor sta-
ten. whiie the Beonevdille Word has been pudlishes, many of the utility
studies nave rpt been reieased, Trere Arée Seyeral reascns Tor this
sttwation. In spre ceses marufacturers have participated in the work or
have pravided detxiled Anfevmation about thelr equipment and consider
the rewultc as proprietary, Ih other cases the work was not done with
the participatizn of the marufacturer but the utilities are reluctant ta
relessa the information, as t3 do so may adversely affect thelr accessi-
bitity to 1aformation from the manufacturer in the future.

¥ast of the mafer California utilities have had selsale rish maps
rade of their service area which are used to establish excitation levels
in seismlc specifications for equiprent and facilitles, The ptilities
fave 2153 developed relatively sophisticated sedsaic specificatians for
thair eguiprent and Faoilities, While specifications ciffer for the
different utiiities, imporiant equipneat in high rish areas would re-
Gaire dyn2afe analysis or testing with fnputs as high a5 .59 horizontal
ard 33 vertical. Coe difficulty encountered by the utilities is getting
ransfasturers to megt the sfeciffeations. In some cases smalier mapu-
facturers do not have the techni¢al vesources tp wnderatand and perform -
the regaired tests or aralysis. Even larger manufactursers wha have Lhe
rescurces are wimiiling te Bid on equipsent 1f 211 specifications eust
be satisfied. Alsa, for some ezufpment the meeting the specificationg
Is technicaliy pr economically impractical. A complcating facter {5
that roms #lirmen? eyt be mauated on shroctyres which may dominate
the Jyraic resperse of the equiprment. Some manufacturerss are pot in-
terested in cesigning the support structures and will not be responsible
for the wark af gthers, As the time from the San Francis<n earthguake
incraases il wauld appear that soas wiilities are reluctant to provige
tihe resturies for the detalled dynzwle analysis for new facilities.

Ar dmuirtant aspect of the earthguake recistamce of fasilities is
astociatea »ith wrs*allation details. The tequring of battery rachs
a1d traasfartars to thetr foupdations has row bees wnlformly adopted,
althaugh scre yeilities have done this since 1933, The cornection of
Luses tu pgUipment is treated in several different ways and somgwhat
urevenly a-cng the wtilities, Tnis factor s becamieg increasingly
irsortant singe tne rewer tubylar structures tend to be more flexible
ard have looor damping than the pider lattice type struclures,

Laliforety State Syverneent has becone mire actively invglved in
gerthauake refated problems.  Tha Seismic Satery Comaission and The
Irergy Resources Comsersation and Devalapecnt Comalssion have been es-
t:hlisked. The faiter §5 rod peviewing the need Tor exparded pirlhguake
specificatians for fossil fuel power gemorating faclYities. The Cald-
uriia Water and Power farthjuake Engireer Fovum has been established
1: iiprove coemanications oo earthguake related develepmanls hetweon
wrtzr ant fomtr ptilitles within the state.  lhe foruz m2els a fed
tices & sezr and eorsfsts primaeily of top tivil enginesring pepresenta-
Lives fren escli Lt Lity,

Th: prachice t3 witig2té earthquake ¢ fizts-outside of Cavivornia
in carkadly dfperest.  While BPA has done £ o ensfvy studfes sf heir
UL C.oeerled slation = a firror dcage of »oioly wis soveroly domor ot o
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the 520 Fernandd earthquake - and they do have seismic specifications
requiring dynamic ana:fiTs far their leportant facilities, other utili-
ties 1n the worthwest have not implemented tne siople 1ow cost mealures
such as securing transformers to their foundattons or proyvidlag adequate
slack 10 pui-equiprant ctnnectisgns.

In other hign seiskic risk arcas of the country fas dafined by the
Uniform Building Code) gererating faciiities have in some cases satis-
fied Ihe _7g hyrizental stacic equivalent load, Hot syrprisingly, \
transmisston and distribution facilitles §n these aress have no ;eis:-:
specifications. T

]

CURRENT RESEARCH ACTINITIES

Ihe followirg discussion does not include work related t7 nugiear
power Jencration factilties. As noled parller, there was extensive
reteirch retated to pawer systers being Funded by numerous soirces.
Following the 5an Fernandg earthouake of 1977 inast of thig agtivity
dealt with the analysis of varfous power sysiem compenents such as cir-
cuit breavers, switches, etc. At the present Lime the character of tke
research effort has shifted to lpoking at the system as @ whoie, major
facilitics such as fossil fuel power plaats and underground facilirtes. .
The majority of current research 5 funded by the haticeal Science Youn-
dation {HSFi. RaNY, Earthguake tnoineering Program. Apperdix A cantains
a 14st of NSF projects related to electrical utilities giving tne title,
the principal dnvestigeter, mnd & brief sbhitract of resesrch pbiectives.

.While there 15 Eaceasies pesparch activity om structures which niﬁ:t re-

late to power systems, this materia] is not included. Pecanily
Celifornia Energy Resturces fenservation ind Developrent Cormission has
fnitiated & modest efforl related to pover generation fagilities,

initial resuits from one of the above studies #re o avziladle.
The major objective of the study was to develpp 2 methodatogy for evaiu-
ating the response of an glectrical power Systedm in a metropolitan 2rez
to » major earthquate [8, 9, 101. The rethodaiogy uses digital corfuecer
similation in which the pawer system is represented ir deisdl.  Thet s,
power fources, transmission 1ines, transfommers, cirquft breakers, | ~J
switthes, busses, oic. In the study area are inclucel. For asach af ‘2 0
series of hypothesized carthquakes the probability of fallure for each
piece of eguipment 1n the study area 1s evaluated takirg intd aciount
the Tpcation of the S1%e relative to the earthguake fault, the soil con-
ditions at the site. Lhe dynazic preperties of the equiprent and 1ts
sUPRGrt structure where appropriate.  The operzting status of each leoe
of cquipment 1s then determined 5o as to be consistant with {ks probabil-
ity pf fajlure. The System 15 then reconfigure] to teke advantage of 1its
redundancy. Load flows are parforced to deteraing the eajstence of over-
loaded equipment. The impartance of the various restoration tasks is
determingd, and avallable crews are dispatched to restare the system, In
this Hanner $ysten perfarmance, as measured by the extent and duration of
service disruption, can be evaiuated. In adsitien, effects pn sysien
perFormance can be tvaluated for changes in repalr sirategles or chanzes
in seisnic specifications of equipment at speciffc sites or of 2 oiven
Cidss.
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For tre "typical” pouer system sodeled,iil was found thet service
could be restored Trom esrthouakes of magnitude F.0 ir ahout twa days
rhile 3 magritude 5.1 aartnquake would require abouc & wevi. For a
given mygnitude, earthquike positfon algne af that part ot the fault
which relpased energy, €an have significantiy differect effects on power
tysten raspanse.  Rosults atse indicale that net all cquipsent is equally
irforiant te maintaining system operation. For example, transformers
may e mare irportant than circuft breakers vsed with them. Secondly,
the high denree of redundancy in power systers means Bhai extensive da-
mage cdn be svitzired without system disruptions. Faor exzmple, only
2todt B0 of davaged equipment need be repaived to Fully restore service
afier a cajor earthaugce,

In daveloping the simulation 1t Was necessary to get fragility data
fer the warfous picces of eguipment which constitute the power System,
hat anly is this information ditficult ta ohtain, but attompts by wtili-
ties ta Zaterdine the cost of increased earthguske resistance of equip-
rént Favp been Trustrated, For evarple, a renyest for bid for eguipment
wanlzd quataticns for fpecifizationy of .2, .3, A, &nd .55, AT bids
khad the Lawe price. '

COLCLUSIO0NS AND RECOMMINDATIONS

Ft teg present tiew, malor Coalifornia alectric utiliiies have 1nsti-
tuttaralized seismic specificaticns far enuipment amd facilities. ®hile
regional seisnic risk maps are used and site conddtfons are sometimesg
czasidered, this should become standied practice far all fazilities down
Lhrgugh dmpertant substatfons. Dynamic anzlysds should alse be performed
pa ai! hich valtzge equipment and structeres 50 35 to mipiwiZze deleterfgus
thierzstfor betdees equicrent and support structures,  Since oSt wtilf-
ties uwie “stansardized” sirpctoces which evoive slowly, tn Lime the cost
of dyn:=ic analysis per structure would be relatively Tow,

Gre of the major dmpedicents to irorove scismic resistance of ctifd-
thes eutside of Tatifornda 15 thal no effective Infrastruziure exists for
the uiilicy fnduztry to insure that minizus earthgueke mitigation measures
are agapeed,  There 2ec no parailets for seizaic resistance 1n the power
inpastry sweh at the boller code ¢r elevator code which have been formu-
lated peinarcily by the affected dindustries and have served the cause of
p51ic safety effectively, Trade organizaticns such as Edison Electrig
Instisute or Electric Fower Rosparch Institule consider the carthquiake
srotis= as regianzl in character (esclusive of teclear safety) and glve
fv 40 Yzw & Eriority as to exciode 1% From consideration. [ikedise the
Fodera) Fower Comzissign, the Natigra) Religbility Councils, and the
Enorgy Feswearch and Developmant Admindstration consider tho earthquake
provles outside af thelr charters or of jow prigefey. Thus there- is 2
need [or spe organfration at the natiorz! level to insure that at least
rizirat, cosi-effective parthgueke mitigation mapsares gre adonted on a
rational bLasle,

Frof, suiona] roganfrations such as Lie Institute of flecirical and
Ulecrrenizs Ingincering have regicnal cormittoes addressing »ome earth-
quaks ralated problezs theoogh the developraont of soicmie detisn gulide-
lire.. .
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The developmeni of design guidelines for use in high sefsmic risk
arcas oukflde ot Calitarnia may be of Vimfted value unless they are very
specfie &5 t6 things that are to be done. It has arly been in the
post-San Fermando Earthquake perfod that the California utiditfes have
gaveloped signifizant expertise on structure and eguipment dyramic behas-
vipr. It i5 highly unlikely thas Mid-kestern and Eastern wtilities will
develop the experiise required to effecively utilize sefsmic design
quidetines whicn only give gerers) procederes. Mumeroys redsons can be
cited for the utilitioe outside of the West Coast not adopting earth-
quake mitlgabion roasires.  These fmelyde the fact that there is n2
record ¢f earthquake lamage it power facilities in thece areas; ogst
utilitiss" experierce with sejsmile requiresents 5 rejated to nuclear
generating facilities and this often has assoclated with 1L excessfve
burcascratic red tape and hign cost; and the wninitfated usually over-
esiimate the cost of Implementing edrthquake mitigation measures.

Guides shoyld 2lsg piovide infarration on the gost-effectiveness of
recocrended actions.  With this iaforeation, englreering staffs will be
In a better position to g9et the support Trom management required-for
implomentation. T

Whore seismic specifications for eguipment and fzcilities have been
impiemented, & uaiform design excritation level, usually expressed as 4
fraction of the acceleratlon of grevity, 15 given for atl equiprent
associated with a given function. Simulztfon studies show that the
frportance of differcrt pietes of equipment s different. Thus, the
level af selsmic specifications shoyld more closely correspond te the =3
importance of equipment Tunition, Closeiy related to this s the need ¢
for fncremental costs associeted with improved resfstance.

Since the cost of wary of the measures bo reduce sarthquake hazards
on pew Installations is very iow, "t would appear that the failure to de
§0 f5 due to a lack of avwarenes: af the problem or & tendency to resist
change in a large crognization,  The Tow nitial cott and the difficuley
in retrofltting facilicies spaek | strongiy for ensuring that new facili-
ties haye at least cinimum earthquate resistance, Also, since the Lorth-
west is aware of the seismic hezard and 5til) has not zcted, Tt wouid
appear that code repuiresents w111 be necessary to achfeve tmplementatian
gutside of Calfforniz, C .

lnvestigations since the San Ferpando earthqueke have confirped that
higher voltage transmission facilitfes are in general mgre vuirerahle to
eartiquake damage. . Tre importance of a growing BODKY transmission net-
work and the fntroduction of T10OKY service in the Mideest suggests that
the vartlquake resistange of these feeilities should be evaluated,

Thare {5 2 need Fgr better docupentation and cocmgnicetion of earth-
quake induced damane. Substatien-darige is wswally repaired quite rapid-
1y becgzpse of the need 9 restore service. While damage statistics are
voluable for the state-of-the-art to continue to pragress, more deiatls
abput the equipment and fts installation must be known, Thus, Informa-
tian on domaged equiprent. including fts age, manufacturer, method of
mounting, details on interconnections, and type of failure should be
docyaented,  Prodecures for obtainipg this type of Informatfon are Gpro-
bably st Ieportant for California because 1t 13 the mast selsmfcz]ly
Active arga. -
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. n potential orodlex associated witk the corcynicatlon of damage
infercation §5 that it might be restricted becayte af Ttization asip-
clatad with equizment damage gr disruption of service. liistarfcatly,.
this £as mol been a problem after disruptions due tc natural disasters,
However, the national sttitufe towards product Tiaaiiity and the gener-
al recourse ic the courts in recent years hgld the potentfal of denying
Atcess to fafprmation which s viial for improving the parthquake resis-
tance of equipreat and facilicies, As the praceduras for ohizining
di=age infarcation are most dzportant in Cabifornia, the prabler of
Titigation {5 also most critical there. Fortunately, there would appear
to be an zduinfsirative way around tie probiem. Caltfornfa courts have
held that $3fety studles condocted by the Department of Industrial Safe-
ty are confidentizl and thus cannot be subpoenaed for purposes of 11ti-

*gatton.  Thut, £f damage reports can be 5o classifled, access of yital
information will te assured without jecpardizing anyone's lagal positfan,

ACRNTRLEDSERENTS

Tne sudpport of the National Science Foundation i gratefully,
acknzwiedged,

REFERENCES

Y. Assessrent of Farthquake Resistant Design of AC-DC Canverter Stations,
BV-0T Fecific ﬁfé?iﬁe.ﬁgbehian-dacksnn Associates, R-7TT9156,
fugust T,

2. Cranford, . 7., =The Puge: Sound Arss Earthquake and its Fffects on
Trzasmission and DMstribution Facilities; mfrutes of T5th meeting,
Traasmission an: Distributicn Cormitiee, EEL 1942, .

3. "Effeces of Earthquakes on Power System Design,” EET, Electrical
Systems and Fquipment Commiitee, 1945,

4. Kawizumi, H., Idttor, “Gencral Feport of the Hifgata Earthquate of

15515;?p;:;15ted by Tohyd Electrical Engincering College Press, 15968,

Fg. 317-524,

Faul L. Jennings, fditer. Engineering Festures of the San Fernando

Earthqurke, February 9, 39T, California Inctitule Of Technology,

aringlake Enginesring Research Laboratory, EERL 71-02, June 1971.

€. 520 Fermands, Californiz farthgoske of February 3, 1971, L5, Depart-
reny of Cooverce, hational Oceanic and Atraspheric Administration,
Wasaingten,.D.C. 1973 (in three vplumes) ¥ol, 11, pp. 27-38,

7. Scheffer, J. &) "Miratle in Alaska,"Qualifled Contractor, ¥ol. 26,
Ko. &, HMay 1363,

8. Schiff, A, Kewsem, Do, Fink, K, "Lifeline Siemlation HMeihods of Model-
trg Leocal Seismic Enviromment and Equipment Dacage, ™ U.5. hational
fonfererte on Earthquake Englneering, Juna 18-70, 1975, University
of hichigan, Arn Arbar, Michigan,

$. Schiff, A J., Feil, P J., and Newsom, D. E., “Evaluating Power System
FESLonse to Earthquiles with Simrlatien,” Joint US-Japan Secinar for
Earthguaie Ergingering with Emphasis on Lffe Lires. Xov, B-12, 197%,
Tokya, Japan, ]

10, 5chiff, r.3,, Fail, Pater J., hewsom, Danald E., "Computer Simylation
of Lifeline Twanonse to Earthquates," VI WCEE, New Dalhi, India,
January 10-14, 1977,

1. Schiff, A, J. end ten, J.T.P., "Response of Power Spaiccs to the
San Ferninld Yalley Earthguake of 5 Febroary 1971, Report 72-1,

&
+
[

POWE W SYSTEMS

141

Purcue University, Conler for Large-Scale Systeps, tafayette, Ind..

Jan., 1972.
Shibusawa, M., “A Description of the Dxmage Dene by the Great Earih-

1 qeake of 9-1-23 to the Electrical [n:ta1;atiansain Japan," Japanese
Electrotechnical Comalttee, April 1925, Tokyn, Japan,

13. Shibatz, H. {et a1}, "Observation of Damages of Industrial Flres in
Niigata Earthqueke,” Proceedings of 4th wiEE, ial. [T, 1349,

14. V¥ivian, J. H., "Earthquake Damage in Califuenia,* minutes of EE
Committes, EED. Cctober 1952, . ]

15, *:gféknd Alaska has Power. ® Reclamation ERA report, ¥ol. 50, Noo 4, +r—
Hovetder 1964. "

APFENDIX A: RESEARCH ACTIVITIES

Hetfonal Science Foundatiom supported resedarch projects relative to

power Systems as reported in h3F Surpary of Awands.

1. Setsmic Safety of Electronical Power Equipment, Anskel J, 3Schiff;
Purdue Unfversity, School of Mechanical-Engineering, West Lafay- —us-
ette, Tpdfara 47907 $193,.800 for 24 months beginning June 15,

1971,

& methodoTogy will be developed to evaluate the response
af power systems to mafor earthquakes. The methodalogy will
ensble the extent and duratipn of services disruption resulting
from earthquakes to be determingd, The effects on system per-
formance of changes in equipment speclffcations. repair stra-
tagles and syctes configrratfon can be evaluated. Efficieat | - o
methods far vibration testing of power equipment in the field
will bp doveloped, N

<o

. Selsmic Resistange of Fossil-Fuel Pewer Flaats: Jobn L, Bogda-
? iuff. Purdus University, Lafeyette, Indfenz; $372,100 for 24
matths heglnning Janaary 1, 1974, :
This project w11 concentrate upon the determimation of
the dynamic behavior of large fossii-fuel steam power genersts ——
ing plants when subjected to esrthquake forces. The resulits of
the research will be used to estebiish design guidelines and
. procedures for the principal. comporents of a power plant for -
earthguake resistance. These guide]ines and pracedures will
form the basls for the developuent of sefsmic code provisions
and recommendatéons for the design and construction of fossil-
fuel steam power generating plants, i

This research will study, 2s a start, the behavior of the | |
principal compomernts such ag the furnace-boiler, steam and - L
feedwaler piping system, codl hand)ing equipment aqd conveyar
systam, coaiing towers, and stack. . .

3, Earthquake Responsa of Dams Ingluding Hydrodynamfc and Faumda-
ticn ?nterattigh; A K, Chapra; University of ¢a11furq1a; Berke~
ley, Califoenia 94720 3353400 for 24 months beginning Augusti

¥ 1874, -
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The research pregram wi11: (1) develop réliaole and affas.
tive techniques for analysis af response of dprs to earthjuare
mitions incluling etferis o/ hysrpdymaatc and fpondation inters
acticn: ama {2} understending tie effects of interaction and
the efpaifizance im tne dynamic response of dams, The research
will inclede studies o1 cancrete gravily dams, arch dams , and
Bartn g,

Gatirz) Earthauake Desisn of Energy Productian, Stsrage, and
distribution Systems, Aifred M. Freudenthat; The George Wash-
fngtan Ualversity, Washington, D.C, 20005: $)47.470 for 24
rafiths bagdnning Fedroary 1, 1574

This praject focuses dn the elements of risk, cost, and
1638 associried with earthquates as fmportant design parameters
o desalaping strecturai design cethods, Specifically, the
tbiectfves of this profect are to: 1) establish a now structural
design corcept on the basis of maintaining a propar balance be-
tmeen the cost of providing a protective measure azd the Expec bed
ccst of earthqeake davage; 21 develop procedures ot optimal de-
tign for ultimats selsmic load carrying capafity and Functional
reliability of structures; 3} apply these procedures ip the de-
$197 of fepartant drdustrial Faciiicles; and 4) m2bz the resylts
6f th2 study availadle to uSer groups, and prepars quldelines
fer mehirg the cptimal design and planning decision.

Fralysis af tre Sedsmic StatMlity of fartr Dams; -.8. Seed;
Lmiversity of California, Berkeley, Califorala  94720; $173,900
for 25 monine begirning Tebruary 15, 1976

As part ¢f this project, a study wiil be rude of the sip-
nificant differzrces between garth cams known to hive perForped
rEiY 2and diTs brown Lo have serfpreed poariy during strong
edrithquaie shaking to delerming the facters responsible for the
differcnces in behavior. Sperific chiectives of the project are
to: 1} estebldsh 2 4t Base cancerning tne field behavior of
garih dets during eprihiuakes so thal adegsate ard iradequate
tyres of construction Can be identified; 2) investigate the
acejuasy of dynanic analysis nethods in predicting satisfactory
and vnsatfsfactary perfarminge of earth daws during earthquakes;
and 3] cevelos sirplified but rational procedures fer evaluating
1he earibguabe shaving, The results of this prodect will cop-
tribute signifizantly to both irproved safety an? ecanomy 1n
the design of these critical earth dam structures.

Yuinerability of Transporiation arnd Water Syslacs tc Selgamlc
Bazards; Irving Sprenkein; Carregie-Mallon Lndversity, Schenley
Parh, Firtshurgh, Pennsylvania 15213; $187,000 for 24 manths
begiraing May %. F975.

s
il
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i refect focuses pn the geaeral tranSp?rtatian Eystemn
and a12;21gtel waier Systems in order to determing 3 lifeline
maze] ahich can be used to measyre the perforzance knd the
principal cesses of failure or cecressed performance indthe:e
systars,  The model will, recognize the effects of redun agc £5
{n the system, the geagraphical teatures of the total system,
and wiil eontain the principal seismic failure criteria.

ne Lifelines in a Seismie Environment; H.L. Bafnn;l
ﬁ:gﬁ¥$ﬁﬁg; pssociatas, 110 fast 59th Street, Hew York, Hew York
15022, ?40?,435 for 24 wonths Ceginning June 1, 1976,

{butian
Research w111 concentrate on underground water distr
litellnes. 7he specific tasks inglude: 1) & survey of undi;;ni
ground water 11felines; 2) the development of apprupri?teii1 3 C
irput; 3} eethodelogy development for podeling and ara ii s:t‘
methodoiogy zppiication io real systems; and 5) risk IE :a:earth
berefit studies of Tifeline systems. The results of t edre; e
will be precented in the form of desion aids, quides, and spec

fications.

v
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ASZISMIC DESIGN OF 500KV AIF CIRCUIT BREAKER WITH FRICTTON DAMPERS
1
by Taro Skiecge jl.nd Shigery ?‘ujimtna:'
Abztract

Sterisiical properties of the response of a S00KY air circult
tredker under ponstabicaacy seinmic axeitation are ntulied by using a
sizplified mathezaticsl model of the top-heavy tall sbructure and it is
=¥ that the anelytical resulta are In fairly goed ngreement with the
erpericeaial results.

Fotatian
The fallowing myxtsls wre used in this paper:

B by i1=1,2,3) * x-, y-eoardinetes of the lower apd position of
sArl stay;

f = frequensy;

9 = artelerstion of grarity;

K = stiffress of the mupport column {ratio of the restoring ooment

to the inglinatlon anglel; '
kK, X' = sti foeppes of the danrer;
L = iepgth of the support calomp;

Lo = initicl Irngth =C the TLAY

Ml = m4Rp/3+my « cass related 1o the inertis;

My = 3 +pa /2 wTpass related 1o the gruvity;

By * oays of the coumied body:

Rz " kddn af the scppart column;

my * eakA of the stey; '

Pg = frictional Torce of the damper;

R = radlus of the circle, oo which the lover #nfs of the atays kry
arranged;

1 = time;

?U * {ritial tensica of the stay;

U * leput acesleration In the hordzental diresticon;

K. ¥, ¥ = coordinate synien [ the r-azls iz vertleal }; .
¥ = afle 6f the {npat direction making with the x-uu;' !

i. rIr':t.z-v.:dl.m'r.1nr|-|

A 5008V eir circult brewker 1c cometructed with w hesvy intervuptlincg
charster natalled on the top of & long auppart column, the beottcn of
whilch l6connected vith & Tigld foundation rack. Three atays are piretohed
from the Interrmoting chermber to the foundation Tach to incresse the
eseigmle perforcancs mnd edditionally friction dampere are pravided for
the mtays Lo abaoTh the vibrstlion energy a5 roughly {i1lustrated in Fig,l.
This kind &f conatruction can be evallabis not only for the clrcult
Ereaker but mlas {oT acy top-heavy tall siructurss to increass the

3} Professor of Mechanieal Prgireering, Keio University, Japan
2} Creaduate Stvisnt, Frio Univerzity, Japas
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arrivwic perfurmance. The friction TG (LA TR O

Aa=pers BUch ax rlpg azcl=gs ere
usuelly uged in prectice for thesza
cangtriectionn, because the frictien
Casiper can be sade compact and abaorbe
relatlively big vibratlion energy.
Fouryer, {t 18 somewhat difficult to
extimats the asizric respanae oF Lheae
pLrustures v Ao aralytical method
evlpg to the neniinenrity of the
friction damper. Although the S00KY
air elrcait breaker s commonly

iy e TRLTH

AN {mar
I
[}

AP (T
MOt WL

designed ta withstand en horfrontal T emrs o o
earthyusie ahack of .33 aipusaldal -r“"‘:..mg. [y
wave ‘for thres cytles st readnanpse -
frequency In Japunewe electric pover [ FOAL* o Mir

PAL AP TFr T rr

irdustryrll, 14 {9 en izportent 7
patter for ests:llshing en snti- Fig.”: The scheze of the SDONF AR(.

earthguake deaign prlociple aof the ¥Pe dirielreult-tresker {172 phase) -4
top-heavy tal] structure sguippsd T F

with the stays and rriction dacpers *
that the dynanic characteariatice are )
exarined under pnonstationary random
excitatlon correapanding to & hori- T'_n
ontal earthquake inpuf. In thin

paper the effects of structural %
parameteras such os frictlonal fores

o? 1ke Aamper upon the statisticsl] TR
Fropertiss af the roeponse are

effecially examined by using = o

aimplified mathmatleal madsl and
thear results are corparsd with
the experimsntal results.

Fig. 2* The load-deflection disgran™™
of the friction damper [ the riog
aprirg )

2. Mathematical Model of the Structure

A mathepatical podel af the
structires 1a sizalifjed under ikne
following sstunptions { mes Fig.3 }:

(2] The coupling effects caused
by the attachmeris such am cebles,
srtays, rack and ko om oare gt taken
into poccount.

(2] The pody mocoted on the top
of the aupport column auch s the

4 #ingle megn polint mpd the support
column is agpured to b & unlform
ptraight rigld ber, the bottom of
whick 13 replaced by & Flexible loint.
Agenrdlngly the whole structure in
eupreased ny 2 twg-degreeg-of-Tresdom

systez under the horizontel Flg. 3 The dynanic model of the
: .
excitation. circult bresaker atructure
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{2} The effrcts 6f the oaterinl sod gecmetrienl nonlinsarities nre

neglected with the exception of the friction danpara. when the “rictiag
dusper 1y ¢onrtructed vith u ring spring, the 1oad-Zeflsctinn chrasteriz—
ticw of the dasper iv reprenssted Sy a bilipear h¥eterenis ay £llustreted
:n Flg.Z. In this case the frictiocel foree Py at the equlilitriuwm paint

¢ proportlonel to the lnitiel tenalon Ty of the gt P Tpull=

e omkife et }‘ +d ‘3‘_{ g™ u{l r”f.‘u-r‘.l

Froo the above-asationed aasi=pticne the equetiozs of moticn are
derived gy follewsil):

FEGL YAE + TN + Ag = —Ugcosy
Fdi?+Ck + BN +B, = ~Ugsiny } W
where

E=x/L . N=y/L, t=wet {we=vT/T ) , tg= li/g {2)
A=k-p-ToX ol - 2ol + Rioln,

Bru-u~ 1,28} - R L8In; + 2Ny

Cr -T2 o8, - R T8 + FLoubiny ' (3)
AZ -Toh o - ATARY

B=-I, ?l.{:ﬂl - Jnif By Th

HIK.-‘FH]QL . P-HQIM]. . E:'T@f”lg , A" LI"FLEI } )

grra/l . Bi~W/L (i=i.2,3) .
1=Polllg , Ki=kLMg  for offegfl <o
= 0 . =OeRIL/MGY ¢ =0 (s)
=-R/Mq . = K'L/Mg Y
when the imput wczeleration peourE  in the y-directiorn {y = xf2 },

the rciuetion of motion i reduced ts a aimple form
1 ~2 I = 14
be¢ause the siructure le aymmetrie &bout the y-z plana.

From the above equeticr ths wpprorimete value af the 1essapapce
circuler frejurncy wyn 19 extloated by using the meas valves o fricticoal
farce el gtiffress of the damper, thet is, by puttieg iy » 0, ey =
{kﬂt'}Lff?}‘.]_q}I g follove:

(woswePS B w K ~p- 1,058 ~ ¥§ 8Ky
, ) -p—itufpﬂ + $ VP am =02 m
wheTE P=R/A , Ep= (K KILAIMg) ¢ H

3. Fastmtiorary S-lwafc Irout

An approximate vmlue of the memn aquarsd resjenos of g panlinesr
wyatan exclted by e nonetsticonary random frput s abtained by scive.g
wtatloticnl mikernt equations vileh are Introduced from the Fokher-Tjanck

CIRCUIT dREAKERS ' ' M7

o

gouebion. In thim eamae the input.;?
ia apnumed £t be n Gauvemlan &
white poige havipg noriteaciona

cicacterintice, that in - -

Gty = nfedelsd fa)

vhare Mt} expresses ar enveleps &
af the Irpulk stceleration emd

t{t) {a & stationery Tandom fung-
tion with zero mesn. Albhough — ] i )
clt) nes zenrtally the domicent

fregancles, tit) Lo approxtmated Fig, L The norzalited eavelape fune-
to a Caumslan vhite noiee Io order ... o (ne F1 Centro selsmic vave
to darlve the Fokkar-Tlapck egun- -
tion. Than the power speciral density T L |
function of uft) ia g iven by the
expresnion

f ]
— i

Galf,t) = B{rindis), ~ecrow u:m]s

where Se{f] = 1 [1/Hz] (pover spectral I
denmity of git)). .
Yor sxumple, the envelope of the
El Centro selamic wwve {N-5 component,
the maxicom meceleration g, ='0.34],
iz obtalined by & lag visow and poFs
mallted 5o that the masigm value in LS
unitiy a3 shewn in Fig.k. The power
gpoatral dengity of the ataticnery
weve, vhich 1s cbtairel froem the El
Centro seismle wave Aevlded b ita ¢
orealized envelope Tusstion, is
reprosented in Fig.5. Cn the other & 1
krand, the approximate value of the - .
rescnance Irequency of Lhe cirenit Fig. 5 The dimepsionless pever spece
bresker crlculated by Eq.(7} 1s tral depeity of the stetlooary wave
wrfug W G = T.5% {f fup v 1.20), corrasponding to the FL Centro eelamic
in the case when the dimensionless VAYE .
structural parameters are x=d. 6§,
b=0.996, T5%0.806, k= 0.56, p=
0. 287, =505 ax & typical )
awmerical example. Tt ooy be i ; R T
sssumed that the responge of tha )
circult hreaksr malnly dep=nds
on the reconancs frequesnty Compo-
nenta of the inpui owver the 1
appropriets range, aay, 301 of ' *
the resonance frequency, if the
dazping retis is approxinated to
15%. Thin range s Indicated with
the shadowed portion in Fg.5.
Thersfora the input asismic wave
ey be replaced By an equivalept
vhite malas whoke Dover apectral

R .

L
—= i lug}

' A 'H“llﬂ}
Fig. & The Alnensionless power Bpec—
tral denslty of the nonstatlonery
whites nolse spprodimating to the EL
Centro selenic vave

11 * o %
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density hes the SATe vRIGE A the Average level of the input power
s;eciral density over the sbove-mentione3 fraguency range. In tkic
exa=rle, t:e value of the dimensionlcss power spectral densiby of the
equivalent whilte noise 1e about 5*10‘3. Eince this value curreapanda tg
the mealmizs valve of the powcr spectral density of the nonstationary
Irgut, th2 tize kistory of the dl=ensionless FoverT spectral density
350r e Mgil = E5(0)/V97L ix civen as the asuared vulue of the nor-
melized envelope fuseticn multiplied vy Sx10-3 {see Fig.&).

L. Toe roa.s. walue of the Acceleration Response

+ Thr Fokker-Plarck equation governing the Joint prohabllity denality
function ¢f the responses In derived with the aid of the equation of
=atlon, wrd fuirther the oquatlons relating to the second order poments
of ihe responsas are citafned from the Fokker-Planck equation on the
8%277tion thal ite respendes are Goussian rendss procasscs with zero
Eewa. When ¥ = w42, the mopent equetions are reduced to

Tipplde = 24y,
E1ipftn = Myy - 0ray - 2270 samguy, g, {11}
Sgplde @ - 20 My - WETW pMAT; + Bule) 40T

wiers Eiy ® Elneeyl {80 1,2 ), npxaomp/L, wy = an/ar {12}
Be = FpfMa = o) /{2er}, ; mxtfn <1 (13}

1
The comant ematiars [11) are aumerleally salved by wsilng the ipput powver
Jpeaival dersity Sitdfrg'L Qndleated in Fig.6 and putting My= 0.2135
{r = 061 ), end the r.a.8. vslue 9f the accelerslion recponse Is
gbtainel froz the walues of By {see brozen 1ine in Flg.T].

Tee salid Une in FipLl cepresents an psperimentel result. In the
eaperizesial study, 8 Fhoalosl medel of the edrewlt Bresker whs sxcited
by & wibretiss testing machlpe unier the B Centro teleml: veve lnput
enl 1he T.olE. responze van Inrestigeted from the envelope of the Sguared
valus of tre accclrration pleked g ek the top of the ausport colums,

A~ Flzmileris of the &nanmicnl . N
Froperiles belvecn tha physleal «d Emaan L b

rodes ant the full-size structure JE——

ol elceuit breaier wns taken iato e UM F T TR

consideration by wilns the preced- ' o
Ing atrematicxl wade2ids, g
Wi “vyelcel eolal, L = 1.7%0a
{eg = 2. Bradfs=c), Ly= 1.30m,
He[.35Ta, K= S).3kaf-n, Mgme ®
L.oTecr, 139 = b O%egl, Tp » L.23
kel', fy =l.02nzr.

from Ffg.T 1t 16 ceen that
the wppraximate value af the
rysponse ostalned fron the morent
eualioss wie in o003 sarecment Fig. T The ai=mensioniens r.o.a.
with the sxgerloenial result with  values of the scceleration re:ponae
thi exception of Lho penk valura. (iheoretical and sxperimentel values}

L i

A

L R

B [ ]
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thearetionl resuil are overedtipated i —— A O
Ferlid B ]

A

h ]

The fact that the peak Talues of the o ‘L o N
may be eriglnated In vihe variuiicon

of the doesivant freguency of the E1 .

Cenlro sclizale vave., The doerlnan:
rrequcnsy af the S Cember seismic
wovn hecomes sonevhat Jow and retg +

awly frot the reasananee frequency of

1y girusture at the time ¢f the

intenze accoleration, thus the peak -F B [}
volurs of Lhe responge ere relative
laow in compariecn with the thearet-
1cal result. Havever, 1f only the

—

lfig. H The protability density of
the fcput white nolsa For & digitel

time history ol the Ilnput pouwer simaistion

speciral dapsliy st Lhe resonabce - . )

freguency of the syalen can ba . :-.m - WWrRE . e *
* L

eatimutied 23 the entozhle average of ity e
the actual zelsxic waves, then the Tk | g
analytical method degeribed In thic :

puper iz available to estlnate the )
r.m.sa. ¥alum of the pesponse, .

— e PACEwla Py O
i — e, ST

5. Effeect af the Nonlinearlty af
the Frietion Dumpers

_*"T

The regpomse of the structurs .
vas aasumed to be 3 Cadssian proccsd M- 7 The probabllity dennity o!f

In preceding thearstlcal treatment the rezponse to the input whits polse 1
notwlthstandlrg o penlinear pruhle!n.u the digitel simulation { “he caze

In arder to exomlae kow the

of lower Initial tensicn at the steys
probability denzity of the response _
deviates fram the Gaursien dletriby gr lover frictlionel force at the

tion, a digital simuloticon 1a de”-.'a
carried st by usipg a staticrary E g b vl b
Cuuaslan vhive paize oo an input et ey "

— FCRall Tt X s TY

the mathematicn! model. The level af LTy

this vhite rolse 15 chosen 10 be eque]  Trom (Ko mrlor= ..L‘

to that of the equivalent white nolse
described in section 1. vhose
provebility density is shewn in Fig.d.
Thu walue of Chi-square for teating

& fitness with the Quuwasian distyibu-
tion fz alaa ipdientod 1n this Tigure.
In the simulation, the characterig- - ]
tiea of Lthe friction Jamper la

epproximated to be parallel dllipear’i8: 10 The probsbility densliy of
by putidng X = k"' = {k+k']/2 az 5 V0B re?p-u:n“ to the loput whits polss
natter of convenlence. at the digital sfoulation { the case

The probobility denslties of the ~°f higher dnltiel tensian et the stays
Teapanse obtslned by the mimulaticn ©F Blgher frictionsl foree at the

are shonm in Fig.§ and 10 for dunpers } .

£ = BEF, tp = 0896 and v = 1,104, .

Tetpertively, From these Tlgures It

L.

— K RS
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le sxan that the value of Chl-oquare increasen and the fitnesp with tha
Caussien aiatrilution becemes posr, when the thltiml Lension iR the
steys or the fristleonal fo-ze of the daspers tecomer large. NHowever,
the shepes of the probabiiity Jarsities are not 22 largely different
Mrio the Sauseian dizicivuticn vaithin the cacge of tha inft{al tessicn
or whe Iristional firce l* the circuit brecker and mocardingly the
trrar faceed by the sizioscion of the Cawssien process im the preceding
Theory ix roc 59 blg.

Althaugk 1t i seer in these neserical examples that the roe.s.
value af the acceleratlon resposse desreasss for the higher ipltial
tezzlon in the stafs, the wicelsration response eay rather jnoysape Tor
"the extrezely high inftial tersion, because the relative displacesent
in ke frigijon da-per bezczes Enall.

E. Conreluaion

The cplizel requlressntg ol the porasetess of the top-heevy tall
structyrs, Tor ¢xs=ple, the inivial tension 1o the stays, the frictional
Torce of the Carperaythe stilffness of the support column, DRy be
Investigated by urirg the sizplified methesatical nodel und the tethod
of gtetigtical epproach dessrslhed in this paper.

sinovledgment

Thare puthora sre gratcl il 10 the asseciates of Tokyo Shibaurs
Elactrie fip. Ltl, fur valustle dispusslion from the englpnsering point
o Viev and lor sUAprorting exzeriment ard computation.
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{1} Snizegs, V. B Fuli=ote, 5., "Response Analysis of SQ0KY
2ireuls dresker wiih lenlinear Tamping Devices znler Selzalc Excltstion.”
U.5.~Japan Sezinar ax Enr hq-aﬁe Engineering hesearzh with Emphasis on
Lifelins Syatecs, Nov. 1576.

(2) Pulinmgte, 5., Salz:go, T. end fril, K., The 1975 Jaint JEME-
ACMVE Appiled kechanles Western Conference, 15 A, JSME C-T.
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- CURSO INTERNACIONAL DE INGENIERLA SISMICA
DISERD SISMICD DE PLANTAS [NDUS TRIALES

Las prasented rotas pare dissdic sfamico, praterden asum;w— ROFmAY
pren dafiodr ol criterio de disefo siamico & seguir, con el Sbjeto oe oue
las eatrucheran of plics industriaies tenpan un Compor@amlerto ndecim —
oo ante un Blamo de medions lntene(dad, deipués oel cual o operaciin oe
la plania sed normal y goe agermiy pare un BiEmo de gron inkensldad o

sa produzea ¢ colapse parcial o totl de las estrocturas y g lon dafoa

BEALICIECOR PURdin repararss 80 on parfodo de tempo relativarreote oo =

[+

Ectas recirrgiaciones 62 aplloan i W sbeuctora comsiem y @ Lodas S8
portes, incluyerndo A eslraciurs an #f, pimos, mMuros ¥ slelemar oe tacha,

apl coeno partan aspec{ficas e eoulpo » maguimacia de la plant.
MNOTACION

Cada slmbolo smplasca en el prasents capiiilo sa define dorcs s smples

por primers yee. Los mis irmporirtes wom

coaficiarts smplakdo en anbiisie dindmico roogal,

a [ adimenslonel )
B [m] - base e un prel ge wideio.
C {adimersional ) = cosflclamta basal { &ln reducin por cactiiiced )

c [ adirmensional ) = 095 CR/G

Factor redectiyo por flaxipilided,

O ( maimarmional )

H {m) - alture e un panal ca videie O sEpaRO- of BEtra -

o da woalo,

h [m] = .pllure ge un BGlers de muro entre pleog Corrs —
cuttwves,

< (adirnenslowml ) ok Fachor de mrmortiguarmdentn,

L tm} - lmmmmumtmu:mbmiupdnhlml
Dbl e un tEixe rec@anoular,

O (wmdirmaralomel 3} = factor recuctive por dectilidad.

T (seg) &  parlodo reteral da vibescibn,

W {1on ) = fmrge corBote horironm] e e baes os s con -
) oS, . .

Wl ) - peacn o Le conptouecibn,

y {em ) - desplarzamianty el centro de grawvedad de e as—

tracters dascontando Bl gus proviers de las oa -
forrraciored 1ochins okl ter reno,

¥ (cm) - cesplararmprdo dal Cerro de gravedad o la as—
tructsre gus 34 0D & goforrmas lova s localer

dal tBrreno,
JONAS

Pare Firas da dissFfo slsmilce se conaiderand goa las comtruccionss s -

oon desplantarss an es Zoras | & [, Stendlenca & 18 extratigreris local |

dal terrenn,

Ca conalderan corrm pariareclartes & la rors [ odos aooe]los sitics doncs



igta srotoancis o oul MG A8 Sncuecbran & profundicsdes Mayores de 20 M,
“WmMﬂﬂﬂmmﬂm,mmp,nmh“

41 rlavern o golps po- cads 30 om, e la pruche de pAnetreciin asthn  ~

M ps Inferior 8 BD, ¥ e goe lﬂﬂ"‘tu satigfage La corcleln.

'-E:.Ht YL/ Co.40 L
Enmuunlow.mm.:hl;ﬂ-tnnlm-ﬁuﬂm?- ' N
umm-lmwlmm&mhd-rﬁ;uﬂyﬂrﬁlu!“ .
80, 000 ton/mrP. ¥ s su peso volumstrioo an ton/m® y Gl &l su mSdulo
o4 rigides sn ton/m?. La s debark teclGle bos dirminos correspandian

bk g trxing ing capas Que S8 sCuiren BObek 8l mateeds] oon mbdulo e

rigiisr mayor o ig.ﬂl [T H).l:mw#.

Para rires ca bate claslficAcitn sa tormeriin an cusntm toooe 10w s ios qu-
= ancusrtren et jo dal nivel en gue e acelormcionss bocizontsles cal

Dhrrpnc sy freeamiten o W cormtracsifn,

S5a considerarin partereciontes a la rore [1 aguellos SH0E s no satiste -

oan los requisitos on os Ddrrefon anterlores,

CLASIFICACION DE LAS CONSTRUCCIONES SEGUN 51U
DAROR TANCLA v LAS CONSECUENGIAS OUE TENDRA
: SUFALLA

Dw acuerdo con sats critmrio s aetruChUrAS &8 clagificas o los slgaien =

tas prupcs:

»

GRUPD A& .- Estracturas muy Importantes para o) funclonsmiecta de ln plan .
HIFEN
= como son, W planta e fuarmk, los soportes o tubarbae, WS oimacees,

Tom watlICbons O Droceson, 108 sopeer-bek O MElCEOrem, S,

GRUPO B.- Egtruchsras Importantes pars al fure lore mlarts de s plards

U e guader cormprondicas dentro dal Grupe &, y Ddes &ukllas astrue -

hures cige Mila por movimleckos s{emicos pusder poner $0 peligrs oirey
ST e

mmlmﬂmmom(mﬁ.

+

GRUPO C = Estracturan ok ' jrtervienen ot ol proceso de 1 planta ou

L

Wl FRlle caysn daflon B CONEtruCeicnes de low gos primeros grupos .,

GRUPG D, - Estruchras o poca impo-tancls, osys fBalla ro caussris de

Fiosk & conEtrucclonas o6 [on tras primercs prupos. Ho recasin dteelee

R rnr BIAY .

CLASIFICACIDN DE LAS CONSTRUCCIONES
SEGE/H SU ESTRUC TURACION

D poumrdo con su ewbrucharacibn, u:ml_arﬂlmnrﬂm

astas recormersaciones sk Clasifican en ioe siguientss TIPOS,

1. Edificios da cortants, inclnassdo marcos OF sOports de cubler—
il pArE MR m-uuh;

2. Ecificios de flexién

3., Chlrmarwsas y construccionas Hpo torre

4. Phndutos ireertcos :



% Tarmguea
6. Murcs de retanclén
7. Otras sstructures

8. Estruchuras principals, .

TIFO 1. Edficio da Cortants

Sa& congickernrin como .dmﬂ“- e cortanta, las corstrucciones t;b'!l ca -
formaciores anty Rarrzas latarules so Sebe asoncialrmente 3 s Pugrzs
cortantes 2rire Fleos conescullvds. Incluys #] presente tpo, por e jemplo,
adlficlos s Fesistuncls @ feerzag [Ateralet #8 Bminis cads por muros
cunndo 1a refacife oe alure & base ro paca O8 (.6, O por porales o rrar -
coR Ccontraventaadon O O curyl relaclbn oy albss & DA Le Mo B8 MEyOr oua
2.0 8l laz rigidecas oo sl VIgAs 500 ool MUEMO oroen G LAk de Sum &0 -

harrras .

TIPD 2. BdiMcios da Flexifn

Se consldararin como adificioy o Flexiés agerlios scificics cupas deafor =
macioner s& deben an formar slpnificative & Aexiden fe comario, como B
sl caso da las eslructures cone Fesistercia & fusrzas lakerales 5o debe &
1a aceibn combinace oe mercos ¥ munr:s usbeltol, o da marcos con oruiae
contravantasdsm cuyn accifn asa gerrajants & 18 de rroros esbelbos, de rae

con con relacife o8 Aliure & base mayor gy @ § OF MArcos ook vighe wen

muchs menos Figldes Gue s colluTnes.

TIPD 3. Crarordss y Ctras Camsbeetiones e Torre

Sa incluym an aate Hpo e construtolones Suys deformacibn arnte fms-zag

taralag maa Esercmlnwnte come o de wrw vipe oe flaxiBo e woindizo,

TIFD 4. Pérndulos Invurtides

Sa Inchomn en aste Hpo LS estrochuras gn G 30 por clents & mils de s
st o FATIA w el AxbeWTo Separior y Cuyn WD dE Apoye trabE e oo

-

o urvl vign em wvalach 2.

TIFO 5. Tonques

TIPO 6. Aurog os Retencifes

PO 7. (rireas Estruachaces

TIFD B Estructared Principales

En wate tipe se incluysn todas las congtruccionan dal Grupn A. En peraral,

" glgramn LR eRtruchuras &5 aspecial Que comprands B0 O '-I-I'lDI da los tHpos

-y menclonadoa y a0 e trebaje sspecifico y ms carms de opwracidn re—

quAsren e un eshdio etalinda,

ME TGOS DE ANALLSIS SISMICD

£1 enfilivls $lxrmico poderd sisctarse empikando #1 mbtodc de andiisle em -

oo, o vl mémado oe snbileis dinfiisacoo.



Sa recquarcird andlisls dindmico an tocey las extruciures o lag qus 1os g -
fectos de modor superiores de yibracibn o e amplificactén dirfmics sxce—
slve puscey afectar cignl floativirmdate ba reaposdie de par bikg importintes
de 18 cortruccile o de eouApD contoeo. .
Deperdn caloularas los efecton de e Acalaracionay varticalas v 108 ca
las acalwracioren hocirontales pare do- pl.um! urt:_:;rmln, asghn 1oF pk «
rrafos o piguen. S¢ revisend a ug..lr-l.d;d =] l.;lﬂ sinmants eatruchsral
para 1a condiclfn mis mr;mhu qu.-':e;ﬂu A conmloarar W accitn oe
cada urd os lag Compomantes horlzonbll y verticél por sefaeacs o 1B com -
blracibn dal afacto de f:m compordrits horlzontal con 0, T veces al sfpctn
oe L comporents wr&ul

n}y El efecto e las Acxigraciones rorzoiilas s oreard a0 coss -

= supotdends U slpterma ds fosrzas Wmmrales obberice e aciLards Con 1o

sspecificags més adelante.

by El #fectn ot 1ay acelarmciones verticslas s cormiderari soulve

lamte & un sisterma de foarzas verticales { achandd hasls arriba o hacls =

tajo 1 obtenlde rrultipllcands por 0,4 s carghs mua oy las vivas, Al =

termativiments, Pusde aficCtuaras un anklisis oindmico Que tDmMe on ceen -
12 1o modos de wibracl o vertloh] o8 18 asbruChure Y O Considars un e -
ot b el igaal a Q. 78 veces ol corroapiraiients & acslermaclones hor-

rizvmles.

GOEFICIENTE BASAL ., £

el
Sa antianda por coficlents basal, "C7, ml coclentes de 16 fuerys cortarnte

rorizonml W, an 1k bass de W setruciure, min reducie poc doctilioed, w el

pey W el rmlsrred golbes dicho ndwel.

El peso W, deberé inclulr cargas muesrihs y ORFpAE viuns, Los porcsnts —

-ju e carge vive gue deben Incluirss on ol andilels sfaorico estan deflrd -

. ' PR T
dos adwlarts. - L . i B e

1 - - ot
- . ) - 4 b
- ot ok - N b -

- . i .. . " \ . - M
Parm o1 arilisle !llﬂtl.eﬂ' de Construccitnme :u‘lﬂﬂ.l:h*l segln lay come

sancies de o Falle sn ol Grupo YA" g8 omard C lg..-.i 0.1,

v

Trathrdoss do o conetruccioes clasincades an of Grupo B, sl velor de

= wn bwrard Iguel & 0O, 80,

Pare conarrucciones clasificadns dentre del Grupo "C* ol walor de Gy e =

rik ipal s 048, 1 -

RETWCCION POR DULCTILIDAD

Para el cAloulo de fusrzas inptermas w0 ln aetruchos al proocts W g o —

vigird Antre ol fackoe O e sa aspeciflon m_lui aiguientes phrrafos. E]

valor gueadopts Q dapercs de la ductilidas da Ia astructhura,

Pare ol chloulo de las CeFOCMACionks an 1A ertrusbors Ao B2 el reduccibn

o Ot Lokt

F—-



Elfactor Q pocrfi diferir gn 188 dod direccionas ortogonale® 40 que st ank
liza e astrchrs, segln sea 18 clasificacitn y ouctiliong o §5t an dichas

direccioras.

A continuaclin, e present ura relaciSn de los walores del factor o ducH
tidad ( Q )y los recquisios que deba lienar Lo estruciurs nard podar adop =

mr bnte valor an el digefo,

Q=8

Este wvales de Q s8¢ wtilizard an sstruchicas dal Tips 1, cons Fesisteroie #h
i 1as Niveles sea aurminiptrads exclusivaments por rrmaccss contineos
N0 CoRFEvErMEAdDSs O Coverg b Feforzadc o de acerD gue tergan Zome de
Muancis e ol y el Complan o WE siprAanies cor e one s .

&) Lbs wigas y columnal O ATErD, poseen sacciDnes COMPACIRE MM

m los requisitos del AISC,

Todam [AR juntas deberdn admlile resciones {rmportantss anten de Fallar.
Tenlendo wi Smnta o anteror, & proporciorarsdents y cetalle de s e -
tAw pi hark O AcLerdhs con e Phrte 2 de la "Specification for e Dealgn,
Fapricaton and Erection of SUhacium] Sheel fa-r* Butlginge.” da la GlHme e—

dicidn el AISC, Estas aspeclficaciones, deberdn adiparse pars tomar |

N CoRnt QuE Be puede produci® s sl de momentoe -

Agemdy, todas Lan comexiormy e los miembros gue Lacicen & uns kends, e

disefarkn pera terar ok Feslibencis g 1.2 veces le capacioad cwl miem

bro Lrelderis,

B) Mo oae perrrdcied L forvracibn de arHoulacionas PAEticas en lae
zonam donds el droa afectiyn 0 reduce, [ por elarsplo, poe SgUjerDs pAre
remAchEl YR Mmenos Que la rrl-llclﬁf‘: sntre |a rasiatencie Gitma v 18 resly -

b la o cheefo gos myoe o 1L 8,

€} Enla detsrmiracifn o in langing efecttve, gue (nterviens en sl

L] - N : '

clliulo ob ta ralacidn de astaltOZ i Lis colurnrar, we dabe Ignorar La sy
- ; r i

da proporcionada por COntraventany, YH gue Betox deberdn ser disefiados

phrd Fallar srte la creassncla e Ln slmrwr de gran magnibud.

d) En eatructuras de conoraln, &l marco [lerard o recgulsitcs gus
pAre marcos oKGotiey aspecialas AR al ACI 318 = 71 s apbndlce & 3

1 -
tardek { pois [oamencs e la p'llntll taj ) columoas de conerato sunchodas,

#) Lok factoeed da s4furiong contra: Falla sn comprenion poe Flases

» e g ibn ge columras o COE AT reforFado con estHibos; PuerTa con =

e y torsiin, e mismbros 08 conCretn reforzedo, waf como comesesiin
aial y pandss vn todos lom mieribrcs, 2o cuando rrance 1.3 veces loa

[ ]
oua resdiben &n SexdSn oy en tarmlfn para resistle fusrzas lateralas,

f 3 En oo antrepico, B satruciure dabe sec caper S rexiste 0.0
vecas lan aceiones do dizafio bejo la condicifin rde desfavorabis gue reml

ta da conalderdr guc W capecided critica ce cumiguiers 0e V08 mismbros



de tHeho antrepleo es rachoce & 0. 5B da g reaistancis ce disafo,

@) Elfactor de sepuriged para fusris cormnts de enireplecd . debe
#0 rryr W ndcs 108 niveles gue 0.5 o] prosmaedio oo dichos fctorss

de saguriced,

h} La astruchureclin no sufrird carbios repantinos en los distdn -
ol nivirl 08 ¥ 80 s distntas erujlas.

L ) Sa podrin usar contrventsos, con el fn de ecucle las geflexds
naa glampra y Cpando Eetos N0 ae cotslderen coma alamenton reslstantes

y i dlasfen par gos Mflles 0 s deacorsctsn ante o acciin da wun siermo de

GO o pr bt

o=

o p—

Se considarsrd un factor de ductilidad G=d4 pers estructuras Tips L, one
roax stencll o bodos los nlvelss sea survilpistracs scClusiwermants poe e
oo da concreln, MASArE O 0o con o BN Zoras de foencls dafirices,
#CAN ahtds CONraventedtas & no, & 88 cumplen e Mgdentes condiziomna:

&) Dmbard cwm@lir con lon ncisoa (e 3 (B X (& ] [(FI¥ELh)

chal ure,

b E1 facior de segoriced para fusrm cormnts da antrasien, as

mayor an tocos las niveles goe 085 dol promedio de diches faciores de

wgurioad,

c) La capocicad del marco pare reslsti- ferzoe herr 2ol eE win
L ia- cpn UL contritsc lin da Ton contravemieos ses Dukndo manos 20% del

el

d)-Loa alpmentus 08 concreto debardr: diseflrl, e poserdd oon

lon r-oq‘.uiuth:rl para aptruchuras an zora u(smica oal AC1 318 - 71 { Aphn =

dice A 3.

Qw X,

Entructaras Hpo [ qua rouran los reguikitos del actfodls 7.4 y curs Al -
A BEa mMAyor que F vaces 1a dimareibo de 1x bese. Pare wvelorss o8 YD

anyaﬂwlrd‘- Iy ﬁmﬁmwmimx -
e grtra Oy y O=4 mn-.u;tmud-h--umt.m-y_bhm-

menalbe da e beew.

LR . -

S usard un cosflclentn e ducHLWAd O = 2 an estructures de los tipos §,

Dy 3, cuye reslatencis a fosrzas laternles sea surndnistrace sxcluniwwmen ',

[ F-ﬂ"' rrarcos O colurran b coreratt FeforZado, madere o RoerD O P )

rJros de concrato o ramposter{a ga plezas maclzas.

AT

El valor ool sooficimnts de ductilidad &1 serd LOU1 & 1.6 pars sstruchras

dul Hpo 4 Gys resletancis & fusrzas lateroles se8 Baminlstreds por une



colurrs & hilaras de columnas de concreto reforzads, madera o doera. S

ta #structora pa snallza dindmicarrents pueds congiderarss Q= 2,

Tarrbién so usard G2 1.5 an aptrechiras de Los Hpes 1 & 4, ouya resin -
tencla o fusrzaa 1atarales an todon low niveles sea surminlatrads por el -
mentos que a4 deacriban an el plreafo 7.0 4l mesaos sn ws olvel pore mu -

rog e mampositaria da pleras Fowcas,

Q=i1,

s —

Para estructuras de claiguier Hpo, oy resicterscis & fusrsas lateralas
sea sumunigtrada al merns parcialmante por alarmentocs Bachos de matasris

las quee ey gadn log arriba Indicados, sa ukard un cosllclants da cduct Uided

L=2 1 "

Fara estructurex principales Tipo 8, ol walor de o, e peoparslond Adelan

t,

Cuande laa deforrne jores locales dal suels contribuyan algnificative men -
tr a loa desplazamisrtos de 18 satructurs Los walores de Q que Be aspec] —
fican &n lox phrrafos precedantes serin sustitildos por Wl ruave O dade
por: G = { Gy ¥ 3yg 3 [y +yy ) donde y e crl s pLEAr Lt R 24T
del cantra de gravedad o la sstructrs, caloulacs sin tenen an coents las

deformmaciones 1ocales del terrend; yg, #0 Oy, o W pACts del Gesplazs -

mieno del cantro s greavedad de bn sstructurm gue =8 Sebe a tan defororm-

*

clorws localas dal tarrene, v @ $8 e3pwalfica en 108 prralfos que artecedsn,
Fara wiltrse de O igales o mercras gus 2 ¢l valor de Om se tomacd Lpal

a ., . -

Law racairandaciones ua anlsceden, correspondo & astructcres con reils
clfat fuaria-dafommacitn senslblaments stagtoplistica y para lox cunles no
2o realice un actudic de ductilisadss. En otras pondle lores, s& caloulerk -
O wepn olrok Hnnnmiart-n-. ) .

Cuando W estructuracitn propussta eea suscaptibie de tomar difsrentas va
loren da £ sa adoptard egquel velor de G gue properclona e sohuelfn mils

woonderd on .

CRITERIDS DE AMALISIS

En al ardllain sfsmico da tade estruchirn ze supordel gus ds meners Lode-
parcilants achian los movimlsntor en dada una de don dl.r:-::cims hord ron =
talas oriogonsies. Se verlfcard g La estruchas s calaz o reslstir ca-
da ure G #atas condiclones por sespareco. Las eitruchsms do plant lree—

gular o sstruchuras que son aproslmacsrmsartis n..llu-drwchl mn plants pusden )

requerir ardlisis en otra dirscclén. Adembs, an mlembros g son Ly T

cinilen an diracciones oblicias que saglin Ton wjas do ardlinia, sa revicard

s reslaimmcih oh Bepallag oHreCelores .

E1 andlisls da fos afecine dabldos & cada crmporants del rmovimlionts del

tarrano debe satisfacer Ton migulsntess ragueleltos!

2



) La influencie de fuarzas lateralen se analizark tormrda Bn cun

i los despiazamisntos Ferizon@les y varticaley y los glros de todoey loy &
]

Tarmertos Integrants s da 1n astructura, as{ corme 1a continuided ¥ rigided

de lom mismos. En partlcuiar se conalderarkn jos efectom ce la inercle ro_

tacional & loa péndulos Lrvearticdons.

b3 En cads slarnanhs t4 tomacdn e coenta todes las geformacls -

s gua afacten marlarments log desplazamisntos ¥ esfusrzos de diseio. Tam

Bl pa tmardn &0 cosmta lag deformaciones locales ool terrens y. na chi =

pides o laa fwrzas pravitaclonsles que actien e & astruthes dﬁ'brﬁ'nli-

" csardgc astas ogan afectos s51prificativos an la respusiie.

e} En satructuras matilicay ravestidas de concrott refocezado, e

rd factitle considerar la noclon comblrnda ds estoa materiales sn al_c.&l -

.‘!

. 1
culo de asfuoerzos ce Hgideces, debifrdows nergurar o) trabajoe comblnado

e 1Ak ass lones comipuasine. . |

d) S& supordri gua no cbran benslones ertre 1a subestruciurs y wl

tarranc, debifrdoss patiafacer el squllibrio de lan fuerTes y momentsd o—

talas calculadon. Se revizard la segurlded contra loa sstudoe 1Tmite de la
cimantecién, S axieten slecrentcs, @jeas como pilotes o plise, capaces da

les prasmrd atencisn . ol Andllain.

- - L]
. =

ol tangloras, e

) Iﬂ'm;u{ummlq.ﬂ-rphmhrimrﬂ}, deberd diatrituirse |
[]

antra 1o% slamantcs resistontns pmpnrclm:n:mrﬂ: a su rigicer, conxlde -

1

' - . i,

} rando la rigidez del cistema de piso, diafragme o contraventsd horizental.
I .

Sa varificarf que |2y deformaclonas de 1os sisteman estructuralas, (ncle -
yerdc lax cll- 1as igsas de pime, e=on cempatibles antra &, Se revizacd gue
todos lox wlermenios estructurales, incluso lan losas ¥ 108 arrleatramisn =
: tos oa 1o sistemas da plae O cublerts, sean cAfaces o realsts los wsfoar

zos inducides por 1as fusrzas slamicas.

Gnrrn almglifcacitn an al disalfe sfsmico da cmtn.-cclm; da lllur-. ma -
nor o Lol g dos pleos & @ m,_con s{stomay de pled 0 autderts lrﬂu‘u-
dos medlante :umamr{gmmmphmmmnﬂmwmn -
elbn con la rlgidez de los alementos un proporcionan 1 resistorcia late -
i, podel sonsldernras gus cacda Lno de ssbos elernentcs reslstanis s &

;-tlmuuunupnrt_-d-ru-m:umtmmwpﬂﬂhlwimwhr

Eria oor glamg En clon ntvel, ~

ry En el disefic de marcos gqua contangan mblarcs da rrnrnpun_nr{-
Hl!-'pnﬂdriqutaxﬂurm cortantas qud obran an Ertos astn egqullibre —

doa PO fusrzay axiales v cortantey 0 los mizmbros que consthnr bl

mred.

Axlmlame, se revisard qos s ssquings dol marce ksan capaces de resls~
tr Toa -m&umwium“mﬂm sjarcan Lo ta—-

* Eleroes.

an



8
AMNALISIS ESTATICO

FPare calcular las fusrzas cortintes oe disalia ¢ diferentas niveles da ol
estructura, se supordefn los dos slguientrs sstadon de carga achando 3 -

frut i mcarments |

&) Un comjunto oe fuarzas horizonlales, ackando sobre cada uno
. da lom puntoy donde Ea RUpSnghn concantradas e rmaAsay de 1a eeiructure,
Cada und O #3038 Fuer2ed S rrard (ool ol producls del peso de la e =

= corraiprsd] ks por un coafieiente que varis linealments, deade caro

an 4] dasplanta tfa l.n.alt.n.rc.h..rr‘ { a daade ] nival a partir del cunl sus du -
formaclonss pusden conaldararss daspreciables ]N;.tl e el D e il
ExtrawT papacior de la mlene, de mods gue La r-hc!-ﬂn. WAN en la bame
o8 (gl p 0,95 COLG, o0 dosde O y & son Jos cosflclentes definldoa, O
#5 un factor reductive que depanda da W flexibilided e la Astructura y gue
vale O, u-/:l‘ para consbrocs lorvan e Ll zona 1, _»;r 1.2/7T pars conatruccionan
«rt 1a rona [[, donda T ex &l periodo ratural de vibracl &n de 17 estruchers
&N peg, calsulado segfn s (ndica mis adelants wn aate articulo, E] valor

< O no dabe Evnacse menr gue 0.4, 0l mayor gue 1.0,

J aw un Facksr reductive que depends det amortigoamiento e U el -

ruchaes, y g adouiers \ow slgoisntes valoran:

o= D.8; Pare sstruchirag de Acero remachedes © atormilisdes, aef

| e pard astruchiras da maders.

5

4

Jw 0.5 Prra astrucharas de concrato raforzado o presforzado.

JE1.x Farm sitruchess 2e acerp poldicdes o con ntas & base ce

rmillos de &l replolcncle trobs firde & freleclin.

La fuarza horizraml Aplicace en ol nbval 1 estard dade por Ta sigulen

e wprwi e - -

COw Wik, L

F=ooas S 0
@ £ (W H ¥ Wy +WgH, 4, W HL )

Fij= Fusrze borizontal en el centro de b mafa de peso W) y Blum

Hy sotwe ¢l nival de la ises de e astructers,

H = Alturs sobew sl nive! de la bese del contro de 18 mass conel -

darade .

14

"W - \I'.'f.|+ WE + Wa LI = Fago totml da la estruchera,.

W= Pesode la rrbea L

n = hwmaro tolal oe magas de e aebructeee

’ -
-

Sy 2 dafinldos an lox xeficulos 8, ¥ T.

4
n
1

Dy J derinidos en este articulo.

E clilculs del prelod: ratsra] o8 vibracion { T ) de las estructhsray du s

Plte gue a8 utllzard en sl cdloulo dal valor de 0, e podrd efectumr ol

Tarcio \n migulents wnpie it

- mkamm



TeemaC L Ewy? seny, s

Wy = pago de nivel |
¥, = Desplazamisnto borizental wn nlvat 1

=)

- Fuerza aplicads s el nivel 1, proporcioral e F,

d = Coeflclents pare fomar wn cusnt® las var iscloneg en el ciilow -

1o del periode ratural { o =073 )
a

En la flges slguients sa roestra esouemdtcarants al sigriflomdo de tes

warlablay que Litervianen o el cdlculo da T,
Pn fn

AT

by tUre fusrzs actusndo horlzomalerments concentride sn sl extremn

suparior de 18 Eetrucoies, Bln bncluir targues, apbrdices U otros alamen —

o cw- satruciracitn diflers radicalmenis dal resto e i congtruccldn,
. .
Lol & O, 05,
) .
i

3

]

2D

La sstabllidad da targsey e % hallen sobrp las ealrturas, aal como 1a
de todo otra alements cuye ertructureciin difisrs redicalments de e del
restn da 1a constresifn 0o mano- gue &l dobla de s que resulis ﬂ:.pﬂ -
car 1a aapacificacibn anterior nl’ meror gus la gravecsd multiplicads poe
C/2. S Incluysn en sata requisllo los parapstes, pretilea, aruncios, or =
muTEnice, yaranaiea, murod, ceestimisnt y e anclije y otros aplin -

dlcen, .. N

4

Sa Intluyen aslmismo, lox alamentos suistos & ssfierios goa depmnden

principalments de ou peocds aceleracifn £ o de e fosrm™ cortanta il dal
Increments o8 vOlieo 3, OOMe lag losas QU fracecriten fosroas o inercia

da las rasas g soporen. |

Fara firas de dlsafo se lomark al roomertn ce volboo enlg dad MAre cada
marol o grJpo de elemantos reslybentes, on gl Alvel ok aa arelize, igasl
al prociocin e B feerzs cortants qua allf chra poe sy distarcis sl cantro

de Iam rmasss ublcades werlbe ge dicho nival,

La axcentricldad toraional calzulpds an cods nlval e tomacd como 1n die -
tancin gntrs ol contro de esibn del nivel correspordiarts v is postelbn de

1a fusros cortands en dicho pdval, &

1A wxcantricidad de disafio. e tormard como pe describe a continueclfin: -



x!

a} 1.5 vecrs &t valor caloulada s 0,05 vecas 1a midxima dirman -
pife det piao que ax Bnalizs [ excentrlcioad ml:nidmt ), movdida an bl -
recclfr ror-mal & e fusrch coctanre, para ] dise®y b MisTo 08 Egtrue -
rwrales en @ los ATactos da la torsifn calculoda sean aditivos & log o8 fuer

za cortanta directs .

b) El valor caleulado ca la sxcantricicad rmeros la excentricidag
accldanl, parm al disafo de Jos miernbros sstructuralas =n oue loa e -

los 9 torslfin caloulada y de cortants dirgcts difigran en $lgno.

Adurria an nlrgln GAso sa tomard la sxcentricidad de disefio menos gqus L

rmitad da la sl sxcentricided da disefio de lox rdveles gue s« ballan e
bajo dsl que sw analiza, nt 58 moeard s torglfo da disefio de sntrepivo e
o qua 1n il da 1s rdadra toesibn de disedo calouiades pora fon antra -I

pieoe g g4 ballan arriba del Gue e anilizs, - R

MNOTA: Lg mancionede anteriormante s aplice cuando to garant -
ra |& trangmisibn da b fuerZa cortante stamica mntre MArCoS adyncentes
o kel da slatarran de plso Higidos, conbraventeos horizontales, w otros

:{:hﬂ'li.

ANALIS]S DINARAICTY

Son admigiblas coma mitodoy de andlisis dirdmico el and|lsls modat ¥ =]

chlouts Rt A pasn b repoREDAS & tiwrrislorns SR Mok .

i .
I 82 usa a] ardlin|s modal, padrein desproclarss aguellve modos e

tes 8 vibracldn cuye efects combimada o modifigue ioe exhmrzon oe &
aafa I_f:rﬂtm mn mig de 10 O clenby . Potde tambliEn Sesprociares al s -
fecto Hofmicr lorsionl gue replte oe excartricldades, calouladay ¢std -
Hearmerta, MO Meyores oo 5 Por clonts. da la dirmens o Sel pisa, smedioa
an 8 miwmrs dHracci5n m 1a in:;r\hﬂ:l.chd. El sfacty de Achas axcent-| ~
cidadns v on e awcetricldad accldetal sa caloulard como lo mepecificon

ol artfculo corrappondlents adal andlixin axtdtico,

Cimrchy pan apllcatls of andlisls Sirdmdes modal, sste 56 levard & ot oy

Rouerdo con las siguientes hipbteste
a) La satrucoura se comporta elisticamants.

k) Trathndoss e odifclos Nn-;r-ln-, ! Safaciro de at¥ iwracio -
nag pora disafo slemist, axprasdo noc-'rnfnc-:tbn dula gravedad, asl =
oual a af T. 3T, donde C en sl cosficlonta basal T oa al parloda ratural de
frieids v B[ F ) anth daol por s aigilontes sKEreslones, = ine qus T S

B an S g
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T
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O Lok ]
-‘n['r)-.i. = T=0.8 5w,

a(T)= 0.8/T, &l T = 0.0 sy

o 11+

AfTIm 1, o T-= 1.2 g,

T Al LT, T 2 1.2 v,

En cunloulers e las roray (16 11 ) e acaleracibn sspectnl gsth dede por
ln expresifn algulente; A(T)w a(TI2g donde g es In gonlesncifo de I gre -
L ]

wicadd,

Las fusrias y sefuarzos calcuiados Gon lox agpectrmg citadcs Arribe Gete -

ehn gividiFres antra || walor da O aplilcable

S spondrd Gua cada perlodo maturel de vibraclkln pasde ser nfprior al

. salculado Fasta en 2% par clento ¥ £e adoptard et walor mA s desfavoe-able,

€) Lag atultr aclowes etpactrules especiticadss se deberkn muttiplicar

por #1 cosliclen * ot arroripaamienie J, caftnioos Sotarioe ks .

5l e rmplea vt Miicdo de cAlCulo PRS0 & pASG e FEE{LaEtes A 1pmbiores
eapecificald podrd Acudirse & regleiros de torllores reales o de rmoed rien
tos Biruiatos o & cormblnecloned Ot Ealon Slarmprs Qe $= LEen Mo TTsnoe
e cumirg mowim s repre et tivos, [ncependiertes entre of, anes e
tengldacys maan compatibles oon 102 demds critarion gua coneigon el pra -
mente reglamento ¥ gue BB tenpan wn cotnta gl compor@mismts no Ilnu_l e

Ia extruchsre ¥ s Incertidumirss goe Fays S0 cuEnbo & sl perE et .

Cal AN O v LIMITACION DE DES PLAFAMIENTOS HORIZGNTALES

Sa debardn reviear ios deaplazamisnios horizonm | ey da la ssbuctors -
mrtuymlp-gme to amwriten. debldom & Jas Faroes procsctday o uny

wlpro ce inbeneicad redks.

Loa desplazamlentta ze caloulankn muponiendo oue 3obro La estruc s o =
bre Una fugrss cortants o], W, (el e 0.3 D W, 8 Ests en el grupo A,
deﬂ.mDMnl e dal rupo B yde CL18 O AY 5l ex gl prups G, Eate

m-n;-m:mmrimmh estruchirn con ta diatr{buctbn gos

4 cbtlerm de aplicar loa criterioe de Lo articylos 9 & 10,

T
iw



Cusruds tays pellgro de eollylin entre estrocturas o phetes da la misrma,
debiday 8 draplaZamientos borizont@les relathves, asl eome cuarndo sa ra =
giera revizar 1a exabilidad ool conjonto ants u 5iE5Mo de gran intens] =
cact, las fuerzag Coranten totales, V., ot 5= conslderardn, cardn Ignias
aLVED .M, 0.600 W v 0.48 0 5 pam estruchuran de los grupoa A,

By C respactivarranta, L fusrzs se distrituye lgusl que sn 11,1,

Las daforriacicras latarsies relatives snire enbepisos 0 enbw niveley de
ssjeciin g acabados 0 de plemas de equipo n‘ilmlur-in 't atuerdo con 1o
al Al r-q..rlar‘l‘-parﬂ wvitar dafios an dichos aterratoe,. Loa imias Im -
pueston & deformactore s sn cuestifn, deyberkn ser aprobsdos por wl Gl -
to- dal progmeto. La limdmelfn puscds omilticse coanco o8 slamentos gus
Ao fGrivan parte integrantas de la axtruchirs estén ligados m ¢lia en al for
ma que no sufran dafios por lag derormicionres da Gz, En aste caxs ro -

rA nacapario tmitar loa d-lphzarniuﬂu;- htur‘lu-aflmlm- “lw-il ri- a~

vitar choguas entra SEtruchureg contiguian,

En el chiculo de 103 deppiazamicntos sa tomark sn cusnia 1 ralgicer ou i

do wlemento que FOrme phrte Idegrints o Le watrocbers.
r

PRECAUCTONES EN VENTANAS

En factadun mnto (rterioras comro wdtartores, loa vidrlos de vantanas s

culnclrlntnmn-rtudilmdejlndn-nmdunmu.m_h -

v blero una hwigera por 1o menos Lgoet 8 18 mitad del deaplazamlants had -
zontml relative Pntee sus extram.s, cateulads & partie ce 18 deforem cifn
por cortants gw antepso y dividlde entre 1 + H/O, donde B e e basa ¥ H
la aTtura del tablero de vidrio de e 5o l‘.n;u. Fodrd omitirae asta precay

€ Itn cuanda los rracrcos da 1o wertands estén Hpados 8 la 2atrachirs o tal

o rranecs gk Tas dsforrmacicres de Gea o e afecten,

PRECALCICNES COHNTRA CHOMUES ENTRE ESTRUCTY -
‘ RAS ADYACENTES °

| Lax sgtructures athacentes dobarn sepurarse antes 50 oo minlmo e & em,
p-mmmmnlqnhmdllwwlnﬂunmlutmduimmmmmn-
tox miimos caleuladng para ambas Corstruceiona, Nl gue 0. 006 de 1a

aloure de la conatruccibn mis bajm,

Exny stparuciones posder. reducicil sl s toman precaccionos eapeciales

ord avitar dafos for choqpees, .

i . - MURDS DE RETENCION

Lo errgiles gua Tog rellencs slercean sobre muros de retancifn geblde &

la nocifin de 1oa slamos de waioerin suponiendn goe &1 mura y e culfie da

n
flln critica me encuvantran an aogullibrio 1imite bajas 1a acclin de lae fues
Iam d-hidn: A cargs vertcal, & una acelemmclin vertical lgml e 0,3 O,
{ racla arvibe & becin abajo 3y & une acelermclfn horzomal 1poal & 0,6

Cg, slands © ol coaflciente del Art. 8 ¥ g I scalaraciin de i prevecded.



A partle de 1os arpujes determinados medlants 1o g ¢ ezpecifics arrl -

ba, deterdn Incluires o8 siguientes concepton &n el dige®S sfarnico de to -

da ruro &8 ratancife:

&) Drasdo estructural dal murc

b) Seguridad contra voliss. [Inchenda los afecios de ampujes os -
iricos y de slamo, &) factor ge ssge-iced oorvba volino, caloulacs ‘ﬁrrl:l 1]
coclants de 1oy momentios con respecio al -.-.-nt:v potenclal de volteo de 1aE
fugrzay qgun tlenden & estrbllizar ol muro snire agoellos qua Henden & vol =

teario, debw ser cumndo reros Il e 1.2,

€} Seguridad cortra desllzamients, lnclayerde lop efecton de am -

e astiticon y alermo, ol factor de segoridad contra Gerlizamiens, cal-

culadg cemo al coclants de la wuima de aguellas feerras qus tHendan s imps
r

dir et deallzamianto sabra e superficly crftlca snie agualles e Han =

Cuwp prodcirlo, debe ser cuando monos & 1.2,

DTRAS ESTRUCTURAS

E1 andlisln y &1 Heafo da estruchuras ua 1o pusdan clasificarss an eigao
da loa fipos descritos se hardn e mansra congruonte con 10 Gue marcen

iz prasentes sspecifcaciones, pacd jos Hoos ngul Lratagdos.

ol

MALUSACION DE LA RES!ISTEMNCIA ES TRUACTURAL

La valupacife de lop factores o srguridad v de 1a ¢apacioad de mlembros
estruchirdles da concreln, ALor0 y mompostarfa, s e'achBrd seghin se
ekpwcifics, respeciivements, =0 8l Feglamento vigents del InsHato Arve -
rlocang gal Concrate &G ( pordendo aspecinl atencidn & s apbedice A )

¥ an s especificicliorss wipentas pu.r-. el sstruchural cel Imetinnn A -

reacloanc ce la Conptruccltn an Acerg AISE,

Duand: se disefa pare 1oy efectos corbinados de aismo y cargs vertical
v pepArdn lox [lresmienbos de dichos reglamentos, wilizends los valores
qua wa dan & cortlruacifin en suhstituclSn de los valorss gue al respecto ”

Pl fioan 1og reglamentory antes s ionados.

a3 En dicafic por esfusrzox de trabajo o lncremertc de asfuarzos
perminibles serd oy 50% pare concretn, S0% pera scerg de refusrzo y S0%

« pard scart setructural.

b} En diswfo por resistencia Olbirms e usard un facior de carpa ca

1.t

Palr lo gue respecia a mampoetsr{s ss uysard ol capfhule correspondlents

cdal reglaments de Las corssbruceiones vigents del Distrite Federn] o otro

cidipo sapacind lxads,

b deberd coneidereres la socldn sirulioes de viento y slames.



WMALORES DE LOS COEFIIENTES SISMICTS

Las construcciones del prupa A, asl coma agubllas dol grupn 8 deberdn

0T CAMCEE O reslstir

a) Un sigrrm de mediana Intansddad, I:IE.IFI.IEI del cual L cperacifin

oa la plarria no et interrumpicse. ( Sismo de opereclin ).

b} Un slernc da Qran intensldad an el cual no deberd prodocirse o
colhpmo da 1 sstructure ¥ on al qus 108 GeFon Sdridos puedhn repararss e

un Paricds de Hameo relathaments corta, ' Siama de disefo ),

Las cormtruccionss g los grucos B y O, s dissfardn unicarments
ark reziatie ol slsmo g8 dlaafo sagin e Indica o &l pArraro b pracedan -

-

A modo Irdicative, 1a table siguients proporcionn 1o valores det coeticien

te Casal parm construccionas de los grupos By G,

La mbls as spllcabls pare sstructuray Grups "G". Prra conatrucclone® o
pe "CT loa valores de 1a table debardn rrulHplicirss o 0.8 ¥ por lag del

grupo A por 1.3

Fart ardlisls esthtlco debard vearss ol fackor redoctve *D" Que toma, B0

Cuirrta la Manibilland de 18 axtrictrs goe de cetnld asteriormeants,

! la estructura 3 rmée un porcanii)e de las cargay vives Lillizadaa en al

=%

AEDUCCIONES DE CARGA VIVA

Fara gl chlcuio de las fuerzay siedcas al valor dal peso "W", deberk

Lre e lax cargas rruartis {urﬁn: qua Aactlan POrIEa nenDEmEntE Sobhee

dizsel por fusres varbHcal. E] valor de asis porcenblie sa da an s tabds

Aftpsienti
- PORGIENTO DE LA
—_ DES TN DEL FIS0 CARGA VERTICAL .
COficlras, habimcionts, pasiilios 20%
Arwar 0 AlmAceniminnin ) EIJK
Tachos con pendiontes mayores de 5% 0%
Tachos con p-.dim- Mrcres O 0% A%
" Contanicon &y Tolves de almaceramiento
wberiae v t?rq..n: ' 100

COMBINACIONLGS DE CARGS

g oatructuras sw arellizark pare e sipdentes combinsclonas da car— '

- H
13 E.L.{cebldoa DL +L.L.T+1L.L.2& +C.L. ) +D.1. + !
L.L.2+C. L, + Tk, - . .

Ry E.l.{debldaa P.L. +L.L.1 }+0D.L. +L.L.1+T.L. ,

3) E.L.H. {cebidom D.L.+L.L.1 +L.L.2A +C.L. } + B.TE.L.V.
(dabldn e Ot + L. L1+ L LZA+C.L. ) +D.bd Lt .
L.L.2+C.L.*T.L.



En cardd casd, §& tomarkn sn CUents uniCAMmerts (A8 cargs s QuB procas .

E.L.* Efactos ce s fuarza sfamics horizontal o vertical caloulados
mepln IS reconerda ol oned .

E.L.H.= Ffactos du la fyerza gfarmlca herizontal ynlcaimsnts

E.L.V.m EFuclos da 1a fimrza glarmica verijcal uhicamrents

Carga muertn, (ncluym &1 pelkd propia 0 toodos Lok elomen -
toa astructurales d& acero, concreto, Wbique, atc, Tam =
Glén incluys ul pese proplo de todas (08 Alermentos oa e
Plans que sskin ligados 2 In cs-tn.u:m { cablm®, beiwriay,
e, 3

o,LC.-

T.L.m Efscton cebidos s temporamrs

L.L.!= Incliye el contenloo de hierlas, tangues, tolvae y oo
recipientes,

L. 2 Incluyw equipo méull, cargas da manterimiento, CArgRE en
Ionas de nln'nlc-rnrnianm ot

L.L.24 = Egqla l’mu:iﬁndo L.bz, mdamllnlta.rtu che Las Puar -
ean ylzmicas

C.L.= Cargay ¢o griias, mud-mpaaupruployumfmcﬂhdl
In cargs qus Tavanta.
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ANALISIS DE ESTRUCTURRS COH SISTEMAS LE PISO
COLTRAVENTEADOS CORSICERMADOS COMO DIAFRAGMAS FLEXIBLES

Fauricio Hanes G,.%

e describe el copportamiento de estyruciuras con sigtemas de pig
contraventeados, como afectan la distribucifn de fuerzas sismicay
y Se viento. Se plantean modeleos csiructurales para el anflisix
de los =istemas e piso con diafragmas flexibles enfocados a ga.
tisfacer la compatibilidad de desplazamienteos de lot RATCos trans.
versales producideos tanto por rargas horizontales comg por Ccargas
verticales.

e discuten dos d¢ las fupciones bdsicas del contraventeo hori-
zontal de pisg, que mon: copcentrar fuerzas laterales uniformes
en marcoe de mayor rigidez y el dictribuir fuerzas laterales con-
centradas entre varios marcps paralelos. Se deecribe uan estudio
paramétrico en el que =& aprecia el efecto de tipos de contraven-
Leo, ¥ mu geometria en la conceptracidn o distribucién de dichaz
fuercas latcrales.
Industriales.

* Jofe Sp Seceiin Estractural, Dufsote Indestrial.

L)

Finalmente s¢ splican estos copceptos a Naves

INDICE

EoEom om o on b ko ok h ok onomoEoE o4 ok

Introduceidn. ...,
Ay
Concepta da diafrazzsa,,

Medelacidn v andlisis de diafragmas flexihles. 5

Diafragma rcomo elersntc concenkrador de
fuersas laterales unifoOmeEs. ..o rneunnenonns B

Diafragma como eleranto distribuidor de

fuerzas }aterales concantradas, ... ..,..._._... 11
Aplicacion a Kaves Industriales con g:ﬁu....:.14
conclosiones, .. .. l,...._.,....____,,,__,_,_.,.19
Roferenciag. . _... FeE e mmr et d e b % ..20

551



2.1 Generalidades
El an&lisix estructural de sdificips industriales con Sistema,

piso contraventeados presenta ana serie de caracteristicag espe. Todo entrepiso de un edificio tierne una cisrta rigides
ciales en lo referente a las condicione= de carga que involug,, a flexién en el plano del sistema de pisc an conside-
fuerzas horizontales. El c-ncepto de distribucidn de cﬂftante‘n racidn. En el caso de pisos de concrezo, esios puades
gismicos del método estético equivalente, no #5 2plicable tay e vizsailizarse como trabes de concreto muy periltadas,

me ha planteado (1}*, ya que tiene implicito gue loa Sisteras de En el caso de sistemas de pisp cantravelteadss, se pue-
piso son indeformables en su plano, y en general el considerar 1, den considersr com: armeSiras haTisantales, ED pardm -
rarcas estdticas equivalentes de wiento, caleuladas en bLase 5 &_*: tro impirtanie es la rigidez relative entre el sistesa
tributarias, es vadlido en ciertos casns dnicamente, i de- piso y la rigider de las marcas.

En re2lidad los zistemas de piso de odificios industriales de icq.. En e@ificios industriales de acers, cuando no existe

en pocas oCAsiones pueden ser considerzdos como indeformables o ° losa de concreto ni contraventeo horizontal, cada marca
su flano; por el contrario, resultan ser bastante flexibles, yy sey 52 COMport2rd como se estuviera aislado (Fig. la); con-
por l2 necesidad funcional de dejar huecns de accest o para equipy, Secuentemente, los desplazamientos laterales, a un cierts
o por la utilizacidn de pisos tipo rejillas o placa antiderrapant“ nivel de la estructura, de todos los marcos paralelos,

En ocasiones &s necesario contraventear el sistema de piso vara serian funcién de las fuerzas horizontales a gue esté =u-
aumentar su rigidez para lograr una mejor distribucidn de cargas ieto cada marco, consideradas por Area kributaria dnica-
gntre’los diferentes marcos, mente.,

#

Este tipo de estructuras, tradicionalmente son apnalizadas ¥ disefy. En edificios cuyos sistemas de piso sean de concreto, y
das considerandc cada marco en forma independiente (por $trga tritwm. cuando la rigidezr a flexidn en el plano dal pisa sea’
taria), sin tomar en cuenta el comportamiento del conjunto de mar. grande comparada con las rigideces de entrepisc de lox
o~g ¥ sistemas de piso. En el limite {zisteras de pist sin lresa & marcos, el sistema de piso puede copsiderarse como un
concreto ni contravientos), lo® marcos tantg transversales comg diafragma rigide, &l cual hace que los desplazamientos
longitedinales se comportan en forma independiente; sip embargo laterales, & un cierte nivel de la estructura de todos
existe un rapgo amplio =n el gum el contraventeo de pian afecta, unilns mArcos paralelos,. gigap una variacibdn lineal, como
menotr © rayoer grado, la interaccidn entre marcos paralelos ¥y orto- 'se ilustra en la Pig. lb para el caso gque no haya torsidno
gonales redistribuyende cargas y alejirdose del criterio de consi- en planta, ¥ en la Fig. lc cuando si hay torsidén. E
derar las cargas por drea tributaria, y sin llegar al casc de dia- diafragma rigido hace gque las fueirzas laterales totales
fragmas rigidos, ' se. distriktuyan a cada marco de acuerde a sus rigideceas de
' entrepl=sg relativas,
El objetivo bidsico e el poder efectuar ura serie de andlisis da PR -

estructuras planas de tal mapera gue simulen., en.la forma o= rea- Los dﬂﬂitipﬂs de =dificios descritos aon los casos extre-
lista posible, el comportapients tridimensional de la cstructura, BOs; ain embargo, existe un gran nimero de estructuras
y lograr de esta manera @isefos més econdmicos. cuycs sistemds de pino tienen clierta rigidez a flexlén,
peroc no pueden congiderarae como diafragmas rigidos.. En
En este articule se presentan las herramientss méra poder cfectuar la Pig, 2 se muestran dos casos.de diafragmas flexibles,
la distribucifn de cortantes sismicos y de viento ingluyendo la uno sujeto a cargas simétricas ¥y otro con cargas asimétri-
flexibilidad de les sigterzs de piso, se presenta ona gvaluacibn ras, se puestra también la configuracidn de desplazamian-
cialitativa y cuantitativa del ceompartamiento de diafragmas flexi- tos laterales, y las fuerzas que absorben cada ma. &n
hles por medio de su madalacifn y anflisis estiracturales, funcidn de la rigidez de entrepiso K y del desplazamfento
lateral m=n &1 nivel en consideracion, '
En estructuras con diafragmax rigidos o Flexibles, lax
Fuerzal que absorben los marcos ya no son en funcién de
+ wixeres &n marinteris son o yelerencias enlistadse Tosloriorninie.
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1.3

las ¢ 16 laterales caleuladas en Lase 2 freag
rias, -.no son tales gue deben satisfacer la com
lidad da despliamientos laterales de diafragma

Eibny N
Pating

Funciones del diafragma_

Un dirfragma, sca rigido o flexible, hace que lag sy,

horizontales totales en un cierto nivel szean Lransmit;
2 los morcos.dependiendo de sus rigidernss de entrepig,
de la rigidez del diafragma,

Los dog usos mis impurtantes que =e pueds Lacer del cog

portamiento de diafragma son:

a. Congeptracidn de fuerzas laterales "uniformes® En 1g,
marcos mis rigides. e

b. Distribucién de fuetzag laterales CONCRNtIadas entra
varios marcos adyacestes a la localivecién de

1la qu tia
concentrada,

La primera aplicacifn sarfa por ejemplo. en edificics
indastriales en los que se proporciona cuntraventeg en

¢l planc vertical en log marcos transvercaleg ceabecera o
exteriorea; esto resvlt: en unz Giferensia grande cs Tigi-
gzees de entrepiso entre 1lpa RArcos Lransversales intep.
medios ¥y los cchecers, K

]
L . - aFa

Laa fuerzas sismicas y de viento se concentrarén en log
marces cabecera a travis de los diafragmas de piso,
Este es el corportamiento real de la esbructurh y deberg
tomarse ¢n consideracifn, L - . -

l.a zegunda aplicaciin ser{a el considerar el diafragma
pora gum la fusrza horizcntal sismica de srGa aplicada en
ha marce no sole cea absorbifa por dicho wmarco, sino Entie
varios mArces paralelos, )
Corzatibilicdad de desplazamientos laterzles debidos a
caircas verticsies, - -

El comportandento de disfraomds (rigido o Fi=xible) del
sictema de piso, forca las condiciones e cemsaLlibilidaa

de dacplasamientos lateralns de los marcs cuando ustin
suieins tanto &
Chier,

fuerrzas horizontiles cons o ocargas verti-

en cad: magco analizads pisladzzaonte (Fig. 3). )
cxs3 tarhifa dete considerdrse el comportaritnia 4Li7C

ma maza furmar la cramstibilidad €= desnlaza-iens -s.

Una forrz d= log

r dirta grrpstibi
perticaler cue 52 byt
A

diylipay :
: 2, ge pr2sentd en el modal =
tural e la Fig. 4. 32 modelas todas los marcos ?1:f1"1°5
una a eontircacidén de otro-unidos con elenentoa fiéflcins
de rigidez infinita gue simulan IAa a?ciﬁn del dia.fdﬁzu
rigido, y forzan a que leog despla:amlench horizontales
de Epdos los matcos 2n cada nivel sean igualea. En ;ate .
cazo lag propiedades ceobaditricaz y las cargas para e
models del marse 1Y-5Y y 2v-4Y deben duplicaras.

curanda al‘diafrngmc no e pusde conslderar como rigido, ¥y
para el casn =n gue nd haya torsiﬁn.en planta:.se pueds
mondelaz a la eslructiura comn se indica En_la Fig. Ei_e?
iz gue las bair. s de unidn ontre marcus.tfenen una ;19.-.
dox Fipita ohtrnida a través de un andlisis del diafragma

flexib:le.
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un sistema de pise de un edificio industvial disefade
estructura metdlica y que esfe contraventeado en gu Plan;
=erh un Glafragma flexible. Este diafragma paede CtHSiﬂe:
rarse cCmo uné armadura ep 2! plano horizontal SOROTtags
eokre una zerie de soportes elfisticos, los cuales Simelap
las rigideces del entrepiso inmediatancnte abajo dol picg
en consideracibén,

En la Fig. 6 oe mnesira el modelo estructural de dichg dia.
Sragma, Las LAaryas vertichles y horizontales en las lineag
de log ejes del edificio, representan les vigas de los pagy_
ncos, . Todas las diagonales y otras barras son parte de],
contraventen horizontal del sistema de pisc. La rigides da
los resortes mostrados, son las rigideces de entrepiso cajl.
culadaas como me indica esguemdticaments en 1s figura,

b =ste modelo estructural se le aplican las'cérgas COoOrrec-
pendientes al efecto que se cuiecra analizar, sea concentra.
cibn o distribiecibn de fuerzas sismicas o de viento, =e
chtiene del anflisis las fuerzas en los resortes, gue a =g
vez son las cargas horizontnles que ze apliecan pasturior-
mente a cadz mirco para ser enalizados como estructuras
vlanas, Tarhifn se obticonen las fuerzas actusntes en e]
contraventeo para efectuar su disefio por resistencia.

En edificios industriales de acero los sisteras de piso a
vectes pusden contyaveninarse uniformemente ctme se muestira

en la Fig. 7, oere puchas veces resulian diafragmas flexibleg
tan irregulares como el mostrado en la Fig, 8. Para estos
dos casoes particulares se muestran los porcentajes obtenidag
de las fuerzas totales gua absorben los resortes y se comparan

conh los porcentajes que corresponderfan al caso particular de
diafragma rigide.

En ¢lerto tipe de indastrias, los edificios de proceso de cop-
crete reforzads, requieren de huecos crandes en varios niveles
Fer2 alejar equipo ccmo se indica en la Fig. 9. Existiria la
cagda 5 =& pouede o no considerar 2 estos pisos cemo diziragrax
rigidos, FEn la Fig. 10 se
fcrma esouembtica,

ostTa =] dodels estractural =n
ctm3 uUn marco cerrado gcon trasmos de serccidn
variahle on forma ascatonada, soportade ssbhre resortes sliscf.

cos: el modelo estruciural dotallado se muestra en la Fog. 11,
el czal fuf anelizsdec [2) ceagp dinfragrme flexinle v les faere
SEEf gpe 58 chtuviespn 6n L0 TesCcTAns Se &Dliceronm postaripr-
Cenit o menos cprpts horinpreelers a les mavosr tlencor,

v

Tiir ienirs ciopirz poily surovodleleds o mnl_zeln, ez ozo-s
o ocFrvs ¢ oxps rltcs 'elerwnoig flpizeos) ¢ oo o radele pir-ll

“'i [ ]

fstudin Fasa-itriz-.

Ea ciortas oessiznes va € rrev’ stte el acentuiz’la
difercencia cde rigidh @ £ £r: - tdo entre fACcos pal

'
-

T EoLp -
los, para ativiar a lo. 1 +r2, = T9: rigidos d= ez 072

orof cidas por carc:s laterale-, y gonteniral en los re”

;PS mis ricidos mavor opurgentaic Ao la carje latersl to-

£2! de un cicrte nivel,

Unz2 condicidn 6pai~r srlv el ficenar & cleztianl-.ra &

mecong inttcmedieg Deps =ormap wereicales, ¥ €onoenir

secciones de mis . r23 @:iTalzs la intensidad de las faer-
+

zas laterales gue dicher mrrz.s registirian con un ssire-
esfuorzo del 3Y,.. L3 Jifere-zia entre la fuercza hﬂrizap— .
tal total y la ajlss:vids por los marcos intatredinos, dece:r
ser absorbica por 1os marcas mis rigidos en las gque se

quiere concentrar 1as fuerzas laterales,

Un casp particular seria el ce naves industriales en las
cue se& contraventea los marcos éxteriores y se procura
&ue tados los marcos intermedios no sean panalizacos oor
absorber cargas laterales.

e efactud vn e&studic paracdézrice {3} do la cepcentracién
de ca}gu uniforme lateral en los marcos extericores a tra-
vés da varias configuracjones y rlgideces de diafragmas
flexibleos.

Los pardretros que intazviesen en este estudio son los
slgquientes:

Tipo de contraventep.— Se ronsideraron cuatro configu-
raciones geométricas mostradas en las Fiquras 12 y 13,

a'

b. Gepmetria de contraventeo. - 5Se considerd on rango

amplio de propicdades geumétricas de las secciones

transversales de contraventeo {hrea, momento de lnercial.

¢. Rigideces de entrepise.- La rigidez de entrepiso de
los marcos intermedlios considerada fué de 42 T/M ¥
420 T/M. Los marcos exXteripres so consideraron cined

¥ cincuenta veces mis rigidos qus los intermediox,

Dimensiones en planta del diafragma.- Tres relaciones

de lado large a corte (A/R) fueron consideradas,
Am=tr £ o4 T oA
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£l podele csiructural utilizado en el urdlisis fof sip-
plificade Ge una armadura plana, & un mLISo Co:Iradg Cuyasg
barras tienen asosiadas propiedades geomftiricas de irap

y momento de inercia eguivalente a2 lax de la armadura,

En las Figuras 12 y 13 se muestran los dos modelos super.
puestos para los cuatre tipos de contraventeo. EIsta equij.
valencia fue hecha con el cbjeto de reducir el nimero de

nudos y miesbros en el modelo de anfilisis para reducir
tiempe de computadora (2).

Las cargas a ias gue se sujetd el modele fueron fukrzas
concentradas en tados los nudos simulando unz carga uni-
forme como seria la de sismo o viento.

En las Piguras 14 a 16 se muestra como afooian los dife-
rentes pardmetrog al pnrcenLaje de la furrza harizontal
total que absorben los marcos exteric-es o cclecera [%CAY,
Fe entiende por geometria (abscisas) en estz cuzvas, los
velores relativos de Sreas ¢ momentos de Inercia del con-
traventes, tomands como valor uwnitario o punto de partida
los mostrados en la Figura 17,

Se obHerva en estag curvas gue a medida gue se rohustece
el coniravented (sumento de geumetria], aumenta el por-
centaje de fuerza (%CR) gue ahsorbe el marco “ransversal
exterior centraventeads, A mayor rigidez de cntrepisc de
lgs mdrcos intermedios Kmi, se requiere mayor asometria de
contraventeo para alcanzar el mismo % CA.

Tambifn se observA que para mayores relacicres de rigide-
cep de entrepliso de marco exterior a interior {Kre/Kmi},
e logra una mayor concentracidn de fuerzs &n los marcos
cabacera {#¥CA)}, o bien 5i dicha relacidm Kre,Tmi es baija,
o gad gue las rigideces de entrepisc de toudes logs maress
25 mis uniforme, habri menas concentracién 2o fuerza en
los narcos czbecera (% CR).

L2 confiecibn da dinfragma rigido es el limite superior de
eslias curvas. . Se chserva gue este linite os alcancade

més riridamente euanda las marcos intu:madios tiencn nonor
rigidez; o sea, un diafragma manocs rigide (renor gecmerria)

es suliciente Dara lograr la condiciin de dief-zgma rizide.
fomeci2a cue 2umenta 13 ricides Ge Ics marcIs intesswdios
irmi), se reciisre de una Tavor pemiecria {Clzirvagma nés

rehlislet mars

rignido,

aleenrer e copdicidn J.mite 2: dimfrergma

l*.l

|

21 *iog de €o0nhrivenivo fo &3 may lppertants par i?ifag-
ras con AR bajcs y con marces intermedios e bE, o TIGl
dex [Fig. L&), FPero a Zedica que aunmeats la re?a:: n de
dimenziones en planta A/B, y'&Gue dumense 12 rigidez €= log
mareos interpedias (Kmi), los contravertass tipe 3 y 4

son los mAs eficientes, como se& aprecia en laj Flgiris

15 v 16. .

Es convenienhte reducir el nissro de pariiios que inter-
vienen e les Figuras 14 a 1§, pars mweto se galoularan las
rigida==s de los diefragnzs (K<} €n hi

triz y del tipz de zoatiavented. F

tran en la Fig. 15,

Finalmentg, las resultados de esta eatudie paramétric? s8
condensan ¢h las Figdras 19 y 20, En la abscisd se tiene
1a relacidn adirensional: rigidez de diafragrma a rigidez
de marco insermedic (KdAMmi), y en las ordenadas el por-
centase de L2 cirga total 2bscrbida por uno de los d0§
mAre~c camecera (%CA). BSe muestran dos curvas para dife-
rentas relacisies de rigidez de warcos exteriorsas o Cape-
cera a marcas intermedics (Kme KEmi).

Distribucifn de fuerzas sisaicas.

Una de lag funcicnes do los diafraghas es el concentIar
fuerzas laterales "uplformes™, &n los marcos de mayor
rigidez, Ias fuerzas sfamicas son funcidn de la masa la
cual,an general, puede considerarse como una fuerza late-
ral "ynjiforme“, excepto cuando haya pesos Concentrados

de consideraciin.

Cuando los gistomes de piso-pueden considerarse Soma
diafragmas rigidos, la fuerza sismica total se distribuys
2 1os marcos anicemente de zcuerdo a sus rigldeces rela-
tivas de entreriso tal coma se indica ea la Figura 21 (1).

En estructurss cuycs sistemas de pisc sean diafr=gmas
flexibles, hatré gue cfectuar primero un anflisis de dia-
fragmy en uada nivel aplicindola 1la fuerza gismica total
en el nivul en conside:acifm como fuerzas concentradas en
todos los nudos y cuyas intensidades sean tales que so
Tezyultante quede localizada en el centro de masas del ni-
Vel  pm esle cpilisis se obtienen las fuargas en los read?
tes, las cuales se aplican postariorments a los mMArces Lo
fArgas para sfectuar s anilisis comn estructuras plonaa
Ndependienteu,
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nes calculadas an bhase a
{zal, ¥ anl;cﬁndole en
urre:tlvns como

4.3 Di;trihuciﬁn de fuerzag de viento,

e, Bfectuer el anzli=ics daf Lq;lg

forma aislacd gujeio a prfa 2%t
Lax cargas estiticag efguivalentes de viento también Puedn: srua triautaria c=wo Erzz T
considerarse como fuerzas "uniformes”. Los gistcmas ds “ads nivel las Fue:zas 23.;
pisc de los edificics, al comportarse comoe diafragmas r{. e indica en 13 Fisure
gidoe o flexibles, hacen cque las fuerzas de vientao tanbisn
se distribuysan entre los marcos de acuerdo a sus rigidece,
relativas de entrepiso ¥ dEP¢Hﬂ1Endo también de 1a rigi-
dez del diafragma

d

Andlosamente a las fuerzas s=ismicawg, las fuersas de vient.
no pueden considerarse por Srea tributarid, sino se debe
tomar en cuenta el comportaminto de diafragma de los sig-
temas de piso, La excepcidn =eria el caso de diairEgmas
rigidos y marcos de igual rigidez de entrepisso, en 2l que
i af pueds distribuir las fuerzag de viento por Srea
tributaria. . -

A continuacidn sze describe la secuela para distribuir b
las fuerzas da viento: -

+

a, Aplicar las fuerzaa laterales totales de viento (P) en '
tada diafragyma caleulada en bage a drea tributaria de-
finida como una franja horizontal a lo ancho del edi-
ficio, con una altura igual 2 la del promsdio de los
entrepisox adyacentas {Fig. 22).

b. Por medio de un anflisis de diafragma flexible, obta- -
ner las fuerrzas Fi gue absorken los resorte= gue sim-
lan laz rigideces del entrecise inferior 2l diafragma,
En el caso particular, de diafregma rigido sin torsifén: .

Pim —Ki__
. e

c. CTalctlese la fuerza concentrada de nuﬂo a#n basse a rea
triburarias - - .

F'] Lt =F H s
1 pr.

d, Ckréngase ln diferencia eptre estas dos fuerzas concen-
tradas:

Qo= Fi - Fal £ Goo e e e

Es~z fuerza dife:encial es la gue s trauén del diszfrag-

me, se eatd distribuyendo racim ptros marcos. Fora mar- el

coe mis rigidos @3 serd positiva, y para marcos mencs . . s
rigidor {4 sers negativa, . 5G]

=301



5. DIRFRAGMA COMD ELEMENTO OISTRIBULDOR DE FUERZAS LATERALz i
CONCENTRADRS , <oods
5.1 Eztudic Paramétrico 1

.92 1a viga ge iguald a la rigidez del diafragma Kd que g

En edificios industriales de proceso hay necesida
Lranzportar cargas pesadas de un lugar a otro POr megay
de una gria viajera, ya sean cargas del productg tenuu

nado, © bien de equipo en etapa de instalacién ¥/o
mantenimiento,

9 Ge

[P, S o] IS

La fouerza sismica horizontal de griass de alta Capaciday
pueds llegar a ser la condicién de carga gue rija el
disefioc de los marcos transversales. Esta fuerza Ctncep.
trada heorizental puede distribuirse entre varios Rarcgy
paraielos & través del diafragma de manera gue se redyy.,
can sus &foctos en el disefio,

S¢ efectud un estudio raramétrico (3] de la digtribyg-
cifn de fuerzas laterales concentrzadas a varios marcog
paralelos a través del Qiafragma. Los parfmetros quE ga
hicieron intervenir en este egtudio sen los mismos Jue

en el estudio de concentracifin de fuerras latersles des.
crito en la socciSn 4.

Fl modelo estructural utilizade fud simplificade atn mig
que el marco cerrade equivalente s Ya armadura horizon-
tal. 5& considerd una viga continpua apoyada en soborteg
elésticos con rigidez lineal f(inicarente, las cuales Simmi-
lan las rigideces de entrepiso de los rarcos, La rigidez

59 vez ee correlaciomb con el tipo de contraventec y su
geometria (Fig. 18). '

En la rFigura 24 se muestra el nodeleo estructural asi copc
ta va-iacifn de la relacifén de rigideccr de trehe couiva-
lente a cCiafragma (EI/Kd) con respecto & la longitud total
¢e la trake. Conocida la cigidez del dizfragma Kd ¥ la
longitud L se puede definir el momente de inercia ds la
rabe eguivalente,

Se consideraron dos condicicres 8g carga en este estuogdio
paramétrico, la prime:a aplicando una Cirga concentrada en
el centre de la viga (coincidiendo gon un renorrel, la

. 1
segunda eplicendo una gargs concentrada o el extreme de

l2 viga, girulandc 1a gria en ona pesicién cenbre) v oen
otr2 posicifin extrema.

Tcoincide con 2l punto de,aplicacidn do la on

-

Er 2@ Tiegyrr 25 g2 raestzan los oo 210201 0 :
E Tie

estudio paras3trice, Las cordenadas son porSen.ad
Taguz
r

[
R ow

A

4e 1m fuerz: coacentrzde gua absorbe 4l =Y
2r 0 sea,
F : i - LT
goe del 100¢ Se la fuerza' aplicadi, =1 mares a2bsorberis
inicapante los porcentajes indicadss on 13 ?igr?a_ LAK
abszises son valores del momento dx ipctriia 2 i viga
egquivalente,

-
o
2

sa cghserva 4= la Figura 25, gue para un adsso ﬂiafrf;m{
{(valor de 11 absecisa), el porcentaje d? ?arga‘que HJ':FEE
el mares es maygr entrs Mayor sed 3u rlq;deztﬂegentreggsa_
O bien, pacz poder chitzanar un misTo porcentije _e‘carga
que absorba un mares lordanadil) se fetw i hacer nis ru?u?-
to el diafragma {aumentar I} & madica guo dumenia 11 rigi-
dezr de entrepise del marxco.

Tanbién se observa fe la Figura 25 que pera diafragmas
mis rigidos (I mayor a 1), cdando la carja concentrada
estd en el extremo el edificic, 21 porcentaje de carga
%l gque absorbe el marco en el gue coincide la cargm, ws
mayor al porsentaje de sarga %P gue absorbe el MArco
cuande la carga eztd aglicada al cenktro del edificin,
Sin embargo para diAfr-agmas muy flexibles (Imenor a 0.1}
el pfecto ocede llegar a invertirse.

Es conveniente reducir el nimero de pardmetros que.inter-
vienen en la Fig, 25 de manera de obtener una gréf}ca can
mayor utjlidad préctica, Todas las curvas de l? Fig., 25
se transformaron a dos, al graficar en las ahs:zs?s el
parimetro adimenalonal ¥dAmi (relacidn de la rigides del
diafragma a la rigidez de entrepiso de loa marcos). BDe
#sta figura, conocidas las rigideces de diafragma y del
marcp tipico, se puede obtener el porcentajs de la [uerza
concentrada aplicada (%P} gque absozbe el marce en congi-
deracién., Este porcentaje para diafragmas medianamente
Contraventeacdss es mencr del 30X para carga al centro el
edificlo, y menor de 40% para carga en el extreno del

edificio,
*

2+
Dixtrileycifin de fuerras concentradas,

Es:eatudia parambtrico descrito &n la suc:$6? Qntgriqf
" Pueda utilirarae para determinar el porcentaje de la
BXza concentrada horizontal P gue absorbe el marteg que
“eincide con la pomicién de la carga, Este marco ¢g el d
i“tErén, ya que otros paralelox absorben un porcentaje

‘-

SE3



d¢ carga menor, ¥ siendo la cargs concentrada la
ds por gréa, al cambiar la posicibn de la grda a
narco paralelo adyacente,
mizmo vElor de XP.

P ot
. otrg
se ﬂbtendfia préctlcamEnte el

b

El hechc goe el %P que absorbe el marco en el que coi

cide la carge concentrada herizontal permanece practi:-
nente constante, independientemante de cual de losx 8-
centrales &g el gue B3¢ carga, serd cierto & partir
clerto nimero minimo de marcos paralelos,

RAreoy

=1
y de 1a rig un

: 11 14
relativa entre diafragma y rmarcos; lo cual tanmhién Dueﬁfz
ipreciarse de la configuracién de desplazamientos 1;tEr;

les del diafragma,

En la Figura 27 se ouestran dos configuraciones de deg.
Prlazamientos, En el croguis supsrior de la Figura ze
aprecia gue el diafragma es bastante rigido y alcanza 4
distrituir la fuerza entre todos los marcos. En el
 croguis inferior el diafragrma es mis flexible v distri-
baye la carga entre menos marcos,

Fara Qiafragmas mds rigidos, a mayor nimerc de marcos
entre los gue se distribuye la carga. menor sers el por-
centaje del marco mids cargado ¥P, perc en diafragrar
muy flexibles el valor méximo dg wP wenende mencs del
numerc de marcos. .

En el caso limite de diafragma rigide, cuapdo las rigi-
deces de todos 1os marcos son iguales, Y para una Carge
SimEtrica;

%r = L
1]

Donda: P w Carga concentrada horizontal,

nwm Nimpero de marcos,

Cuando la carga estf aplicada en el extremo de un diaw
fragma rigido, se puede obtener sl porcentaje de dicha
carga gue absorbe el marco extremo (3F) como la suma de
1a ccoponente rotacional, En la fFig. 28 s muestran
dichos valeres para diferente niinero de marcos (n}).

P

H S

568

6.1

Esiructuraczidn.

Lz estructioracion de una n2ve industrizl se raestra en
forra esguemdtic2 en la Fig. 29, consta de marcos a dos
aguas orientodos & la dire-ccifn corta o Eransversal de
la nave con clazos gue pucdss ser de 10 o 30 metros o

.mayopres, y cuyd sapavaziin goneralmente estd entzo 4 a7

metroz 0 mavar, fopanficpde del! material de la cubizrte
¥ los largueros que la soportan.

Lhas vigas inclinadas de los marcos soportan a los largue-
Ios, clu= a sy ver soportan la cablertz de limina Je ag-
bosto cecenzo’o lidmina metilica acanalada, La seporaridn
cde los larguaros es funecide de! maperial de la limina de
cubierza. Debldo a la incliczcién de los larguerss, se
proporcionan tirantes para reducir sa flexidn en &l plano
da la cubiartLa.

L]
Los dos margos longitudinales sa contraventean en crujias
discretas, yva que las columnas de peccién I estdn orienka-
das de manera que el menor momento de inercia colnclide
con la direecifn longitudinal,

En la direccién transversal, los mafcos cabecera o exte-

Tiores, se consideran en este case gque tacbién estén con-
traventeados. -

La gcubierta de este tipo de estructuras slempre = contia-
ventea; sin embargo la cinfigquraecién del contraventec
depende de la funcidn gue sea necesdrio que desarrolle,
En la Fig. 30 se muestran dos tipos de contraventeo. La
funcién bisica del cantraventeo Tipc A es para reducir la
longitud libre de pandeo lateral da la viga del marce,
La funcidn b&sica del contraventecs Tipo B ea el concentrar
@ digtribuir fuerzas horizontales entre los marcos trank-
¥erzales y disminuir los desplazamientos horizontales rela
tivos entre dichos marcos. EL diafragma flexible queda
:“mpuesto por todo el gistema de contraventeo de la cubier-
a

Compatibilidad de desplazamientos-laterales,

6.2.1 Cargas verticales.

Particularizando al caso da cargas verticales de
Gria, ss tendrd una fouerza lineal ¥y un momento a

nivel de ménsula o rambio de seccidn de la colurmna.
La mixima asimetria se logra moviendo el c»-ro de
ALt ~ 565



. ia hastas un extremo del puente. En 1, Pig
J._ se muestra un mMarco t;ansversal ron lag Elr-
gas de gria y desplazamiento lateral &Ly, -
Fl mizmo marco e carga con und fuerza hﬂri!nnt
unitaria y s¢ chtiere gu desplazamimto latapy)
{Fig. 31b), con el objeto da evaluar la fuympz, -
horizontal (P ) a nivel de la cubierta que Prod,.
cirfa a]l mi desplazamients horizontal que prg.
ducen las cargas verticalas { 4.g); © sea;

o= B9y

h. £11 .
El marco de 1a Fig., 3la se 2analizd en forma alyyy_
da para vbhtener el desplazamiento Ag, sin embarge .
este desplazamiente se debe reducir ya gue el map,
o no se encuthtra zislado, sino a través de lg
cubierta {diafragma flsxible) se hace participar ,
otres marcog paralelecs adyacantex. Por moadio de
gn anflisis da diafragma flexible (Fig. 3le) se
cbtiene el porcentaje de la fuerza F, gue abaorhe
&)l marce en consideracidén [ ofi}. El anfligis
definitivo de dicho marco ae hard aclicéndole lag
cargas verticalas ¢e grier y und fuerzz horizconial
da restriccifén an direccidn contraria a 1la de [ o
con valor (1 - o{1i}F,. O sea, s1 el marcg en
consideracidn absorbe « i de la fuerza horizontal
cquivalente B, todos los otros marcos absorban
i1 - #fith {ver F%g. 114). .

. . 1

En realidad, debido a las dirensiones del pusente de
sz orGa, para una cierta posicién del Duente, se
deten cargar dos o tres marcos adyacentes (Fig. 32a}.
Por medio de up 2rdlisis ds diafragrma, considerands
12 oosicién de cada narco cargado como una condielf-
‘e carga de fuerze norizontal, se poede cbiener
1ineas de influencia de fuorzes en log resortas.
r{ porcentaje total o i se puede obtensr por fuper:
pasicién lineal, (Ver Fig. 32b}:

o ix (an Nio + 91‘:{ it s f.lz X iz

Toondha ?i w Fi/P max

.Qc'--l

¢l anfilieis definitive del rérco B LeCE COMO GE
mrike op 1CE rércaiox artericres,

2.2 Cargic ferizustelos dublidas a graag,

LW
Las fuarzas horigrntales, &n 1A Jdiczecidn trans-
versal del edificio, gue prolice 2l cabeseo de la
gris o la fuerra alariza Za 1a gria, estién aplicades
a nivel de la mfnuwcla gz zzoporta la Srabe-carril,
y wn genaral &' diafrzonzr 2iziribeidor e encusntrl

a nivel d= cublicrta,

El diafragrme, en conjunto con los marcos par
adyacentes, funcionas come elemento restrings:s

go la fiexisn logal en las columnas del marco pro-
ducids por la carga herizontz] concencrada existlird
a yu rmiziza intenxidal, & zends quUe se proportisna
unhe aArmadurz horizsntal 2 cada lado de la trabe-co~
rril, cuyo poaralte sea igual a la distancla entre
dicha trabe y los patiex extericres de las columnaa.

El efecto de restrineidn del desplazamiento lateral
dal marco transversal en consideracién puede cuanti-
ficarse y tomarse en cuenta =n ¢l andlisis de la
siguiente forma:

Apliquese la fuerza horizontal! debida a gria F_ &l
marce como si estuviera zislado y ohténcase el Jdes-
plazaminto lateral a nivel de cubjerta &, (Fig, 3j3a).
Aplfaguese una carga unitaria al mismo marco a nivel
de cubjerta y @l desplazamiepto que produce en diche
nivel* A, {Fig. 3I0). '

La fuarza horizontal Fj, aplicada a nivel de cublerta
que produciria el misrmo desplazamiento horizontal
en 1a cubierta que el desplaramiento de la fuerza
de grija es: :

*

As
Fh'_ﬁh_l__XI

Esta Fuerza F, es la que se aplica’al models del
diafragma para chbtenar el porcentaje de fuerza qua
absorbe el marco en consideracién « i (Anilogo a 1la
seccifn 6.2.1). Para la cbtencibn de o i se puade
hacer uso de la Fig. 26, (Fig. 33c).

El anilisis definitivo del marco ae hace aplicando
tag fuerzas actuantes F_, y una fuerza horizontal
de restriccidn en direccifn contraria a la del des-

- plazamientns Ax, con wvalor (L - n(l}rh . Esxta filtima

fuerza es la que todos los otros marcos paralelos al
marco en consideracidén absorben.



:

rrocedimiento para £1 andlisis de naves industriales,

A& continuacidn se describe un procedimiento racicnal y

pseudooptimizado de naves

industriales. La filowafia bsg.

coansinte en considerar y hacer uso del comportamiente triai.
mensional de la gstructura por medio de artificios que poy.
miten reducir el anfilisis tridimensional a una s=8ris de P~

lisis de estructuras plapas.
considerada como diafragma flexikle, permite
el andlisis de los marcos transuversales como
de la estructura ¥ no en forma independiente

El anflizis de la cubierta

que se efectoo
parte intEgraﬁ
CcOms 56 ha heo,

tradicionalmente,

El ohjetive bisico es €l disefiar todos los marcos transvey.
saleg para los elementos mecdnicos producidos por las Cargas
gravitaciconales dnicamente, y permitir gue ebsorban una car.
ga lateral tal cue dnicamente produzca un =s=chre-esfuerzo del

A,

La diferencia entre la carga lsteral total y la gus

azearben todos los mareos intermedios con el criteric des-
crito, se censidera que es l2 carga que deben abscorber los

-

dos marcos exteriores o cabecera.,

1
La transmisidn del execesc de carca lateral de los murcos
transversales intermedios a loz dos cabecera se hace por

medio del diaf

ragma en la cubierta. Los marcos cabecera

deterin egtar contraventeados para forzar su diferepcia de
rigidez latgral con respecto a los marcos intermedioa, v al
mismo tiempo, para que puedan ahscrber dicha carga lateral
mayor.

4 contincacién se describe la secuela de andlisis y dissfc
del procedipiento propuesio:

-.a}

b}

€]

. pard cartas sravitecionmles y de ‘gria,

Proponer un.contraventeo prelinipar 'en la cubierta,
minadr la rigidez de la cubkierta como diafragma flexible
{Kd) .

‘Efectuar el sstudic da compatibilidad de desplazamientos

latereles producidos por oridd comd se describs epn las
secCicnes 6.2.1 y 6.2.2 para definir las fuerzas de res-
triccidn correctives, '
Enalizar y disefiar los marcos intermedios transversales
asi como determi-
nar sd ricide=z lateral (Kmi}. TLas rargas de gria gque se
denean gonsidear scn lag propizs mis las correctivas de
restricecitn éescritms en el naso b,

¥ -
]

te LI

568

Gatar-

4

d)

e)

£}

)

hi

Evaluar la caryt horizontal tetal debida a sismo v
dehide a vienta [FL)-

Calcular 32 gargs norizontal en leos marcos transyz
les intermedics gue producitfa un scbre-esluerz> =
33% en sus elementos (Pya).

]
law .

L] e e
“Evaluar la Cﬂ“&J Norizuaral qun deben resistir lo

‘marcos exteriorss o cabecera (pe} so tandrd.
M Piq # 2fe = Pp

degpejando Pe:
- M; Pay
2

P
pe = _ &

donde: .
M. = Himero de marcos intermedieca.
i - .

Entonces, cada marco exterior deberf ahsorber:

S 'x.mls=-—~‘;‘“

] : t

lacer el anflisis y disefio preliminar de los Sarcos
cabecera, incluyendo =u contraventeo, necesarilos para
absorber Pe, asi como su rigidesz lateral ¥me.
Revisar el contraventes de la cubierta de manera Jue
go garantice la transmigifn de %CA a log marcos ﬁah2~
cara. . .
Con relacidn Kme/Kmi conocida, ¥y para el %CA necesa-
rio, determinar K3/Emi de las Figuras 19 & 20, o su
interpolacién. Conocido Kmi se puede determinar la
rigidez del diafragma a partir de la relacién Kd/xmi
ochtenida. ] ;
i dicha rigidez Kd difjare de la supuesta inicial-
mente repetir el cicle una vez.

Ril
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MEYDDOS ANALITICOS

Enla Takla |, ke mwsstrnn las cargas , propicdocos o os materlales ¥ lipo
do andlisis estrucluro] oo s recesorlo cornlderar or ol dinatio o iberfa y
Bus Connponerd 2l pala fallas oe formocitnes y cargas ~obes ol oouipe goe in
LareonTeban., T ] -
Los chpetives de Hevar a cabn ¢l anblisls de fexibilidsd de un Slaloma de tw
barfa son:

¥, Verificar gua nlngund o les comporentes del sizlena aplh pobre eslorza
da &n nirgues 90 las condiciones da carpa que os pocible ssperar ducanke
La wiven (il dal clsternn, .

2. Reovicar gue log elemardos mecdnless, Irmpuenios ror la uxpnrelfo de La -
tuberfa a las boqulllas dal equipo Irterconactacds re sean mayoras A lag ==
permizibles., . -

Laz cargzs que normalmants ce corgloaraa won .

n) Fuoso gropie de las comporertes, Wowidn qua concdoce y alelamienis.
b} Cambios o lorgilud e la tuteefa, debodas a8 corbios oe temperetues,
£} Mosimicreor ol oqulpo ireercoractaga, .

fy Wiento v o sfamao. . .

o) Erxcltaclones inducides por el eouipo tereorectado .

€1 anlilizis de un Fistoma de foboerfa depunds tarte dc =o trazo goométrica, -
cone del Lipo v locelizocidn da los soportos; ein ermbarno, & su ver la informa
clbnpara el disafio o0 ostos elementos B8 gotiens comne resuliago gel anilisis
por 1o que en generat ol procedirmlenio of de 1Ipe e -active,

Tradiclonalmens €l anklis!s estructurs! de Fletoras do tubar{as =s s genomi
nads * AnSlisle do Flaxiollidad gz Tuberfas *, sin ermbargo, dabe hacerss no —
tar que f5to ce dobe boqua originalmants asio se wrilizf &l eodbodo de les Nexi-
bilidydes por =sla Lipo de ciloutos; mlentra que &0 ts aciualidad el méledo da
1ot rigldaces es |a ks populer,

Enlo refzroncio du J.E. Brovk o encuontrs una rovis ion emptin gobes ol andy
isis do sistero da tubarda, Incioyends 283 roferencine sl respacta. Cnlo -
mitma roformoncla so presenta fa histordis dal desarrollo de 1os programas ca -
computadorn en oalotencia, hasta 10956, .

Hlasta 1070, ta maperfa do csto tipo da anllipls s hocla oo compactomicata — =
rlintico lincal, consitorando ol sistema o Lberfn come un conjuto oo vigas
rocias ¥ curvas, Incluyende fotoreg do Inpasificns 50 da esfuorsos y Nexlizill
dod para Los brormod cuevod, : )

- 4

v

- 3 -

Por lu gemeral, no oo comsideraba factares & fnerementa o Mexibll ]l dar
B tFs Comp ol 09 (pat BN Glgunod chwes porgen allorar lam uelormp -

clores de Lodo el &inlema,

Le soluciin arallhie s Jdzb probloma geraral tWl anSlisis estructural on bres

dimensicnes, soveiceranda resteiccionnn (MErmedi impuestas Mot log ok
ferumces tlpos do arcyos, aonagus bEsheatnerde py sencilla, imeolucra Lha =
gran cantidad do cdh uloa, efcetuados do eEverdd o unn seouela guldadosa,

alin pora ol Jur ooty simples,

Exia rmolivd gus to daarrollaran divers.an et oo simplificadcs para Fa —
cur practico ol ardlicin de twhorfes.  Eluso gafersivg de lag Cox v acorax
digltales y =l devarssllo explosive o lg méicodos matrlcialen, ha wenioo a
Facilitar gl cnfilisly clhstlcn lincal da sivtenias de tuberlas, alirinando la na
vedickad da salocioene Rlmiplilcadan. =

Enla nctualidad, ool ro principalmente of Betades Unidos usa maltibod g
Rreg Ak pars enla Mo, varlordo s ostallos rranores, tales como | omdxl
me nbmers gl ramuli b, Emecs de T looos ™, tipo de reotriccliorss Lober -
rmedlan, oG, -

Une de 1o mds ampliamente tsaces ex o] desarvollado por 1a Martna o2 Loy
Ertados Unidos, oor 1e designe como MR, C. 21, B famafe mbsimo e -
Problama gue (ueds nengjor e o 99 rgralcn o 099 purtoe rodales .

El tlempo de mlailig arpleads por elemante saq una corptadora |BM-T004,
8 fa 005 mintor, Tl reparte de GeAFin daseribe 1o aplicacifn dal progra
b ¥ #leve come mrao il del usuaric. Esto programa es mane/nds por - ~ =
"Los Alamas Clenilflc Laporctory -, L Alwrvos MNow Mesfoo.

Oiro programa bastane ulillzado s ul PIPE que distrituye Argorme Natlonat
Laboratory, cwyes linitacionas son 100 rOJCE, £0 " loops ™, 25 cargas mx -
Iﬁrm_: w10 I:mﬂu:t_m. 0 progledadas de nudorial .

El * Sprdce Buraau Serporation ¥ pe thro Brgar Bmo qun preoporsbooe servd
Zio de pnitisis de Nextrilldad de tuterfan, ol programa que ofrocon thumes Tn
Mertaa da pormite ing codificacién senciile, a'e para conligureslom:s win -
Plelaw da tuboeln, .

Le mayor parte de 121 compafilas de Irgenlorty MNiorteamericanas, lalen 11
Bochtel Co., C.F, O aon G, Electric ook Dyl sicn of Gormral Dyvamil g,
ESS0 Research  art Erglnesring, Fluge Corporation, MW, Detlug Ca,, -«
At @, eille , eto. ; gue g2 dedican a reaticas Ingenierfa da proyecto, - —
then: Bus proplos progrores do corprdadora nue, por lo general, witllzan dof
camarta bn forma Inldeme. .



TABLA I N .

Facioras involucrados an al disefic de componoentes dv (uborcia

Reguer imicntos do Disafio -~ Evitar Fallas port

Al  Ruptura dcbida at .
1. cCarga Gnica de corto ticepo [Iincluyendo fallas frigill
2. Cacgas repetidas (fatiga) _
1, Carga prolongada a alta temparature {(Tuptwi s por creep)
4, Combinacionas de lag carénl antoricres
B) peformacifin cxcemiva que condurca a:
1. Fugas en aglentos de valvulas
2. Atascamionto da mecanizmsor de vilvalasg
). Fugas ¢n juntax bridadag

C) <Cargay cxceaivay on equipe conectsdo Que PLod ¢ anc

1. Ruptura dsl equipo . .

3. Scbrecargi on chumacerap de equipe rotakeq g

). Desalincamighto ¥y modificaciones a lok.clsine 1ibres
da partes rotatorias con posible dafio a drinn.

L

Largas ) N
l. Presicnes 1ntcrnal\{operaciﬁn ¥ prueba

2. " Fuerzas de vxPansisn tErmica

3, Tese propic y el fluldo

1. Cradientes tirmicos )
5. ¥ibraciln forzada [viecnto, siemo o equipo rriatorio]
§. Cargas on juitas bridadas

1. Cargas concgntiodas {'uﬁl.\l'ulnﬂ

b Golpz dc aricta

Covt. Tabla 1 .

Froplededrs da rmylerial

17 nabaulo 'dr.- clasticldad

2. Rolacifn dc Polsaon -
2. R:;r.!r-tr_rmia [ ]

4. Enfunrzo do oencia
5. Cefueczo de "croep®

' 8: Realylencia por- fatiga
T, Thoctllidad i

d. Resistencia o 18 ~witurs baje targas do larga daracibn



FroCris pPIHMMICOS IN SISTINWAS BE 11][l-l'.“IlI.h

Introduccidn

La intencitn de este capitulo & Prefentar un resumen da las ba-
sce 2¢ 18 tcoria de vibraclones eplicakles a cistemas de tubcris
para Auxiliar al dizenador a lograr pricticas de diseho que mini
mitrn la oparicidn de vibraciones objerables o dafiinac en condi-
elones de¢ operacibn.

Los cfectos dafings de las.vlb:ncinnes normalmente ne gon Intap-
preipdos adeocuadamente, ya gque han dcurride Lallas debldas & vie
Lrscifin que =¢ han atribufdc & otras Causas; Mientras gque POT &l
contrarie, oscilaciones de amplitvd perceptible, pero ne dafiinas,
han dado lugar a alarwas excaslvam.

Entee 1o efectos 1ndc:e-h1¢| qua debhe ponmiderar el dicefisdor -
de tuberia escin:

flujo qua pusden producir upa cperacidn -
ruidosa y ona turbulencia excetivh que & $U VeI generw RayOr

‘m)] lax pulraciones da

transferpgncia de calor,

b) Daf o foge de Juntas eriticas y 3ellos

c} Efecctos perjudiciales en equipo interconectads

d) Cervosifin, erosidn

m) Efactas psi_cn.lﬁgiml En lag peracnas

I Palla por fatiga

ql Prnpiﬁaciﬁn de grictas a partizr dedefoctos en la tuberia

hl Transeisifn de vibraciones & estructuras de soporte

&a ha publicade fEiatiwnncn:n povo sobre vibracifin Ae tuberia, -
sin cmbargn, hay una gama moy awpiia de material gencral sobro -
vibracioncs mecinicay que g8 Airectamtnte aplicable & las u1¢11£
cliones ostructurales de tuberia.

Los libros de texto d¢ §. Timsahenko “vihration Problems in Tndi-
ngering”
" conocidos por pu tratamlepes ingenieril de los fundamoentos 9o las
vibraclianes mocinicol ¥ Cpbkruckurales.

¥ de J. Den lartog "Bochanical VWikrations" gon los mis —

LR BT

*E. Moo principal dw vibracifn es . la

Definiciones .

1. roriodo d¢ vilreacifin, T, {en scgurdos] o8 wl tiempa que lnrda
un sisterd cn ofeCtuar una osxcilocitn complets.

2, Frecuencis do oacileacisn, F. (en ciclos por sequndo) es igual
al zeociproco del pericdo do vibracisn.,

3. i frecutncia angular, W, {(en radianes Por sequndol es la fre

" cuencia en radiancs, ! -

4, _Grndui 2o libortad e Bl nGmeto de cantidades indopendient s
que dcfirmn 13 posicifin de un sistema,

"forma" o configuracitn qua
odopta Ln gistens sl vihrar & una Frecuencia definida. E1 --
nimerc de modos &8 Igual al nlimero de grados de libertad,

€. Precusncis natura! e la frecusncia KBEROL, &% coOnoce como Fup
damental. ) ) B

T, Amortiquamierio ez mna fperza Froporcional & la velocidad de
vibracifn. gue tiende 2 rediocir las amplitudes de vibracifn.

E. Rasonancim s i;'llmlifica:iﬁn de la amplitud de vibracifia -
producida por una :ﬂinciﬂ:ﬁEil entre glgura [recuencia nato-
ral ¥, ¥ la frecusncia de excitacidﬁfiutu:nl.

5. Factor dm smplificacidn es la relnéiﬁn entrs 1o mixima lﬂpit
tud da vibracifn ¥ A deflaccifn egritica y ef funcifn del_
cociente do 1a frecuencia de excitaiidn y ia natural, asf e
me del amortigquamiento. .

L 1

Fupntos d! nnc:tucidﬁ. .

Cebe Aistinguirse cuidadosamente Entr: los traw :1po- de rihra-
clén existente)

4] libre . )
b] forzads .

t£]  auteczoitada .

En vibiacibn l1ibra un mistemo.vibra sin fuorros txterpag, la --—

excitaciGn cotd proporcienada per cordicianns iniciblces de des-



plazamicnto y/fo volocidad, . .

En wvibracisn forzada un oistemn oscila bajo la accidn extecrna de
una fuerza poerturbodera perilodica.
cifin puede ser el derbialineco de maquineria rotatorfa {motores -
elfetrices, rurbinas, C;-prtﬁurcu, bombae, ete.|

Una fuente primaria do excits

Otros [ucntes de vikraclbpeosa forzadas de tuberfa son la variag--
€ltin periodica de prexionas en el flufdo o *pulsocicnes”™ ¥ la -
aceleracidn de maRls oA Up mocanismo reciprocanto.

Las wibrocioncs autooxcltnsdna gon un fendmeno alno complejo, ya
quo =] pintema wibra afln pin Fugrzas extcrnee perlodicas y la vi
bracifin parsiste afin en presppcia de ameriiguamivnto, ya que Bu
ot {gon proviene de fucntey de gpergla interpa.

En sistemas de svkerfa, la wvibraclSn de egte tipe, normalmente ae
ha encontrads asociada o fnectehilidades de flujo qua, por lo ge
necal, e debor 2 una male pporacitin de cquipos rotetcrics inter
- conectados . -
Lamaquinarfa rotacoria conctitoye la mayor fuents de vikracifn -
mepinica, dehido a) ipovitabla deshalances da mass fque existe en
lag partes rotetoring del equipe, por lo que a menor qgue el etul
7o ro balancee muy coldadosomonte o $¢ apdye Fobru una cimenta--—
cldpn proviata de alsladérge de vihracidn, cabe ESpOTAL 1A EXIE—
 vencla de wibracicnes forzadas con Erecusncie igual 8 la de Tota
.clfh del ecgoipo en la tuharfa interconectada y las estructuras -
corcanan, -

51 ln velocidad dc rotaciSn estd en la cercanfa da alguna irctﬁcﬂ
ela natural de 15‘1ubc:1a, las amplitudes dm vibracidn pueden —=
llogar 8 sor muy cnnﬂﬁﬂernblcn ¥ producic fallaw de la tuberia g
pun componnetes . por lo genoarél, s nediang y largo plago. .
O cumpresor dol tipﬂirccjp:uéantc e una fegnte do variacidn pa
tiodica de la presibn 8 upa Irpeuencia igual & la velocidad de -

rotacién, multiplicads por o) ndmera de cilindros de accifn sim.

pPlo a por ¢l doble dol ndecro da cilindros parse accifn dobic.
El ¢ota frecucncla oftd gercand a 1a frocucncisa scfistica del kix

T

tema de tuberia conecthdo, ﬂparcczrﬁn variaclenas periodicas gran
des de 1n presiting Seto 62 cOonoce como pewondncia aclstica, la =--
cusl puede tencr clacton Adverscs sobro la maguinaria y la tube-
ria. . '

Otra fvente de excitacidn periodica es la producids por e! viento,
Ei fere incide perpendicular al ofe de un cilindto de dijectro D
[en ples) a ona velocidad conatante U (pledfeseq]l, #e producen fuer
gny periciicas <a excitacidn a yna frecuengia P (en clclosfseg})

I = S0/D -

en donde 5 es e] plmgrc de Strouhal, gue vale aproximadamente —-—
.18 pacs un cilipdro, '

Eitas fuerzas aerodinimicans Eopn éobidas a 10% wovimientos de los
wirticet dz Von Rarmisp alrededor del cilindrp y actfian a 90° de -
la direccifin del viento, ’ .

&y magritod, por 18 genctal,. es proquehfia,pero # alguna freécusncia
retural 68 encucnbra «n 1 cercanin Ar eata frecusncia pecturba-
dora, o puede pridducde uno resonapcia de 12 tuhezia.
Lagliminngcifn de lan fugnkes de vibracidn es InAudablementa el =
mitodo mix deseabls de eolucisn de un problosa de vibracitdn, ain
ambargo, £zto no siempro =8 posibie en le prictica; por lo que -
frecuentesente 52 recurte finickmonte & alklar y & controlar la -
wibracidn. -er T -

Debido 2l ntxcro tan granpds de varfables ¥y eondiciones que hay —
gue tomar en cuenta pare detcrminar un brazxo de tuberfa, no sm -
recomicnda que en todor Jog capos se ofectdn un anSlicis dindmi-
co dotallado.

Ein erbarge, s8¢ Justifica mpleoar &4lgf@n tlemps en estimar la fré
¢cugncia fundamental de una tuberfia o tramo de tuberfa en aguellos
cagck que la fucrrd Jde excitacifin cs evidento,

Ona adecnada seleecidn ¥ Espncinnlcntn dc soportas, guias y res-
tricciaoncs pucde permitly olejar Lo frecucncis natural de un Sis



Ttema de la frecupncis de eéxcitacifing 1legdnlese on CaIgE on que

fsto no sea posthla & la utilizacidn de dispositivos espocialom
Gue amortiguen los vibracionrs forzadas, Para predecic 1a ros--
pucsta mocinica do un sisbtoma Je tuberlias se tlenc que =0 1s -
realidad se presantan algunaz condicionts que dificren conglde-
rablomenta de 1o quo B= supone la teoris, por ejuur:llm.

al Log extremom 4o la tuberfa no estén nl completamente fijos
ni dmplmu'ntu npn}-adnszﬁina gn una vondieidn intermeodia,

b} El didmdatrp de 1a tu_berh o o unlforme & 1o largqo 44 itoda

¢l desarrgllo.

c} For lo general la tuberfa es contirua sobre vario- apoyaw.

d) Existen masis concentiddas gua en rinlidad san distrllm!dil
poCgue Bu langitud ot toneidarable.

£in embargo & poaar de estas limitaclone= es necesario tonar co
necimiopto do law caracterTsticas da vibracifn de viges 44 paccida
uvniforme y definidas condicicpnes do apoys ¢n pus extromos pars
utilizar astos resultados cumos punto de partida,

En la Takla 1 sa uutnt_ri las frocuencias niturales para tuboriss
{deales con varlas condicionce da Froctecs, )

tn la Tobla 1 sga munstra cong oo leglr cso0 regvltados on el oa=

50 dr cargas pongantradas sdjcivhalas,

COMSIDERADIONES SOORE T CHICAT BHOLITICAS ¥ EXPERIMINTALIS

A mta respoctt rrarcionaromon cpey los téoniess anal licas por ai solas, s

QU ropeecertan unl hecramicnta may valloss Licnon seras Hmitac ores "~

. 1og (retmavartod doban estar pur-_fuctamur“ calibradem, estn opa—
raclfn en cLadielonon de laboratoric se perfectamertes 1gice v rear
rral, pera CLando bog Lost rumendos tencn gue viajar al camrmpo gu-
rarke B trlm.;':aﬂq rpuechn resullar alectados v uetan descalibre
o y B Em‘;‘,} e# Jdificil catibear. Poe dirs parte la temperalurs

* que g2 el anamigo mwﬁu lag Sompocwrtea electrfnlcas o es =

Sontrolable en ol lugar dorde se efectuan las mediclones o sea den

. da sourren 1os prodlomas, ,

¢

y
Suporends qu; |l.l- Afcultades mﬁt;“'ll legren vercersa alin o
da el pv'cbhn"w o dﬂ.m;'imr ol varlables rr-::ﬁr y bajn ;p. o

Hicianes hacurio, agtn l:\:l'bﬁd;rn:l&'l a8 muy importante yva gque el -
anfilisls de low daloy Uiere gue heceres oo laberatorio ¥ slno sa o
tuvo toda e lr-rorrnmlﬁn recesaria hay gue regresar al campa & ol
ter‘-erla con lom cmsiguicntas ret.r-.nm da tlampo, habiendo incluse
ocaslonas ¢n que no e posible repatic lan condiclores an que s -
efechio La prirora mediclfn con Lo gue crace s c:-r'plujld.-d e 1

irur-pruhciﬁn oe ragaltados . )

1E5 &n aste puto en el M las tEcrican arwlftlcus complerertan o+

lag exparimentales en el sertido do Gue st 58 Hame ura tdea del com

_ portariento dinkmica de ura componarts o sletems, las determine—

tioms experimantales patdan erfocnarss hacis 1a verificaciSn dal me
el w!ﬂlm 0 blen 1o puntcs di midicify puedan detamminacse a—

Fartie ow low resultados analficos ¥ an gonaral pusds Concant-aree-

" mis el ashorzo du la cttonclén de datos hacls Llas puntos mbs relo-

Yok



THULA 1, - FRECUCNCTAS BATUAALES DE VIGAS ELASTICAS DE ACERQ

Foactor do frocupncia -

v

tipo de viga A_ f JL
Cantiliver 3.52 2.0
. SBimplemente apoyada 9.87 39.5 ; -
expotrada- apoyada i%.18 50.4
empotrada-apoyadal Z2.4 61,7 )
libre.libre - 22.4 6.7

£.= 223 A tesn? ),

k: radio de giro, pulge.
Lt lopgiktud pies

E = 30 x 10E 1b/pulyg

z

[ Fuera del rplnno

J‘= 0263 1b/

*L= 23 piernas fgualen

*u* d¢ picrnag Igunles

B ¥

PUIG3
En el.plahu
15.4
1.1

TARLA 2 .= CORREDCICHUNS pARA CALCULD DE FRECUHHCI&B'NhTUR&
LES CUORNDO BXISTENR COHCCHIPACIONLS

v

Tipo de viga Factor "C* rigura

cantiliver .39 . d— P
Eimplemente apoyeda 2'0, F o Y
erpotrada apoyada . 2.3 ﬁ——""—"}
enpolrada doble 2.7 ) e

b 3 -
=

carga concentrada, en 1b.
pesc de la viga, e2a lb-

frecuencia de la, viga sin carga concontra
da, en H: .



CONSIDERACIONES TEORCAS

La maver parta do tos FTOgTaMmaN 08 ComGLtadora para anfiisls dinfmicg
de szstemas de tuoeela, estin baspdos en el mftoan del elemenio fimta,

A eanlinugcide 50 preserta un brove dascripeibn do la taoe(z en quin estin
s adas exte tips da harramienton,

Lay ecuaciones da mgulllbeig dindmilco para 1 medais o8 slermcto Amito,
Pdy esorrsarss an forrmg maricial e g2 Indica en |y etuarifey 1 an
w{m]u la malriz oe macas, fC} &% la matrly du Amortigiamlets —
viscoaa, II'K}«: la matrdz ge rigioesr, fu.fsun los desplaramientos nodeles
¥ F (1) ez ul vactor da Migrzas LUt T T Y

En muchos programan o tlemento flolto, as wtilizan matrlcay de TMaRas
paneenicadog Mierteos e gn oo e uklliza la denorilnady MMz de ma
4 conglsterie.  La matrz ga MAdES CONCard radas oz diazoral, de mare
Al 3% oospracie la neeeig rotacional.  La matbcl: o masa s sty
Lo be svalua por un procedimlen o slmllar &l wtilizado rmjg forrlaciGn o
la mateiz ds rigicder, E£ta metriz en slmbtrica e dingenal v se tomg en
vty ios gradaes oo lbartag ge retacifn,  Las caractirfstoas oo Braort)

FurmlEnlo d2 ura astractura son Qeriralmente més oiflciley de cemnrmineyr
ue FU MBta o rigidez, -

Enba rrayor parte oe los cascs 5e Wpore gue el amortizoamierts sy opl -

LUpdt ¥ise080 o sen depentierga &2 la velocidsd, como ge Indica & la sy
elbn 1,

La matriz de rlgider punde tener distirtas forrmas, deprndiende del tipo -
e andlisls que ko valla a reolizar, Pard anfliisie eldct LoO £S5 UNA matriy
simélrica y contlang gran Cantidad de ceros,

4 . -

ANALISIS LINEAL
En ktle caso 5610 ke corgideran defortmaciones peguetias ¥ lan matrices
M [e], [« ]son slméitricas ¢ poco pobladas, Extas propledades se «
wilizan en la irplemarnt acsife do |og Projramas de cormrtadoes pars rudd
el lod requerimilontos de. Blmacoraje.,

Como en astructuras EONGran anere dd grados do Vit rrad se requiers
DTAs Lk Liemnpo o comesd adors. pars reasobhwor problemgps @nbmicos, s
scowtimira wilzas mbtodos oe ¢ ordoroas 1o Para redacir Log grados e
libwrad duinficvicn daol moaely, *

4 4 l!

Loy don mltodos mis uthdcs fore

1,= Condonsacibn estftice
2.- heduccibn deGuyan

En el primer método «e sliminan o grados oo tibertad “i.@ A TIUAES
mila e la matriz de rigltes, ¥ to supsw gm o Ry -.rnorﬂl;u'rnmrtu]ug
ciado. Eqal sapurcdt ceae pe ity mily en nh'talle.- - :-.-pcru;:-u a gu—l
rod grados de lioerind vithn " ssclaviradod a cros ¥ 1a ecuacibn genera
de movimients eeacs deaeribicrse an forma particionada como ge m_uesr.r:
En | acuacifn 2, an donde Ly repregorta al vector de desplpzarniento
rodales gus te CoEEa retarery L pd el vactor da desplazamiects Gu-'_
rrspporddlacie & aer alimineds. £ sopeciedice T ﬂerﬁlﬂl;trumm -
de Lla malelz o vector. EL mitode deGuyan parte ok la nloftesis de qua
1a acuacibn 2 se remnwlve AN coNjurto © muets 8 In restricelBn ircicads :.n
1a nouacibn 3, que Lamoién B8 poede saerible como se Indica an 1a ecua _
cltn 3 wn donde &l siparindice -1 deceas la bovsrsa oe la matriz,. Esto
conduce al Fistema du sCuACionTs 4 gua v rmenos urados oo libertad -

qua wl orlglnal’

Lo métndos de corclermachbn gergeaimants trabajan ndncunmmeu:.-., shevm
Piw Oo LAS Massy by grandes se raptengan incluldas wn ;'I ruoelo rtI:_.p
Cldo ¥ log grados oe libartad entis wmlformemants 20 eloolides a{- tnﬂ: _
sstructurn.  Para el ardlisis trame ior o de gistemas sstructarples, los
miitocom mds utilizados son:

4

1.- Irtn;jr'ncliﬁn direcia
T Hoper posic oy rmodel

" INTEGRACION RIRECTA

Lot métodos o lrtegreacibn directa ssthn basados en 1a irtegracifn p:lst}-l.
s e Las Ecoaziorws n:::q:-'la_d:ss oo movimiento, represenldgos por n:”n
ecvaciooes 164, Genoralmente estos mbtodos utilizan Bomulps aele'_;
renclad pors expresac los desalazemientos, 1ns velosldades v lps z;::e_ma__
clonel rodhles. Lo dom grupes de mbtodos gue se utilizan pm-iaé.nﬂ:. i =
gractin en £! tiempo do las ecudciomes ginfmicas, sone imegrac :n:'
e B 8 I e o ioa o v v _
ito wtlllz an gl primero. =
:Lm:rr:::::m& o rouacioneg dinkices, itoake h::: m;;;ﬂlm: :l
mbtods /1 de Nowmark, ¢l mibtods FF oo Wilson y o
Houbmalt .

."f



A cortlmuaciin desoriblremos brevamente el métndu{d de Fexmark,

Cn raie refiodo 105 vecrores da velndidad v @osplazomiomo en el tlampo
r!H ER. zx::lr'esﬂl"- comp ze indican en las acunciomes 5, on donde e .
Ua . ¥ un  SOn 1o vectores ¢2 dosplazamicrte, valocidad y BcElece-

clfn reapectivamiete 81 Snal del endsimo ickecvalo de tiempe, At es

ellnarvalo de tlempo, 4 ¢35 unparkmetro. El valor de ese par Svaro
pusde varlar entre V8 y 174 y 30 seteccibn afecta la wetatiiead oel pod-
todo, Combinanda 1a ssuacifin 1 en o8 ticmpos bt , tn f tohy con -

la couacifn 5 e punde gbterwe 1a scuacifn &, .

Eda oouaclin representa un corjurtc de ecvaciones diferenciales simul-
thress, Que permiled aoicnes ESEACOEL SuCeSiOd 0 81 Lenpe a partie de
un conjunio de condficiores inlctalan.  Una wvez conocidos los despinge-
milontos mediante 10 ftuacibn 8, lod vackores: da velocldad v acelargs S
£a Dbtionen mediarie lag ecuaclones 3.  Este métods as muny 11 cusron
68 Litre comportamierio no lincal dal materlal y/e deformacionss goan-
o1k, DarD genaralmarts toma basthrte § 0o de compuladors,

SUFER POSITION MMODAL

En exte método 1os grados da |ine~tad flaicos del modelo estructural o
glral, so reamplazpn por sws coprdamndas rormades, Para lograr gsta,
so8 doben determinar primerameite lag freceencias mplurales y A3 Tormas
rrodalus del medal PG armortiguada, 1o cual 82 Logra astrayendo las Fafcos
A dela eouseibn T, mismes g represertan tos cuadrados de 1o ree-
CanciEE AATUFATEE . Ura veE enconirados 1os yalores caracterfaticon, la
milsna ccunsibn T parmite cbtener lon vectores carectBrlSticos gug an es-

to caso, representan lan formns madales.  Exlsten muchos srétodos pars
afectuar estos chloulos, tales comae el da Gluwsnm Householdar, pleaciay
Irversas, ¢tc..., varlos ge estos métodos peomiten cotencr todos Lo vo- |
loren caracterfsticon gol sistema y on problermas con ruchos gradoa de L=
bertnd, Bo acostuvbean ilizar #0 cornblnacibn con procedimilertos de con

doereacib.  Qros mitodos 30n adecusds pars abigrer s5l0 un pamere -

Limitado da valores caracte-{slicos,.  Otro procediml oo comdnmenty ol

llzads para detormilnar frecuoeios natursles y formas modales, o6 o mb
tode da matricos oo trarsicrencio 0 irorslelbn, que pon mds adecundos pa
ra slloar esteucluras tipe codena o da conectlvidad simple.  La basa
o osto mitods ¢onslsle en oncontrar la ralaclin enire el vecior da estndo
e 0] nodo | con 0l veclor do estado 8N un Nodo cotlpue 1. LA roloclén -
erire pmbos vocerol gapresada 40 18 ecanclin B, doline a i makeiz da
tramlcifn Ty . . s

1. f

s

Willizonds en forma suceSiva praresfones dol tlon de 1o ccnaci®n B pary
todos log mlemnmteca o elemenlod de! sislame doe tuberfa v aliminorca los
wectores da astrcdd Intermedios mediante mwttlplicaciones matrizalos,
s posiblo axprexer la relacido cmre ol vector dg cstado en & priners =
ot del slatema cus st rwestra en la ecuseiba g, Aplicanso 'oe cone
fleiones de froniera a cils ecuaclin, o llsgs 8 un pelinomic cuya sche—
clbr son lca cuadrados da las fracuerciss raturaics dal sistoma, LUa -

) aplicasifm repeiica de la peusclfn @ para cada urne de las estaciGrees wan

ver corocldas las Frecuencian naturales, condods a las Formas ¥ futrzag

‘modales.

Ura vez conocldos valores y wertores da un zlctema, las ecusclones de
movimlenta pe pueden desacoplar para 1o cusl, ze wtiliza 1a matriz de =
oo poacibn 10 M dorcis cads columna corrdaponde al vector cnraq:terﬁ
tlee 4 ¢

Cone en algunos cesos 8l rdoero de geados de Nibartad reterddos on la
ecuaciin 10, o meoor gue gl rOmero total oy grodeg da libactadk dal sis
lama, of racasario irdrotducl- 1a traraformesidn {ndicada &n e scuscife
M en dordes el w-cbor {-:ln I cord larw 105 dexplazarmistos garoralizados -
Enominacoe Coor ereedas nacmales.  Subst g esco 1a eouncifn 11 =0 -
las ecvsclorws 1 & 4 se Tlpga & las ecuacionas 12 ¢ 13.-

TRATAMIENTO OEL AMDRT KEUAMIENTD
Debbde a la ortogonalidad de lon vectores caracterfeticos 1an malrices
[#] ¥ [EI aon ffiagcnales, 1@ gue ha cordcldo tambilin & que s su—
porga gus [T ] es tambidn diagonal .. Esta hipftasis Bs ciorts # ia mae
triz de ameortiguamiecko e ung cornbd s B Yirkal de Tas rousclones ge
mosz y Flglder, come sé inflea #0 1a ecuaclbn 4. Eneste caso la o
clbn 12 se puads esoriblr como un sisterna dokacoplado de o gous-
oién o Lipo lodicado en s agiacibn 150 s noluciBn de #sth oouncifn =
corduce o ias cotrdoradad acrmales, o rmetiante la couac s '|1 pue—
den conducir & la obtencifn de los deasslazamiertos ju }

Cuando 1a rorpucsta Sindmies poade represerbirss o nmarn 1limd-
Tado da modos, 23 oovio guo el métoda de kparposicifn modal w2 el mie
teendfanlca,  Este dopends dal contomida da frocuancia en o vector de =
oxcitaclfn y on las caracterintlicas dindmicns de gstructuras, &tblenco
retarss e T e parts de Llempo de comput adoen 58 coupa e Ll poe

s lweifn de protlemas de valores caracter{sticos.,

AMNALISIS SISMICO

En este cano Ja excliaclbn dindmica conalets e poclerac onos brancoiyi-



- 57 -

day 3 lp estrictues Biravis o Sus PUMEOR de AROYE, LEEnde utudl Crpresar
ing sceleracioney pbsclhdas comme 1o inglen la ecuaeibn 22 en dorcelis) ee
el vt lor oo acaleracionas nodales el t.pmmy{ 1 &5 el vactor ta aea-
leraclones nodates relativas al terreng,

Comnponlendo La scuaclGn £2 con la ecuscién 1, se oticne Ta souaclfe 23,
El vector cel tady derechs OF atta ECLAC| 5, reproicria las Fudrsas o g
citacibn induciday por el rovimleco oal terrena,  Cata formulocibo Lig-
re In drsveriaja da gque sblo se pusde oplicar la rrafrms aceleracife del te
rreno, w lodss lof 4opcrtas o la estrutiues,  Eo 0?3 caso de tuberlay o
de plantas roclesres, los cOdigos reouneren g se apliooen digtinias exgl
tacidrd el terrenc &N A WD O 108 apoyos, o LTt En an el cage de —
n thumu do tuber{as que aete walds o apcvsdo e WnG O varion purdcs oe
ura o mis estructorss, oue también asthe ejotas & la misma aeoleracibn
oel terrend en ouyo caso, los puntos de apoyo ge 1o tuterla ssteedn soetes
8 difrrordes aeeleraciones,. Park epom cas02 lnn fi0aiones oo L En
13 s arpresan mis cormerlaiaments en g§rrires gt 10F SrEplazamisnios
alaolutos como s muesirs on 18 scuacibe o4

L.a mayor parte do s programas de Compatadora ol s wiibles, gabin basa
des e e forrmlaciin irndicads &n 1a SoLACiS 23 Br perta por oo Be la -
e Bm wlliza &n o) anSlisis o cdIficton, que £ ge Quulc Fan derivane
ehos dr los programes y poe atr més sencillo de oro ~amae qug L Bcune
clbn 24 Aderndis en geraral 1os movimiertss gel terreno se tlenen en
forma de accloracibng, no e deEPIAZaMieme veloo did come o4 FRgQuiet
en te scuacibo 24,

o

En ol ankllzis slemico de sintemas de tuberlas, Bi ulllizan 2 mbtedos;

1) .= Respucsta trankitoria goee corkiste ap gotener La Listoria de la res-
fomrtts o0 la ostrutturs B0 41 Uempe,  Eade tipo de arilisis poede bacerse
por superposicifa modal o por Ireegraciin slrecta en ol tramope.

).~ MEtods dol copectro do codpuasta gua utlliza Lo hodos nonmales del
modele estrictucal, for to tarta, restringido & compustamiento slfstico
Vreal.

METOOO DEL ESPECTRO DE GCSPUESTA

Erceto mitodo primararnare #8 dotorrlnen las feoeyncipn Raturslos ¥
formas rodatas .  Medisate lax formas modales, o Cisaensian las cous
clones oy Mowvirnianko y oo oblleren soabs ioves dor Auin-icais sireileres
lan pouaslones 15, ¥ gud Puddan SXGFEYIFER SO s ardica en Ll Bouasiln
Srendaviy o es el vector da direccibn nudal dil saseno, Supte COMPo—
fentos Bon nhmaras srtarcn gus VAo pntre O ¥ yru-ﬂr &5 la nemlorocidn

-

del berremd protuside poc gl sismo.

L]
La selucife vn las rouaniones ©5 puooen sscriplrse mn lemines de Ta de-
rirninada {rtegeni Duhamel, como re Indics en la ecusgifn 26, Estn voun
clén indics gue L. reapuesta dol [fgirms s Woerce te la frecusmela ne
tural ro AMGetiguzds, dal porserk a6 de Aamortipuamil e o erltico ¥ b sce—
leracifn gal Lr—reno,

El valor rmimirme e 1o Irfegral os 1n ecum:{ér-. T8 Fe lo llama valor aspeo—
trol de 18 valoc i ad relaticé al Ler rREnD, mikrteas oo los arudcralores =
oe! desplaramianto » aceleracifn ralativos &l suslo se dafiran Como 48 Ln
dica &a la wouacion 28,

e danomina repecir o o8 restsesta A una grafléa goe ruestra 1a respuns
tu mbxima de dazoiaswn ente, wlttidad o acalecacifn, para o ScE e ros
ctbn del fprrevS y 1o) FRClom 02 Breortiguam o dascy e farclon oy Ip =
freciancin retaral 3 vitraciin,  Enla flgurs o se muestre un espectro -
o resCuadta tinlen, oxerdds o2 e aceleraciin horizongal gel terrane de
1.0G (acelaramién da le grmvedad) so mues g e la figura 1,

D muzrcks & las ccasclones $8 y 27 ol valor mbwlive de la coordengds -
rormsl de denplazamierdo del s simo mods, eate dadz por e ecuactin 29,

Loa valgren aabeinnins de Toe desplazemienion maburales flaleos corraspon
dertes, = ogotiéns madrde 18 srues e 30,

ESTIRLCION DE LA RESPUESTA, m.:-clh.-m
-

Fara ostimar la rasougata mbcihing o6 e5ruciura una vz encortradas 1os
valores misimos Tora cada modd, fotden coleularse medinte cualgaitra
cw 108 trex mEtodss sigeientes:

13~ Sume de vilores st 2on ow (03 valorey miximos. Este valor as
comnervador ya e 1ng mdinlmus on gerneral, ao ocoreen sl mismg tlempo,

2).- Ralz cusgeftica media, &0 hoiddn 1B reSpnaliaty mixima e o5tiens oo
mo 1o indice la ocoaeln 20, endandr H e vl namero o prados ds Li-
bartad del alptcma. Lo e5finriok y olrot valo=es oa regpsesta sm o
thanen tam ol miodi e te seperesionen o calz evndritica medis  {(RAASY.

3.~ Mitode oe 12 Hasal fcsenrch LAy bor-ige (NRL] an al cwal la res-
resta (oo a0 8l fodo - e cefira medionte 1p azuncibn 33, en Jonae el

primar thrmilne o5 el mbarmo de Ia contrituciSa mogsl uej e 2l noda -
r oy tej 0o so inclne enls sump oel regunds WErmine.  Este métods -
da recdlindos itcrmadios e lop 2 mElodos arteriorss.
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Valores de Q en estructuras especiales.

. ]
En esta seccidn se considerdn algunos cases no
cublertos en la seccidn E.3J. . ' ,

DESCRIPCION : FACTOR DE
: ., DUCTILIDAD.

Chiiméneas y torres de proceso

de acerpc (un sole “elemento”resis-

tente), - . T R - e e == = = 2,0
Chimeneas, silos, torres cilindricas
de concreto {un Bolovelemento "resis=
tEHté}. - = e e m L A e = m e = - = ==2,0

| .
Péndulos invertidos cuya estructura da

soporte de la masa concentrada superior

estd compuesta de:

Marcog de acero con 0 EBill —wecer—e-
contravented. = = =- . 0 - 4 - o a4 u ~-4.0 y
Marcoe de concretg, = = = — o=, = = — 4,0

Cimentacidn soportante de recipientes -
horizontales, alargados, hornos ———w——
rotatorios, etc. ) ) ' i

a. Direccién transversal



Muro /b o 7 mm e — = a - - ==

Moure H/ b - T = e e - m e m e -
Muro con huegg, = « « — - & = =& c - - o =

b. Direccidn lengitudinal — = = = = = - » =
Pedestales de concreto de turbos — = = = = = = = -

]
Muros de piezas macizas confinados por
castillos ¥y dalas, -~ = = = = = = = = = & =& = = = _
Murcs de piezas huecas confinados o con

refuerzo interipr. — = = = m - @ - - w EmTm = om =

- - 2,0
- = 3.0
— 4,0
- - 4.0
- = 2.0
—— 2.0
- —-1.5
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F. CLASIFICACION DE LAaS ESTRUCTURAS SEGUN SU USO,

.En ésta especificacidn se destinguen estructuras

urbanag, ¥.las estructuras de tipo ——mro———ua
induustrial:
La clagificacidn se basa en la importancia de la ----

estructura en lo que se refiere al evento gue guedara

inoperable o inhabitable a consecuencia de un sismo

de gran intensidad,

GRUPO A.l.

Construgciones urbanas importantes, gue en caso de falla

por sismo, causarlfan pérdidas directas o indirectas ---

eXcepciconalmente altas, tales como:
Centrales. telefdnicas, estaciones de hombeo y archivos
hospitales, escuelas, estadics, auditorios, templos,
salas de e@specticulo, estaciones terminales de —w=--
transporta, monumentos ¥y MUsSeos.

GRUPC A.2.

Construcciones industriales,cuya falla por sismo ——

causarfa una contaminacidn ambiental tal que pondria

en peligro la vida de los habitantes de la regidn,tales
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Como i

Plantas que generan gases tdxicos como cloro,
derivados clorados, insecticidas,anhfdrido -
sul fdrico, ete.

GRUPO A.3.

Construceciones industriales cuya falla por sismo caucarfa:
un potencial de explosidn v/ /o incendio, tales como:

Refinerias.

GRUPO & .4,
Construcclones industriales cuya falla por sismo dejaria

inoperativas plantas completas ¥y complejos industriales,

tales como:

-+

Cuartos o edificios de contreol, sdhéstacinnes eldctricas
casas de fuerza,

GRUPO B,Ll.

Construcciones urbanas Jue en c;sn de falla por sismg ~-~—--

causarfan pérdidas de ﬁagnitud intermedia, tales como:
Comercios, bancos, reatgurantes; casas habitacidn,

edificios de departamentos y oficinas.
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| f,‘
GRUPO B, 2. )

-Construcciones industriales, no inecluidas en los grupos
A, cuya falla por sismo causaria,uha pérdida local, pero
{que pueden poOner en peligré construcciones de los grupos
A.2 a A.4,
GRUPO B.3,
Construcciones industriales, no incluldas en los grupos A,
cuya falla por sismo causarfa una perdida local unica-----
mente, tales Ccomo:
Edificios de proceso, bodegas, casetas de entrada e
instalaciones exteriocres aisladas.
GRUPCG C,
Construcciones cuya falla por sismo implicarfa un costo
pequefio y no pueda causar ﬁaﬁag a construcci;nES de laos
Igrupas A y B, tales como:
Bodegas provisionales, bardas con altura menor
a 2,5 m,
Los. coeficientes sIsmico; espacificados en la Tabla 1
deberdn ser multiplicados por los sigulentes factores para

estructuras de cada uno de los grupcos anteriores:
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TABLA 2 ' /2

FACTORES MULTIPLICADORES DE ESPECTROS,

GRUFD FACTOR
k.1 1.3

A.2- 1.5

A.3 1.4

A4 1.3

B.1 1.0

B.2 1.2

B.3 z1.0%

c’ 0

*bara edificios de procesoc el "ractor" podrd ser mayor due
ung (1.0}, depandiende de la relacidn costo eguipd - costo
obra civil, '

;;I_.§ _—..:'_:... P
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PARA CIMENTACIONES CIRCULARES
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ACELECACIDHES ESPECTRALES MODALES
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Considérese el espectro del RCDF zona B, suelo compresible
(tipo III):
ok

e

o= Qo -;-(r.-c:u.}'r/-rl

|
|
|

Qo
T, T
a‘n 0.0k - T.=ﬂ-3 =
L= Q-'l‘i T:_=a‘3.

La normalizacibfbn de los factores de amplificacidn de Newmark
se indica a continuacién

S FACTOR DE AMPLIFICACION

%
Newmark {F) Hormalizado (f)

"0 6.4 2.46

0.5 5.8 2.23

1 5.2 2.00

2 4,3 1.65

5 _ 2.6 .00

7 1.9 0.73

140 1.5 0.58

20 1.2 ; 0.46

para el espectro correspondiente a un amortiguamiento %
la tnica variable scri la aceleracidn espectral mdxima ¢, -
que debe mutliplicarse por el factor de amplificacién norma
lizado £.

c! oo+ f

i¥

.




Se obtiene asf{ la familia de espectros:

a A .

e ——— g

oo ¢! (TL/T)r

donde r." ac.fF.,







APENDICE 1V

CALCULO DEL AMCRTIGUAMIENTO PROMEDIO PESADO

o




e ——————— — + - st

Tarxrs 13.1, Valorcs fipicor e nngrri;:;amr':nrn cn lar instafaciones
de reactores nudearrs. Segin Rewmars y Hall {1968) ¥y Newnark {19650}

MNivel de exfuera

Tipo y condicidn
delaestmeiura

Porcentaje del
Amoriguamichio

erliica
4. PBaja, muy por abaje del  Tuberlay viales 0.5
lmile de praforciona- Acero, concrea relontade o pres-
hidad, esfurrros inferio- forgade, madera; sin grietas; 1in
res a1 odel limite de doalizamientos en las concivnes 0.5-1,0
. TNuencia .
2. Esfueizos de rrabajo, no Tuberas vitalos -, . 05.1.0
fayares fue aproxmz. Acero seldade, concreip presforza-
damente § del Uinile de do, concrewa Lien reflorzada (sélo u
NMuencia pequefiva agrielamientos) 2
Cencrero relorzzdo muy agnelado 3-5
Acera atornifade y/a remachado,
| esliruciuras de madera con Juntas
chivadas o atarnillades 5-1
3. Al limite de fluenziz o Tuberlas viales 2
justamenie abajo de &l Acero soldado, rontreto presloma-
do [sin pérdida toial de* pres-
fuerre) -5
Concreto reflerzado ¥ concreto pres
forrado 1-10
Acero alomillade y/o remachado,
eurycturas de madera con junus
mlorailladas [0-15
Estruciuran de madera con juntas
. clavadas 520
f. Panndo ¢ punto de Tubera 5
flugncia, con deforma. Acerp soldada - 710
cibn permanente mayor Coincrelo relozade y concrers pro-
fue la deformacién al frrzado 10-1%
lirmite e fuencia Acero atarnillade y/o remachado,
) ¥ estruciorss de madera 20

- *

AMORTIGUAMIENTOS ESTRUCTURALES

- -
s

FIG, 7

— -



CARECEOD (N. Newmark}

2/

DESCRIPCION DEL

VELGCIDAD ONDAS

PORCENTAJE DE

SUELO DE CORTANTE AMORTIGUAMIENTO
CRITICO
ROCA Vy > 1800 m/seg 2 -5
SUELO FIRME 6002 Vx < 1B0OD m/seq 5 - 7
SUELO COMPR. Vs < 600 m/seqg 7 ~ 10

HORIZONTAL Y TORSION (Preliminar)

LESCRPICION DEL PROFUNIDAD DE PORCEKRTAJE DE
SUELQ LA ROCA AMORTIGUAMIERTO
{m} "CRITICO
ROCA 0.0 5 =7
) ' +
SUELO FIRME 5.0 m 7 ~ 10
SUELO COMPR. 5.0 m- 10 - 20
SUELC COMPR. 16.0 m 20 - 40

AMORTIGUMAMIENTO DEL SUELD

FIG. 8
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El amortiguamiento promedio pesado se calcula modo a mo- 'i
do de la siguiente manera: ‘

1. calcular el vector velocidades
S -~ T '
vy - Fi gy 3/ *j
donde: ‘Fi'- factor de participacién del modo j} -

gﬁgjrccmponente del vector caracteristico
en la direccién del grado 8e lihertad

i del mode j.

.

%,- aceleracibn de la gravedad

T

uﬁ-frecuencia natural del modo 3,

t
lan unidades correspondientes son:

[H/-:’ES] [l/hl. [m]«[mﬁ,‘ﬂ‘]/[rad/jga]

2, C¢Calcular la energfia total {cinética):

E-r] 2 me oy */2.0

3. Se calcula la energia absorvida por los resortes de

interaccidn:
Sh-l = K A ,‘] /1 o (horizontal del modo j)
EMJ = Ks.r_ 55,-.:} /z o) {cabeceo del modo j)

Ef_t_]‘i s Ky - “_]j/z.u (torsibn del modo 3)

donde: Kgh. Kgge, Kge son las rigideces de loo resortes
de interaccibn.

ﬂsh, ﬁsc. Qst aon los desplazamientos de la -
masa de la cimentacidn para el
medo 5,

™ s




L]

4. La energi{a absorvida por la estructura es:
EE]-: E -"Esh-"E:-"Eﬂ]'

5. Se calcula e} amortiguamiento promedio pesado como:

Z3

e LSS S oSy Bl v S0 B
P o

conde: § son amourtiguamientos, cuye subindice
identifica estructura, swvelo horlzontal,
suelo caheceo, ateo.

g g ] es el amortiguamiento promedio
r J pesado del modo j.







5.

DISERO SISMICO DE ESTRUCTURAS ESPECIALES . -

1981

Directorio de Asistentes

Jerdénimo Aguilar Chivez :
Industria Metidica niegrada, SJA
de .V,

Av. Constituyentes 1160

Caol. Lomas Altas

México 10, D F,

570 38 58

Ricardo Castellanos Avila

. AIN, 5.A. Ingenieria v Construc-

cién  Industrial

. Blvd., Manuel Avila Camacho 6-A

México 10, DUF.

Rubén Castillejos Sosa

Direccidn General .de Obras
Maritimas

Insurgentes S 465 »
Col. Condesa .
México 11, DF.-

564 51 0l

José Luis Castillo Soto

secrctaria de Agrvicultura y Recursos
Hidraulicos

Reforma No. 20 - 4°piso

México 1, D.F.

546 75 22

Mario Castro Usla

S A R il Comisién de Aguas del
Valle de México

Rancho Guadalupe, Metepec,
Estado de México.

Filiberto Cervantes Rodrigucz
CIEPS, 5.C..

Céordoba 127

Col. Roma

México 7, D.F.

S 84 16 99 '

-

Av, Lazaro Cardenas 734-302
Col. Postal

México 13, D.F.

279 57 42

Braga 67,

Col. San Andrés Tetepilen,
México 13, D5,

5320569

El Cantare 33 - C - 106,
Col. villa Coapa,
Mdéxico 22, DI,

594 33 65

Ay, Universidod Noo 49]
Col. el Valle

México 12,0, F.

543 91 57

L

Unidad Vallejo Edificio 16-C~-304
Col. Lindavista

Meéxico 14, D1,

5877929

Dr. Lucio 103, Edificio A-5
Departamento 704,

Col. Doctores,

México 7, D.I7,

584 16 99






10.

11,

12,

13.

Juan J. de los Santos Barbosa
ISTME

Legaria .252

Col. Pensil

México 17, D.F.

Gonzalo del] Vatle Lecona
Discefio de Sistemas Estructurales

Col. Condesa
México 11, D.IF,
253 10 85

]J." Fernando Fournier Montiel
FERTIMEX

Morena

Col, Narvarte

México 12, D.F,

Jos€ I'rias Diaz

Universidad Auténoma cel Lstado
de Moéxioo.

Domicilio Conocido, Cerro de
Coatepec, ..

Toluca, Ldo. r.]e Méxlco

Néstor Gabriel Gallo Guimil

Moisés Napoledn Garcia Sainz
Instituto Tecnoldgico Regional
de Oaxaca

Calzada Tecnologico y Willrido
Massicu s/n

Qaxaca, Oax.’

Angel Garfias Flores
TECHINT, 5.A..

Mariano Escobedo 5]10-9. Piso
Col. Anzures

México 5, D.F,

Av. Divisiin del Norte 134-16

Col, Del Vaile
México 12, D:F -
5 2398 34

Estearina No. 78
Cal, Penitud
México 16, TNTFr
5019475

Camio # 114

Col. Santa Maxria la Ribera
Mléxico 4, D.F,

547 8219

Manuel Acufia 306
Col. Progreso,
Toluca,

Estado de Méxica.,

Calle 61 No, 890
l.a Plata,
Argentina

INFONAVIT, Edificio C,
Departamento 6,
Qaxaca, Oax.

San Francisco 1425 Depto. 4
Col. del Valie
México 12, DoF.



14,

15,

16,

17.

18.

19,

20.

Tomis Hernfindez Cruz

.I.M.P.

Av. 100 Yetros # 152
Col. Atepehuacan
México 14, b, F,

Harco Antopio Islas Ramirez
Técnicas Modernas de Ingenieria
Inaurgentes Sur 350-4o0. Piso
Col. Roma Sur
México 7, D.F,

5 74 78 55

Ramin Jiménez Jimenesz
Direeciom Ceneral de Captacio-
nes oy Conduccionas |

S-ARH )
lgnacio Ragivez £ 20-ler. piso
Col. %an Rafael

Mexico 4, D.F,

5 66 49 73

Ricardo Lara Pedrero

SAHOP .o
Direecion General de Aetopuertos
Chiapas # 121

Col. Roma,

Méxice 13, D.T.

574-B2-55

Juan T.eon Nihez
SARH

Ignacio Ramirez @ 20
Col. San Rafacl
Méxieo 4, D.T.

5 D6 49 73

‘Arturo Lépez Portille Gonzdlez

TECHTIH, S.A. ' .
Mariano Escobede 510-9%0.
Col. Anzures

México 5, D.P.

5 45 72 39

Piso

Saturnino Lapez Reynoso
Bufete Industrial
Marns B4S

Col. Mixcoar

México 7, D.F.

658 351

Prolengacion Rubl # 22
Col. Estrella,

Mixice 14, D.F.,

517 14 02

Soria 89-1

Col. Alamos
México 13, D.F.
538 72 58

Ebano # 7

Col, Lomas Quebradas
Méxica 20, D.F..

5 95 52 75

Calle 10-B § 129,
Col. Vértiz Narvarte.
Meéxico 13, D.F.,

5 32 19 46

Hinos Heroes # 14,
Col. San Pedro Xalna,
Tlalnepantla,

Estado de México,

3 B2 05 95

Av. Coyoacan 126-502
Col. del Valle
Héxice 12, D.F.

5 43 13 13



21,

22.

23,

24.

206,

27,

Manuel Manricke r Rodripuez
SICATTSA

Domicilio Conecidoe,

Ciudad Lazaro Cardenas,
Michoacan,

Carlos Martinez Garcia

. Direccion General de Qbras

Maritimas,

S5.C.T.)

Insurgentes Sur # 465,
Col. Roma,

México 7, DLF;

5 61 31 (1

Eoriguc Mejia Paniagua

Rafacl Méndez Navarre
Instituio Mexicana del Perrdleo
Avenida I.azaro Cardenas
México 14, D, I,

507 66 00

Miguel Angel Parra Cabaifias
TECNO-DISIENG,S. A

Torrcs de Mixcoac, edificio A-12
Departamentos 301 - 304

Col. Mixcoac,

México 19, D.F:

593 47 22

Mario Plancarte Garcia
C.IF .
Mississippi 71-%0. piso
Col. Cuauhtémoc
México 5, I, F.

55371 33 Lxt. 2649

Horacio Ramirez de Alba.
Universidad Autdnoma del Estado
de México,

Cd. Universitaria, -
Cerro de Coatepec,

Apdo. Postal 345,

4 Q8 55

Pomicilio Conocido,

Col, 1600 Casas,

Ciudad Lazaro Cardenas,
Michogacan,

Niebla 166

Col, San Pedro Xalpa,
Azecanotzalco,

México 16, D,F,
3 52 22 90

Tres Picos 73,
Col. Polanco,
México 5, D.I72
9450211

[Laurcl & 28

Col. Santa Maria la Ribera,
México 4, D.F.

5 4] 24 49

Juan Sarabia # 67-2-C
Col. Nucva Santa Matia
México 16, D.F ~

547 532 35

Apdo. Postal 3-314
Col, Cuauhtémoc
México 5, D17,
538 15 o2

Churubusco # 112
Cal. Pensiones
Toluca,

Edo. de México,
5671



28.

29,

30

al.

32.

33.

34.

C. Virgilio Reves Reves
Direccidn General de Obras
Marftimas

Insurgentes Sur 465

Col. Condesa,

México 11, D.F.

364 5101

- Fortino Robles Garcia

Secretaria de Agricultura y
Recursos Hidraulicos
Carretera Durango - Torredn,
KM 5

(Giudad Industrial,

Durango,

1 56 9i

Armando A. Rodriguez Amipo
Direccidon General de Chras
Maritimas ‘
Insurgentes Sur 4635,

Col. 1lipodromo Concdesa
México 17, D.F.

564 51 01

Jos& Roberto Rosas Pliia
S AR

Reforma # 20-40. Piso
Centro, .
México 1, D.F.

54675 22

Juan Manuel Sanchez ‘lorres
ELLCTROCONSTRUCTORA, S5.A.
Ieibnitz 34-4o0. piso

Col. Anzures

o14 19 94

Jerge Silva Ballesteros

ESIA-IPN

Pabelldn # 4 de la Unidad Profesional
Zacatenco,

Col. Lindavista

México 14, D.F,

S 80 96 44

Miguel Trujillo Perrusquia
Direccion General de Obras Maritimas
Insurgentes Sur 463

Col. Condesa

Debussy # 81,

Col. Ex-llipddromo de
Peralvillo,

México 2, DL FF.

S 835613

5 de Tebrero # 517 - Oriente,
Centro,

Ciudad Durango

201 08

Avenida del Taller, Ret. 38 -1
Depto. 520,

C:ol. Jardin Balbuena, |
México 9, D,I7; ;
57177 32

Berlioz # 102

Col. Ex-Hipbdromo de Peralvi-
1lo

México 2, D.F;

> 83 16 67

E strella 92-44
Col. Guerrero
México 3, D, F,

Marmoleria 324

Col. 20 de Noviembre
México 2, DLF, ]
7 89 BG5S '

Calle Norte No. 104
Col. Olivar del Conde b

Mexico 19, DL1T) ’ i




36,

37.

38.

México N, DLUF,
504 50 01

JTuan Valdéz Alvarez
Instituto Mexicano del Perrdlec
Av, 100 Metros # 152

José Ma. Guillermo Valencin
ESIA-T1BN

Pabelldn +#4 de la Unidad Profesional
Zacatenco

Col,” Lindavista

mMéxico I, D17,

. 9 86 90 M

. Armando Villalobos LLopez

Proyectes Marinos, S.C.
Bouleviard Manue] Avila Camacho #1
Col, Polanco,

' México 5, DiF +

3 9500 88

Noel Gabriel Zaragoza Iouna
Instituto TecnolGgico Regional de
Qaxaca

Calzada Instituto ‘Tecnelégico s/n
(Oaxaca, Qax.

617 42

6 517976

Calle 7 £ 199
Col. Juiirez Pantitlan
México 9, DUF.

Villa de Allende 310
Col. Romero

Ciudad Nezahualcdyotl
70527 39

Guerrero 380- Depro, 1309
Col. Guerrero

México 3, D..F.

583 66 31

2 de Abril # 109
Cal. Santa Maria
Oaxaca, Qax.
63226







