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METODOS DE PROSPECCION
SISMICA
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LOSiMETODOS GEOFISICOS SE HAN- APLIEAD &
2vQa 20 tAEN LA DETECCION DE:

MINERALES
PETROLEO
AT XAGUA IS T e

" .
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Yoo ¢ R bt (A .
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EN ING. CIVIL SE APLICAN EN:

- CONSTRUCCION, 2065 =
DE VIAS TERRESTRES

LA Y NG DA s D

- TRAZO DE TUBERIAS CANALES
TUNELES, ETC.
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. DISENO DE AEROPUERTO'S

- DISENO DE CIMENTACIONES, ETC.
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LOS ‘METODOS ELECTRICO Y SISMICO SON
" LOS MAS EMPLEADOS




EL METODO SiSMICO ES MAS CONFIABLE

CONSISTE EN GENERAR Y REGISTRAR
DISTINTOS TIPOS DE ONDAS ELASTICAS:

ONDAS LONGITUDINALES: P
(DE COMPRESION)

DE CUERPO l
ONDAS TRANSVERSALES: S

(DE CORTANTE)

ONDAS DE RAYLEIGH: R
DE SUPERFICIE
ONDAS DE LOVE: L

PRINCIPALES CARACTERISTICAS:

1] ' G )
vy - >\+ch Ve = ,\/_; => Vp > Ve
A = CONSTANTE DE LAME
G = MODULO DINAMICC)DE RIGIDEZ

AL CORTANTE
p = DENSIDAD DEL MATERIAL

SOLIDO ELASTICO, HOMOGENEO E
ISOTROPO
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LAS ONDAS S SE POLARIZAN EN DOS PLANOS:
ONDAS SH Y SV

LAS ONDAS R SE PROPAGAN EN UN SEMIESPACIO.,
SU AMPLITUD DISMINUYE CON LA PROFUNDIDAD.

VR < VS

LAS ONDAS L SE PRESENTAN CUANDO UN ESTRATO
(Vs)) SE APOYA EN UN SEMIESPACIO (Vs, ).

Sl VS] < V52 => VS < V|_< V52

1

LAS ONDAS L SON DISPERSIVAS, I.E. V| CRECE
CON LA LONG. DE ONDA,

LAS ONDAS S SE APLICAN EN EL ANALISIS DINAMICO
DE ESTRUCTURAS.

SON DE GRAN INTERES EN DISENO SISMICO.
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RELACION;DE POISSON, il | I “RELACION DE POISSON, U

Vp . ONDA LONGITUDINAL
Vs : ONDA TRAKSVERSAL
_ Vg ONDA DE RAYLEIGH
RELACION ENTRE LAS VELOCIDADES DE PROPAGACION

DE LAS ONDAS SISMICAS Y LA RELACION DE POISSON




ALGUNAS APLICACIONES DE LAS ONDAS TRANSVERSALES
AL ANALISIS ESTRUCTURAL ‘

A) RESPUESTA SISMICA DE UN ESTRATO APOYADO EN UN
SEMIESPACIO

B) RESPUESTA DINAMICA DE UNA ZAPATA CIRCULAR
APOYADA EN UN SEMIESPACIO

V=

s e

”m

Ly

zr e) ¥, 7) v

C) RESPUESTA SISMICA DE UNA PRESA DE TIERRA
APOYADA EN UN SEMIESPACIO

G,%57,4




POR LA PRESENC!A DE UNA INTERFASE LAS ONDAS SISMICAS SE
REFLEJAN Y SE REFRACTAN
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PARA MEDIR ONDAS P SE TIENEN DOS METODOS:

REFLEXION (EXPLORACION PROFUNDA,H > 600 m)

REFRACCION (EXPLORACION SOMERA , H < 100 m)

EL METODO. DE REFRACCION ES APLICABLE CUANDO LA
DENSIDAD CRECE CON LA PROFUNDIDAD
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LOS METODOS PARA MEDIR ONDAS S SE CLASIFICAN
SEGUN LA NATURALEZA DE LA PERTURBACION

. ' EXPLOSIONES SH, SV
TRANSITORIOS

(VIBRACION LIBRE)

IMPACTOS  SH, SV

f——

VIBRADOR MECANICO
ESTACIONARIOS
(VIBRACION FORZADA)
{ VIBRADOR ELECTROMAGNETICO

LA VELOCIDAD DE PROPAGACION DE LAS ONDAS S SE DETERMINA
CON LOS TIEMPOS DE LLEGADA Y LAS DISTANCIAS A LAS QUE SE
COLOCAN LOS CAPTADORES (GEOFONOS)

TAMBIEN SE PUEDE OBTENER Vs GENERANDO .ONDAS SUPERFICIALES
(R o L) MEDIANTE IMPACTOS O EXPLOSIONES

LOS METODOS ESTACIONARIOS SE BASAN

!
A EN LA DETERMINACION DE LA FRECUENCIA DE RESONANCIA
(INTERACCION SUELO-ESTRUCTURA) PARA MOVIMIENTOS
VERTICALES

B) EN LA OBSERVACION DE LAS ONDAS DE RAYLEIGH (ONDAS
SUPERFICIALES)
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METQDOS TRANSITORIOS

A) PROSPECCION HORIZONTAL (REFRACCION)

\V/// T

ro.
T

" SEGUNDO ESTRATO

B) PROSPECCION VERTICAL (ONDAS DIRECTAS)

LRI P RN E 1
L om I B N ; X
, N ;
b > @ / . , o
¢ P - ~ 1

IR B S
- -x IMPACTOS O EXPLOSIONES .- . GEOFONOS
 METODOS ESTACIONARIOS i VIBRACION VERTICAL
. 3
(L‘D// VIBRADOR )
L - " VIBRACION HORIZONTA
] EESCUE SVIRY IV .. .+ - VIBRAC RIZONTAL
T | : | Ve
. P4 /
| y \/\/
- I -
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METODO DE LA FRECUENCIA DE RESONANCIA

PARAMETROS
w = FRECUENCIA CIRCULAR DE RESONANCIA

F = AMPLITUD DE LA EXCITACION A LA FRECUENCIA DE
RESONANCIA

U = AMPLITUD DE LA BASE DEL VIBRADOR, A LA FRECUENCIA
DE RESONANCIA

r = RADIO DE LA CIMENTACION
m = MASA DEL SISTEMA CIMENTACION-VIBRADOR

p = DENSIDAD DEL TERRENO

a = “\’/ r (FACTOR DE FRECUENCIA)
s i
b = m3 (RELACION DE MASA)
pr
2hnp3
Ar  WRTT (FACTOR DE AMPLITUD PARA UN VIBRADOR
F MECANICO)
_ vépr
A= —F— U (FACTOR DE AMPLITUD PARA UN VIBRADOR

ELECTROMAGNETICO)

PROCEDIMIENTO

SE CALCULA b Y CON UN VALOR DE ¥ ESTIMADO SE CALCULA «

wr

=> =
. Vs 3]

CON b Y Vg SE OBTIENE Ay O Ae
FAm

w?pr3
FAe

EN EL PRIMER CASO U

EN EL SEGUNDO u
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PROCEDIMIENTO PARA EL CALCULO DE Vg

_POREL METODO DE LA RESONANGIA |
:ii‘f"‘i’i)i%”";@&@ T i
‘\J\ \\ — ey
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-c e a.:.tf\\;\i.\&\\\ FEEER YN 4 "
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6 YN 17— VIBRADOR MECA =~
] %( T NICO
3 1IN\, | — T VIBRADOR-ELECTRO-

TN MA(;NETiC.O
2 [ 1l 7 l |

RELACION
DE MASA
D

0 0.2 0.4 06 . 0.8 AI.O 1.2
PN . B 'e‘fn'fo.f\e

De A, =

U se obfic_ane U

De Ae
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SE COMPARAN U CALCULADO ¥ U MEDIDO, Y SE
OBSERVA SI EL VALOR SUPUESTO DE ¥ ES CORRECTO

LA FRECUENCIA DE RESONANCIA w SE OBTIENE CUANDO
LA AMPLITUD REGISTRADA EN LA BASE ALCANZA UN MAXIMO

PARA LOGRARLO, HAY QUE OPERAR EL VIBRADOR A °
DIFERENTES FRECUENCIAS

METODO DE LAS ONDAS SUPERFICIALES

ONDAS R VIBRACION VERTICAL

ONDAS L VIBRACION HORIZONTAL

SE BASAN EN LA DETERMINACION EXPERIMENTAL DE LA
LONGITUD DE ONDA ( XA ) DE LAS ONDAS R, OBSERVANDO

LA FASE DE LAS SENALES DE VARIOS GEOFONOS COLOCADOS

EN LINEA

ENTONCES v = %x

DE LA RELACION Vg /V5 SE OBTIENE Vi
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& SUPERFICIE DEL TERRENO

)
- 5 e T I .
RS ETIN P {PRIMERESTRATO _ SUELO - - :
TL T T == j H, SUELO C—OMPACTO
- IZ=Z == { SEGUNDO ESTRATO .~ ---= =~ :
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- A ,I', ,"./'l
a) Material estratificado
| aetoveacos N
E : 5
= .
Distoncla, en m
. ! : !
'e':::lco'::'no Az I;"/Cnp'!/odoresi\ r,:’jupelhcw del subsuelo

b) Material homogéneo

Gréaficas distancia ~tiempo de llegada en
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PROFUNDIDAD

DEL SEGUNDO ESTRATO:  Hy = Hy (1= R)+ —

VALORES DE R
1.1 © .39 | .17 .12 .06 | .03 .02

.56 | .31 .21 | 32 | .07 .03

—
.
[$4]

.60 | .34 | .24 .15 .08 | .04

(s

.63 .36 |- .26 .16 .09 .04

(9

.37 L 26 .16 .0Y .05

(S
.

[2))
[CN

VALORES DE V3/V2

.38 .21 . 17 .11 .05

bt
S
s
1.9

1.1 1.5 2 3 5 10
VALORES DE Vo/V;

ORI £
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MATERIALES TIPICOS CORRESPONDIENTES A
DIVERSOS RANGOS DE VELOCIDAD DE ONDASP..

Sl ’ ‘57«4\
[l ) e e
Velocidades de propagacidn ; MA T E R I A L
(en m/seg)
R ATy N T N
160 - 560 et . Suelos super*ﬁ.males tierras vege
A B VNS E‘ta’les f angos, pantanos.
S - Al f) L o t,
430 - 930 Arena seca, gr*avas finas.,
- : wv} VR LA s G
N ‘ G A S
900 -~ 1160 Gravas medianas, gravas con ar' -
. cilla,
:” Lo ”1( 3):; A \‘t - iA‘ ,"\, - '.':z'\ bﬁ%"’,a,’;
1000, -~ 1160 Gravas humedas tillitas compacta
e . - das, rellenos, estratos arctllosos.
. w "i i IS .. ’
1330 - 2660 Lutitas, plzar ras, areniscas, gra-
vas cementadas, granitos alterados
3000 - o maéas Roca sana, sin mtemoensmo o
fr*acturamlento'
A !
‘t( \7 - © . -.o
S
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RELACION ENTRE LOS PRINCIPALES PARAMETROS ELASTICOS

DINAMICOS Y VS’ \/P

- SE TENIA
Vp = A +2G (1) vs=\/—§— (2)
ID
-DE ()Y (2)
2
v
P\ _ X+26 _ 2
(&) - 2m
- DE LA TEORIA DE ELASTICIDAD
E -
) = @) A +2G _1-v 5)
QG+v)Y(-2v) A v
- COMBINANDO (3) Y (5)
2. _ A (-v)
a G = — (6)
- SUSTITUYENDO (4) EN (6) y RECORDANDO
6=—t— v)
2(1+7)
- SE OBTIENE
q2- 20-v) 8)
1-2vV
- DESPEJANDO v
2
2. (Vp/Vg)
v = (9)

2 [1- (Vprvs Y]
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VENTAJAS DE LOS METODGOS DE PROSPECCION SISMICA

INCLUYEN EL EFECTO DE LAS PRINCIPALES VARIABLES
(RELACION DE VACIOS, NIVEL FREATICO, TIPO DE TERRENO,
PRESION DE CONFINAMIENTO ETC)

LOS ESFUERZOS INDUCIDOS SON SEMEJANTES A LOS QUE
PRODUCEN TEMBLORES LEJANOS O VIBRACIONES DE
MAQUINARIA

DEBIDO A QUE LOS NIVELES DE DEFORMACION SON REDUCIDQOS,
LOS MATERIALES SE COMPORTAN ELASTICAMENTE

PERMITEN DETERMINAR LA ESTRATIGRAFIA LOCAL DE AREAS
RELATIVAMENTE GRANDES EN FORMA RAPIDA Y A UN COSTO

MENOR

PERMITEN ENCONTRAR LOS PRINCIPALES PARAMETROS DINAMICOS
QUE CARACTERIZAN EL TERRENO (v, G, E, ETC)

ADVERTENCIAS

BAJO NIVEL DE ESFUERZOS COMPARADQOS CON LOS QUE
PRODUCEN TEMBLORES INTENSOS

!
DIFICULTAD EN LA INTERPRETACION DE LOS REGISTROS
CUANDO EXISTEN PROBLEMAS DE RUIDO LOCAL
(VIBRACIONES PRODUCIDAS POR TRAFICO, MAQUINARIA, ETC)

LA PROFUNDIDAD A LA QUE SE PUEDE INVESTIGAR ES
LIMITADA

O



superiores

estudios
ingenierfa,

de

a

division

o - facultad

©
J
C
-+
C
O
Q
C
‘O
O
O
@)
D)
3
0
)
O
O
|-
-4
C
O
O

unam

de

~,

ANALISYS DINAMICO DE ESTRUCTURAS ESPECIALES

1
i
. it
[ S
=y . : B
. o T
- <
:
- "
" 3
g E
& $
¢ v 1
w’ M
o Ui
o R
¢
N 2
L3

] ES'TRfU;C T URA .

' §
'
L .
s .
e AR
> o 1 Ty 5
t - >
ﬁL . 2
ocey pem)f T T
s B B ¥
YA T !
A = R
L ;Né i - P
o L .
LSO )
/N b w
\L\.\_n Pl
LT i
a4 , \\sC)»
N S NI

- Wsw “\\\ AN

i

:ﬂ‘iés,:x..(«yl:).ik
s N

N - : ~ ) -~ o M
Tt S e e B otin L b e AT L e s it il @18t bt S5 e e sk ey

JACOBO BIELAK

PR,

-

-

e S

R

P e et

L

AGOSTO DE 1877,

521-40-20.

Tel

México 1, D. F.

iso.

primer p

Calle de Tacuba 5,

Palacio de Mineria



~ -
N °
< e e 2
. =1 T A S
N S T s L a
i
oy o oooh e . PR
200 G LN
e e
. Bla e VU s 'Q":\ ¢
.
B
1
.
. /
T LS WD E N . e e ae !
< It PR e S ot [ f AP AL Pt
. ;
<
T N B R S T TA L
s s g D DT AT
7
\
.
. J U T ,
L AT e Yo 1
SORY z A o w &1
(mev oy -
8 . ey s
¢/ [ R L)
. . - e .
. T N Wy e e 5
WU ‘v AR SN S e b PR ' N P



12451 - . ocioBer 1976 : - S
o JOURNALQE
f - THE ENGENEERING i
‘ MECHAN!CS DE\/!SIO'\J i - b
R MODAL“ANA!{Y.S::ISf'i-‘OR BmgmﬁmSom N “ '
T Rl " INTERACTION ( P
T ;. - 4 ‘ ;,f By Jacobo Biéhﬂ’(,' . k

A. M. ASCE -

.
At

, A,Comph:mZe of thc~‘()|l‘ foundano:. -has - bccomc— rccomutcd‘v d&nd. potcntm?!y-
T . 3 ‘unpc,rtam;fm,lor in dcmgn of earthque resistant qtrucunes cheml melhods—
- Te et J]d\’t conc\,qt.cmly been dwc!oped m u.cent yuurs toan: 1lyu, the dyns nmc rcsponsg p )
- : “gf snuuule%‘suppcrluion flcuhk sm!s mg udmb .|pp.u,.mons of. luunu .nm!y 418 B
s : z. !3.,78 17), L'lp"'L(;“ lmnsfmm leuhmques \_,7) Foss’s method (7)) “the- ﬁnlt‘i LT T
. ST ;derm;nt methnd (4.5,14,16) and direct step-by-step numerical mtegration-(11) 7. s
h\/‘lod'ﬂ superp(\smon has perhyps been the most widely used !cc'muq-leum
the transient analysis of tme invarant linear systems. This method, however
A8, not ru,ovously applicab'e to lhe study of soil-structure mter: 1cnon h«.(,ame
'the foundution suffncss and damping coefficients are frequency dcpuulcnt, dnd
,!herefore the bm'dmg foundation system does not possess clissical, normal
{'1" ""lc,rlmnu i uperpuotion method toteraction studies n&.»c..!lhc! ss
“vcm.nns dv.slmhle,,pmvnduJ lhc rc.sulum, loxs in .lLLllld(.y 1 nol 100, gre.n 5T hnf‘

-—.‘\‘ ‘<

. N T Lfrcu.!()m d unpud oscﬂl.ums, .ilong with &,lvml, phyﬂcui nmgh( into (he dyndmms oo ' I

i ) uf hunldmg t(nmchon sy\.tems Moreover, the wspunsg ol _many structures.)s -

. ) -oflun\ domm.ngd by only enezor a few odal; compnmms Fven for Lumplu\ . -
. ; syslcmﬂ: ()fthh type,j‘md!ysm via modal '-ll[’&.‘rp()\lll'\n L-ll’l b¢ pdrmul nly cffcunvm,
oL assonty a few. terms need be cons:dered ’; :

f }/anommpproxymale methods of superposition. for (he mtcmc‘mn pmblc.
N hdve )been recently proposcd (9,10,12,13,15) T w . %

- fh; methods, h.we differed i in the way in whuch mod.ﬂ dampmg is Lcalet

<R0c.sset‘ "Whitmah,.

A nd Du')ry (13); Novak (‘) l()) ) md P.mnu (12)
wcn'hrtd values-of d.lmpms based on the enerey ratio’ cniterton duc to Jm.ub cxr

""Note —Discussion open unt! March 1, 1977 To extend-the closing date’ one m nlh

‘o writen-request musts thé-filed with the Editor of Technicdl Pibhcations, ASCT, ~;lxns o

. p.lpu 15 part of the copyru_hud Jout nal of the.Engineerng \k&hldmg\ Division, l’muuhm,\ - T
- ot the Amencan Socrety of Civil'Engineers, Vol 102, No TEMS October, 1976: \Lmll\t“l"v"f LT
'-: - - - o

“was submutted for review for possible publm.umn on a9, 1976« - . B z
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Gy Tor cvaluation of cquinvadont modal damping i conaposiie Castie and nelastic
strnctres, whareas Tsar (15) calaalated the modal dasipang by mtching the
Ovact and normal modal solutions of the amphitude traosfer funcnon for a certaim
sttuctuzal Tocation While the latter method cnsanes that the peak values of
the steady-state response comade for the exact and modal analyses at o given
locanion it regures that the exact solution be obtauncd before the modal dampig
can be evaluated Aol the resulting dampang coefficient Joes not differentiate
between individual sowces of ¢nergy dissipation

The piesant paper proposes an altumdive capression for the modal da np.mg
in the <ystem This approxvimanion s obtaned as a furmal exicnsion of the
clasaical method of modal analysis which s oo cquinalent 1o the Cncigy 1atio
criterion proposed by Tucobsen By muhimg use of the modal shapes of the
fived-hase suparstioctre modal d pupmg mthe systenis expressod as o weighted
sum of the cntical damping ratios of the suparstincture plus an additional term
repiesenting the energy dissipated by the <oil.

For wingle-story buildings the degiee of accuracy achieved by the method
proposed haem s studied by comparing the exprossion for the effective damping
ratio with that found previously from an exact ~soluton Several exanples are
tsed to llustiate the apphicabilty of the nodal method to mvlustory stiuctures
supported on viscoclastic sorls Results obtamed by this method are compated
with exact solutions in the ficquency domain, and the mdividual contributions
of the soil und structure 1o the overall modal dainping of the budding-<ail system
are eveluated as well,

AnaLysis oF SySTEM

Asstming hiear behivior of <onl und <tructure, the equations of monon of
building-foundation systems can be wiitten as

Mu+C wi+K@u=P . . .. . (1)

when wabjected 1o sicady-state harmomie exatation, n whieh ML C )
= nass, damping. and stffness matiices.
and v and P are displaceiient and <teady -<tate disturbance vectors. respectnely
Eq 1 govansthe osallatons resulting from forces apphed directly 1o the stracture
as well as those produced by the ground motion

Matnices C, and K include elements that descenbe the time iy aniant damping
and shffress properties of the suparstivcture. cad additionad ¢l nents that refer
to the sume properties evaluated at the ntaiface between bhwlding and soil.
These elements can be cvaluated using an anilviical appiosch for the case
of a sumple foundation such as a ngid disk resting on the ~surface of a viscoelastic
half space (18) or stratum, or by the fimite clement method if the <oif und
foundation models are mmore complex (16) Since the resulting functions vary
wnpﬁ the ficquency of excitation at becomes clear that the matnces €, and
K, atso will be frequency dependent.

Although Eq 1iefers to the steady-state vesponse of the <ystem. the transient
excitation con olso be raddiy desceribed by this expressions! Fg s interpreted
as the Founer transformed veraon of the govermng equahon The vector. P
must then ch:rdeﬂ as the Founer transform of the tranwient cuaitition

cand K

- arrcular fiequancy of excataion,

®

hg NUODAL aANAL DS 773

Py Math thas tcopctmion tho e at nosp sy be obtaned by kg
the et arsf v of Fg ol - )

In this ctady an altaatve taodad cthod fon the nadysis of the transient
rosponse will e presonted Tt will be assumad that the frequency dependent
Jumants in K (w) do not sary sgmficantly with o over the interval of interest,
and may be approvimated by a constant value conresponding to the fundamental
rosonance ficqueney of the Baldimg-foundation system. snee the fundamental-
mede conttdhnon s usually the most agmficant one o the oaal 1ospanse
The v aiation of € w) with ficqueney s nore taprd and, tharefore, will be
con ddored aovphaty i the aaalysis '

Apprusanate Modal Mdhod of Supa position. T et ‘_(Jl)c the jth orthogonal
made and o, the conesponding naturdl cienlar ficqueney of the undimped
builling forndation systam These gomtines are Jdefined by the cigenvalue
problem )

K, @)X, =M X .. . . (2)

which can be sohved oither duectly or by the partition or modal synthesis
tedhniques (4.7,15.16)
Now ~uppose that Eq 1 adnnts a selution of the form

N
win) =M X g0 Lo : . (3)

=1

i which the sum is over the total nunber of independent degiees-of -ficedom
of the structure-foundation system, and g (1) are the peneralized couvidinates
of the pioklem

Subaituting this sotution nto Fg 1o prone "o hang the result by the trancpose
of ‘-\'k ond neglecung the tams condonmung the o odnat Q[Cni). for K not equal
10 4. the following eguation 1~ obtamed

q,(t) + 2@ 7 q, D)+ (:ﬂlqj(r):_pj(r). 1=1.2. N R 4)
TR, (@)X, )
i which G)f: e - e . (5)
XTM X,
\7C, @)X,
M6, = Lot (6)
XT™M X,
X[ p(r)
Pty == . . ()
X™ X

.
Note that K, 1s taken to be a constant matrix for all values of frequency
The inatria. C, . on the other hand. 1s as<igned the value of the natural frequency
of the mode in question for the calenlabon of the corresponding modal damping
Sticcessive approvimations are reguiied to obian the fupdamental inode shape
and natural frcql'xency as K (&) 1s not kpown at the outset With K (@)
establiched. the 1emuaining modes and natural fiequences can be deternmined
as for a constant matrix No 1terations.are needed to calculate 9,

The inethod just deccnihed does not provide a nigorous solutioplo Eq |1
becanse the two assumpioss required for ats exact appheability—- that K,
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be independent of fieguz-oy and € {w) orthogonel with respect to the noimal
modes-—are not sabsfied mogeneral Yot transfer funct:ons conresponding 1o
steady-state 1esponse of binldimg-tound (ton systems generadly resemble those
ohtained for line sr sy sie=s with thee insanant proparties having classenl aormal
modes. It s, therefore expected that the maodal superpesition mchod can produce
sufficiently accurate apprsamations from an engiocong standnoaat especinth
if the structure stself admets notinad mode deconposiiion

Modal Du nping in Terms of Soil aad Seructun A Propes ties —-The ov erall damping
for a giver mode of the bulding loundition systam s 4 componite valie made
up of the <nergy dis~pe o by the structere and eneryy losses from mteriai
friction and wase rad. «nonto the foundanon medium In the stucture waddf,
damping is usnaly spec.” od as duonping ratios fur the structured modes while
energy dissipntion an the seil s meisnred by the coefficients of egunalent
freguency-dependent damipers refated o the imaginauy part of the imped ince
functions betwecn the belling foundatioa and surronading sond 1118 desitable
1o fird 1 expression for the overall damping m the systemia temns of these
guantities  This 15 acconphshed by introducing the wredal confioraairons of
the fixed-base superstraciure in the expression for

As an tiustration, corsidar the builibing-foundation systeman Fig 1. It consists
of a haear viscousls damped n-story siractine with one degrec-of-freedom per
floor. resting on the - ce of a homogencons linw i viscoelastic half spavce
For fixed-base responsa. the superstivcture has a suffaess matni, Koa mass
mattin, Mo oand a dampag matne €, osuch that the supensttuctine adnits
decomposiion into classical pormal modes The stiuctural base is assumied to
be a rigid plate of radwis a and neghuible thickness, and no shppage 15 allenved
between base and soil Formulated thus, the buitding-foundation svstem has
n + 2 significant degrees-of-frecdom, 1 ¢ honzonid tanslation of each floor
mass, hortzoatal translation of the base mass, and rotutios of the system in
the plane of motion

Assumang smalt displacainents and steady-state penodic excitotion the egua-
uons of motien of the bullding-foundution nodel showimin Fig Toanbe expiessad

as
[ M M, v C 0 v K 0 v
+ +
MIOM, Ly, 0 C,nily, 0 K, ]ly,
=T () .. Cee e - i8)

In these eguations, v = {v'}, a coluin ve. to v, = honizootal displacement
of the supeistructure at the jth floor relative 1o the bose ntiss exchid g 1otofions,

vy = (v hd) vectm of the hase miass genetabisad disploieeats oy =
transhution of the base mass cdunive to the froo Sidd moton & = rotation
of the base mass. v, = free-ficdd sinfuce displaccant, ) = haght of the
Jth sty above base mass, and
' n 1
" mh,
} m, ko F e
m, m m 4 < h
| n =1 = 1
M= oM = ' i
m,h, m_h,_ - <, nh i
m, = —-- 1D N T
h b L L o w—t h-
] v v i - 1 (]

EMS MODAL ANALYSIS 77%
, T . (v . " . ; ;
end AT =Amy oy om (20 m o m ) S m ok fhyi. the eltec.ne
forcing vector. m, = mass of the jth floor, = base mass and I, = centrowdal

moment of ineriia of the base and tep musses The displacement. it s used
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FIG 1 - Modsl of Bur'ding-Foundation G 2 --Singl=-Story Building Fo.nta-
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Mathiees € () and K Gw) appeasiig i the systam Joeping and snffness
matrices consist of trms representing the sonazn oy wnd rcal paats rospocinedy,
of the ficguency dopendent dynanice suffness of the feundation medim: at
the mterface with the stiuctural base Thoese terms can be mterpreted as the
damping and stiffaess cocfhicients of equinaddent fiequency-dependent dampers
and springs  In this jopresentation, the sprimgs account for the flewbility of
the o, whaeas the d vhpots account for the effect of cncrgy dissipated by
tadiation and intarnal fuction of the <oil inatenal,

The modal damping for the system under study can be obtained frtom Eq.
6 since Eq 8 1s of the fuum of Fq 1. To find an expression for 3y, i terms
of the usunal structural and soil properties, let the modal configuration, ‘-(,.
of the huilding-foundation system be partitioned into its stinctural components,
the contesponding vector being denoted by Y, und the corntesponding base inass
rigid body displacement, represented by ZT = ((v,),. (h &) ):

XT=(YT. 2Ty j=L2...N . .. ..., N (U

Vector Y, may be evpressed as a linear combination of modal configurations
X, of the fixed-base structure, for the <ct of these vectors, X, is a basis for
the superstructure displacements, v Thus

=ia,x(ll)

=1
X.TMY'
muwhich o, = ———— . . . .7 .. .. . .Y
XM,

The correspording expression for ) is obtained by <ubstituting Egs. 10-12
into Eq 6 and in thing use of the orthogonality of fixed-base modal configurations
X, with sespect to the mass matrix, M:

n

o _

A= By A J=L2UN L 1))

1) LZ;J} ]
(XTMY ) @,

inwhich B, = " ————rl = == . (18)
X TMYXORTM X)) &,

1 Ao )Z,
)\,=-:~*~—»-T\ O § 1Y
2, X/ 10x1

and o, and m, ‘are. respectively, the natural circular ficquency and damping

ratio of the uh mode of the fined-base supersiructure. Eq 13 shows that all

the structural modes contribute 10 the overall damping of a given mode

Cocfﬁuents B, mvasure the contributions of the rarious modal fractions of

critical d::m,|tm of the superstiucture. and X, gives the dumping ratio due 1o

the cnergy (“‘:}‘“ah.d by the soil. From Eq. 14 it follows, however. that §,

will be=small” for L # § whenever the ~tructural configuration of a given mede
" of the bmlunL-fqlmm.uon system does not depart appreciably from the corie-

spongding mcﬂf‘SanS of the fi~cd-base superstructure

The expres

- -~ - 1
I for % gnen by Eg. 13 was obianed [or 1r2 strociure sha
A - ey
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m P i s dear from dhe donation of s oo coon that the formula as
Cually applicable o any B supastiocai e ovage Classicad normal maodes
provided ats base can he adeadized as g tgd body I the Building foundation
1c not agnd, ond thacfore avponences diffaen ol setttemenis, the of f-diagonal
damping and snffoess imatnces i BEg 8 waill not vanish the oavpression for
7, will indude an addimonal 1am acpresonting the coergy disspated n the
suparstinctie as atoesultof thorelatn cdisplocer wats of the foondation Becanse
of the cquivalonce for hinedar systems baween the modal method of analyas
and the corresponding modal damping factor daned fiom the cpergy rano
cntenton (1), Eq 13 ancludes speaial cases rules (9,13) obtained for vanous
spectalized systems on the basis of this encigy criterion. '

ArPLICATIONS

The steady-state 1esponse to sinnsondal exertation of seme rdeatized bunlding-
foundation sy<tems will next be exanuned to test the validity of the modal
mcthod proviously devetoped. In addition to numenical examples, formulas for
svine of the mure important paranceters of response for single story structure-
foundation sy stams will be presented and compared with those obtained earher
(7) fiom an ovact soluvon.

Single-Story Structure on Viscoclustic Half Space.—For the first example, an
1dealized single-story interaction system will be considered. 25 <hown n Fig.
2 The single-story structure of height b s linear. viscously dumped. and has
a base mass resting on the surface of the half <pace with density p.‘ shear
modulis G Poisson’s ratio v. and hnear hysieietic damping coefficient D, defined
48 1/4% umes the rato of the encrgy diccipated per cvele by a <ol specimen
under a steady-state havmome monon. 1o the masvimum ~tiamn eurgy siored
in the ~peamen Coefficient D 1s mdepundent of the exafation frequency. For
fixed-base respanse. the struciuie has suffness A, mass m,. undimped natural
circular ficquency w, = (k,/m, )% dashpot coefficient ¢,. and damping ratic
m, = ¢/ 02mw)).

The cquations of motion of the system under study are given by Eq. 8 with
n equal to unity. Matrices M. C. and K must be replacéd with scalars m,. ¢,.
and k. respectively. und the displacement vector. v, has only one component.

Yy

An exphait solution for the resulting version of Eq & miy be obtaimed under
the assumption that the effect of the base mass. m . uad contieidal moment
of inertia I, of the base and 1op masses on the response 18 <mall and may
be mélecled

Another dpproxn'natmn frequently introduced in the analysis of the vibration
of building-foundation systems resting on the surface of the ground s to neglect
the couphing terms in the matnces. C,,(w) and K, (w), which appear in Eq
8. because they are generally small complued to the conresponding diagonal
terms  Thus it 15 customary 1o assume that C,,(w) and K, (w) arc disgonal
mutrices of the form

c, (w) o 1
C (w) = b (161

S SR A T O
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A fw) o ]

and - K () = ! . . (an
0 ko fw ]

e

Functions e,
of the cquivalent freoqgue H(_)-dkpl ndent dampers and springs artsing from the
intoraction force and moment between the base mass and the <o, and are
gr.uit by

TSR N T N ércp;c«cm'.hml.unping.mdmffncxxcncffmcnts

K a K.a
(Lo mea, Dy ey = Seca, v Dy L 8)
v, V. h?
Ke;
k., - K hifa,.v.DY. k= ;:k;éau.u.D) . e 19
i

i which K = static suffness of the hase mass in the duection, j. and

36(‘3
P K,=-——-— . . e . . Qo
3¢ - w)
V. = (G/p)'/* the shear wase vdoaty of the <oil medium. and k3 and ¢

= dimeasionless real valued functions of Poisson’s ratio. the loss ratio, D, and
of the dimensionless frequency parameter. @, = wa/V, Closed-form approxi-
mavons for these functions are given in Ref 18. (The notation. tan 8. 1s used
for 2D in Ref 18)

Wiath the first sonphfying assumpiion described. the method of superposition
feads to an exphiait solution of Eq 8. with only one associated mode  Thus,
the cigenvalue problem

K (@)X, =a’™M X, . . 1)

which defines the natural freguency and modal shape of the single-story mieracton
«vstem, has the closed-form solution

. : -2
Pl 1 - —k>!~“ + **}{'*ﬁ .. . . 22
W, k. o) h o)
k k
and fc,f=<1. R > A : Ly
Gy kg l@))

With this. the conespending froction of critical Jamping can be obianed
wonediateh from Eq 13

. ({z,\)-’ 1.3 f_c_‘_
Wy =TT T\x+;“1 IIL.

W,/ ki (D

—)— Cﬁ(—&fi}'. . REW
Do kL@

i the notatien of Eq. 13, B, = (&,/m,} for this probiem [Consuler vhon
of structural i cqueecy mdependent) damping would have fed o an osponent
of orly o J Since @, 7w, <1 for compliant soils. the contnbation of the
supersiructure to the ovu.l” dumprng i the systam can be considiiably saaller
than . even for relatively large vatees of @, /w,

Having speaified the natural freguency .md damping of an equivalent simple
occillator, the response of the mtcrachion system to the carthguake monon.

O
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v ) ey e caleatited froom gs Tand 4 Moo ms to cveluate the effoenve
Sataton, ey U g Vg 7o this purpese cad the smpulad response funcnon
for the sonple osab tor doscobad by Eq o 3, the fallowing solubion s oblaied

for the systenr displacements wT(1) = (0 (v o b dn):

YRR TR
‘ - ! e e 7 ' i ”
w®) = - -~ X, | expl=#,5,( - D] sin [o,( - D] Vi dr (25)
wd 9
inwhich &, =a (1 7). Ce e .. 26)
@, \? .
and  wplt) = -—§ vy Lo oL L. Cee N )
w, .

Faeept for difforances i notation. the result in Eqs, 23227 s adeneal
that presented by Tennmings and the writer (7). The cailier result was obtained
from an exact solution by seting . I,. and the off-diagoenal terms i € (o)
and K, (w) cquat to zero, as in the present analysis in addition, only. first-oider
<! .md stenctural damping te:ms were retained in the C\[)I‘CQ\IOn for the overal
damping in that «olution

The foregame equations show th it accaming the evistence of uncoupled classacal
normal modes for the building-foundation systam under study is equivalent to
neglecting the second-order and higher-order ~oil and structyral damping terms
in the exact expression for the system damping coefficient. The error involved
mn this approvmation 1s gencrally small.

To calculate the system displaceinents {from the response of a one-degree-of-
freedom osctllator resting oniigid ground, the onging lexcitation has been replaced
in Eq 25 by an equivalent one with a factor (@,/w,)3 “This rwldunn.m 15
not necassary in deteinuning other response quantties; e g . the masunum base
shear, (). of the interaction systera 1s given by '

Q=k, v, =mwlSv, .. ... .o . (28

n which ¢ = the pcal\ value of v (1) Let &, be the mauimum va'ue of the

relatne displacement. w (1) of o \xmpk oscillaror with cneulur n:m...il ficquency

@, and dumpmg ratio 7\; cubjecied to the oriwimal excrtation, lgtl). Clearly,
v, and W, are related by

o, \?
o v ¥
v, = W, L . - . . B s
w ‘
Ny . Yo
and therefore. Q may be expressed inoms of & as
Q=moi W, ... . . .' 30}

This equation shows that the maximum buase <hear of the single-story huilding-
foundation system shown in Fig 2 1« gnen Jiseetlhy an terms of the spectial
value of the paeodoaccekiranon of the slmp1e oscillator comesperding to @ base
tceeleration, v (L)

The pieceding analyas was developed for a divect model of a one-viury
building-foundation system More generally 1t nay be viewed a< the fust-moede
approvimaton of a4 ondltistory system Appresy aaate values of the Tundemental
frequency .o, and damping factor /) can be bt nned from Ege 22274 provaided
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the parameters. k,, m,. and h ., are repluced with the cornesponding modal
parameters (7). With &, and 7, determined, the approximate response of the
fundamental mode can be calculated from

2 nllX~“ - .
(VT B (1) = — e 3'-) <x,T,

W

2 m, X3, l .
k, k

- x,,.—-'~~x,,> w (1) . .. . S S 1 )

k(@) Kooli,)
it which w tr)is the previously defined relative displaceent of the equivalent

single-degrze damped oscillator.
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FIG 4—Ar_ﬁ;§lification Ratios for Frequency Response of Three-Story Building-
Foundation System (1) - 0)

Multistory Structunes on Viscoclsiic Hall Space - =The ste ndy=state respornise
of an wdohirad thico~tory sustccr of the tvpe shovn o Tig 1wl b used
to ~how the apphe mon of the anchvsis o aetustory boabding Loanmdation systeais

Toevduatc the weenracy attas b the aeddt ppro e resabiswill be Compare d
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with these from an exact solution Additicnal exampics are provided in Ref.
1.

The structure has masses m, = 15,000 kg (16 6 ton), base mass m, = 30.000
kg (33.1 ton), story heights of 35 m (11.5 ft): and a circular base mat with
radius of 175 m (5.75 ft) The corresponding natural frequencies and modal
configurations are shown in the first three columns of Fig. 3(e). A uniform
modal damping. 0, = 2% critical (j = 1.2, 3), has been assumed for the fixed-base
structure.

The foundation soil has a unit mass of 2,000 kg/m?3 (125 pcf) and Poisson’s

wlivi, vg wlivgrvg
S 100 e e e
Sef- —-Eaact sof
-=-Modz araiyss 4

o
%0
30N
o /
003
g7 A
mivec
oo
0005} 003

00001 O U MU SV f
o () [ T e 00
Wy

FIG 5 —Amplification Ratios for Frequency Respunse of Three-Story Building-
Foundation System (D = 0 10)

ratio. v, of 045 Four different soil suffnesses will be considered. In terms
of the shear wave veloaity, V= 100 m/s (328 fps), 150 m/s (492 fps). 300
m/s (984 fps), and 600 m/s (1,967 fps).

The respunse of the idealized structure to a steady-state acceleration, \"g(t).
of amphtude \-‘a has been calculated for several soil conditons Figs. 4 and
5 gne frequeacy respoinse curves for the amphitudes of Vovchid and oy
nhmeasionle s form for dfforent sudues of Voand the matenial damping factor S
D 1o assesy the aconrasy of the approvmate anddysis, two fu::(‘*)u\m(“u]‘{fc\

he cbcemmadudad i thosc g nos o o tnoed by theemad il aphvad b o ofieu
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TABLE 1 ~~Miodal Contribution to Effective Damping Three-Story Structuse
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by Fgs -7 and T3 and the othier By the ov ot mcthad . the Litter cotrasponds
to the duect Cumanicd! solution of he sysicn of aluebiae cquations obtaned
from Eg & for cach svadue of the exating circnlar frequency. w0 Agrcoment
botwean the two sets of cunves is excellent even when effects of sorf-structure
nter < tion e hghly pronoanced This suggesis that no sigmficant diffaences
are to he eypocted mothe tosponse 1o carthguck e moton of the System anady zed.
as valinbaed by the modal veethed or by o giie nzorous approach, such as
thai provided by the Founer operational method (3.7.8.16).

Fige. 4 and § <how the man offects of soil-stiicture interaction on the
steady-state response of buikding-foundation < stems. Interaction reduces the
roesonant frequencies from those of the structure on a rgd base, and the magniiude
of the peak v dues of the rosponse changzes vith respect to that of the building
on tiad gound, icflocting the change in the critical damping 1atio from n,
to A, These changes in notural frequency. effective amount of dampirg, and
mode shapes, are shown i grcater detail in Fig 3 and Table 1.

Vibiation modes and conresponding und. mped natural circular frequencies
of ihe three-story streciure are shown in-Fig 3 for several values of V. The
results chow rhat the fundimental fiequency is 1educed considerably on vofr
<oif. bt that the remaning fiequencies corresponding to the structural modes
decicase more <lowly The two sdditional frequencies, which anse from the
introduction of rocking and ielative lateral motion of the base, decrease mons-
tonically from nfintty for dec reasing V,

Five modal shapés are depreted ineach case. thice associated with the structural
modes, und two odditional ones, :4.-'i:~ing from the introduction of rigid body
motion of the base For the iigid case [Fig. 3(e)] the first three curves give
the modal shapes of the <upcrstructure and the others 1epresent the hmeting
cases of ithe two additionasl modes, one "corresponds 1o a lateral displacement
and the other 10 a rotation of the base The structural masses remain fined
for these two modes. N ,

The remaiming ¢ases show therelative contnbution of the structural deformation
and of the pase translation and ioching to the total mass displacements For
euch value of V the modal configuiations are ananged in order of as{:cndmg
frequency. in this anangement the first three modes represent essentially
perturbed versions of the cortesponding ngid-base modes. provided :the sail
1s relatnely stff, For soft soil a change occwrs and a perturbed cnuctm‘«?l mode
becomes assaciuted with a higher frequency as shown i Fig. 3(b), where for
V., =-150 m/s the {ourth moede shape is refated 1o the thud structural mode.

Table 1 pregents the crnucal dumping retios, %,. of the three-story system,
for D = 0.10 Thss table includes individual contributions of the structure and
of the foundation dampng elemenis 10 the composite damping in the system,
as detamuned froin Eq. 13 For a given mode of the system and yalue of
V,. the conespondig line in Tabie i yvelds the value of the woil damping
due to rockinz and lateral translation of the fondaiion base and of the indinvidual
structural modal damping contnbutions Each taim representsa {iaction o:f critical
dwnping. and the sum of thesc terms gives 7, Results in this tuble show that
for the perturbed structural modes, the off-dizgenal participation factprs, B
are significantly smaller than B, suggesting that for practical applicat;eons the
sun mation in Eq 13 can be replaced with B m, In this casc, however, subscript
joanges only over the novalues coresponding to ihe perrurbed structural modes
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This simplification 1s not apphicable to the two new modes for which 8 1A # )
can exceed B

Patticipation factor B remained in all cases below one for the examples
considered in this study  Attempts to prove the validity of this ob~ervation
for arbittary structures were unsuccessful However, it can be shosa from
Eq 14 that B, always satsfies this condition and that @, /@ 15 an upp=r bound
for, .

Table 1. Figs 4 and 5, and the additional results presented in Ref 1 indicate
that the contribution of the soil to the overall damping factor 1s strongly dependent
upon the material damping, showing a definitc increase for increasing values
of D This effect 1s predomunant 1n rocking but 15 also present in the relative
lateral trtanslation of the base Sy stem damping associated with the mod bdamping
of the superstructure 15, as expected practically independent of D For the
multistory building-foundation systems used n the examples howeser. soil-
structure interaction produces a sigiificant reduction on the fundomenial mode
contribution of the superstiucture to the total damping §,. thus leading to
a net reduction (7}, < %,) when matenal damping 1s not included in the analysis
Neat ncreases result for D = 01 The effects of these increases or reductions
clearly affect the response of the system Thus. in Figs 4 and ¥ 1t 1s seen
that whereas the peak amplitude of the response grows for decieasing values
of V for vanishing D the opposite s true for D =010

Suraanary AND CoNRLUS.ONS

A method of maodal superposition has been presented for calculating the
earthquake response of linear structures with foundation interaction Modal
damping 1in the system, %, was deternuned by formally extending the classical
method of maodal analysis To estimate the accuracy of the method suggested.,
analyticad and numenicdd studies were petformed The first example concerned
a single-story three-degice-of -freedoin building-foundation system, which ha-
substantial varation in the damping and stiffness of ndividual components
An explicit analytcal solution for the earthquuke response of the system was
obtained by the modal method and compared with the results of un cxact analysis,
this showed that application of the approvimate modal method of superposition
is equivalent to neglecting the second order and higher-order soil and structural
damping teoms o the exact analyas Numcnicad e wompl s altustrate the apphca-
bility of the modal method to multistory structures supported on viscoclastic
soils with hysterctic dampmg Results of this methed and those of an exact
analysis are presented in the form of transfor functions Fxcellent agreement
is found between the two solutions

From the cases st od at seems that the proposd modal mcthod of analysis
provides asufficenily accurate techiique for detarimming the tosponse of tincw
bulding-found saon systenrs The method should prove most useful when the
response 15 donnated by only o few modal compoacats

In the development of the theory 1t was assumcd that the stiffaess matniy
K (), may be approsimit o by the constant valine K (6 This s reasenad i
wheoes Gtho sanb stttecss conpone s do ot vory too e B the eaaitoteon
freguency o wher the Tundemontad mic 7o donmate the sastenm respos o I

this iy P e the actuad valios of K may have to be considarad for

O
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the evaluation ¥ each natural frequency Further comparative studies may be
in order to determune the range of applicabihty of the riethod to a more gencral
class of problems governed by Eq 1 than the ones considered i this paper
Satisfactory results wouid be expected whenever the corresponding transfer
functions have distinct peaks that réesemble those obtaned for time-invariant
linedar systems having classical normal modes
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Arperoix lL.—NotaTion

The fo/h_mmg svmibols are used in this paper

del -

=
f

Al'kn ‘kM“
ki.c/
MM, =

m,m =
a,
¢.u,a

,-«
-

-« <, <

I T R | R T R | I |

<.
!

w .z
J

dimensionless frequency parameter,
damping matrices of fixed-base structure and structure-found--

tion system;

damping matrix of foundation medium at interface with struc-

tural basce.

dashpot ““constants™;
hysteietic damping ratio,
stiffness matrices of fixed-base structure and structure-founda-

tion system,

stiffness matrix of foundation med

tural base,

wm at interface with struc-

static stiffness of disk in j direction.
spring ‘‘constants’;
dimensionless real-valued functions of v, D, and a , (173
mass matrices of fixed-buse structure and foundation-structure

system,

mass of base and structural floor,
maximum base shear;
generalized coordinates of problem (sec Eq 3);
displacement, velocity, and acceleration vectors.
shear wave veloaity of soil,
displacement vector of superstructure.

translation of base mass relative to free-field motion,
modal translation of base mass relative to free-ficld motion;
input free-ficld acceleration,
amphitude of free-field mput acceleration;

moddl shape of fixed-base stiucture and building-fosadat

systein:

modal displacement of superstructue,

modad displacement of buse mass,
weighting factor (see Eq  13);

|

)

critical damping ratio per mode of fixed-base structure and
building-foundation system,
soil contribution to overall damping (see Eq 13):
rocking of buse,

mod i base rocking,

circular ficquenay of excitation . and

.
circular natard frequency of Fivad-bose stiucture and baibdmg-

foundation systom

.
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APPROXIMATE DESIGN FOR MULTICOMPONENT EARTHQUAKES

O

KEY WORDS: Beams; bridges; buildings; chimneys; columns; design; dynamics; earth-

quakes; engineering mechanics; failure; pipelines; probability theory; safety;

statistical analysis; stresses; structural! engineering; towers; vibration.

Current design criteria intend to provide values of structural responses to a
single component of a design earthquake, at a fixed exceedance probability. It is
desirable to know whether a structure is safe, at that reliability level, under
the combined effect of several simultaneous earthquake components. If the component
accelerograms are idealized as zero-mean Gaussian progcesses and the structure
behaves linearly, then structural responses associated with a given exceedance
probability define an ellipsoid in the response space. In this space, points
falling inside the failure surface (interaction surface) correspond to survival;
those outside, to failure. A structure is safe, at the specified reliability level, <:>
if the corresponding ellipsoid falls entirely within the survival region. Compu-
tations to verify this condition are, however, quite awkward. An approximate
method is developed which replaces computation of the ellipsoid coordinates with
that of a linear combination of responses to individual components. Maximum possible
errors introduced-by the approximation are evaluated and found ordinarily to be

acceptable.

REFERENCE: ''Approximate Design for Multicomponent Earthquakes,'' Emilio Rosenblueth

and Humberto Contreras, Journal of the Engineering Mechanics Division, ASCE, Vol.

No. EM, Proc. Paper
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velocities in ft/sec (3.3 times the spectral pseudovelocities in m/sec), in the
interval of periods of 0.1 to 2.4 sec, and let Sx S-SY' It is known (5) that
2,1/2
sy)

E(SX/SY) is an increasing function of (Si + , where E(*) ="expectation, and

1/2 > 4.5 the expected intensity ratio exceeds 0.9. Now, in

2 2
that when (S, + S)
view of the usual relations between spectral pseudovelocities and maximum ground
velocity and between the latter and the modified Mercalli intensity (5),

1/2 = 4.5 corresponds to an intensity somewhat smaller than 5 in the

(si + 55)
latter scale. Consequently E(SX/SY) will almost always exceed 0.9 in cases of
practical interest; indeed, SX/SY will rarely lie below this value. The assumption
that horizontal ground-motion intensity is independent of direction, as specified
in all known building codes, simplifies the calculations and introduces no more
than small errors on the safe side. !t will accordingly be adopted.

Under some conditions it is important to take into account the vertical com-
ponent of ground motion (8) and for slender structures the rotational components
can be significant (9). In yet other structures additional components can demand
attention.

It has been found that ordinarily there is correlation between orthogonal

horizontal translational components (6). The correlation is nil, however, among

three orthogonal directions, which may be called the motion's principal directions.

This statement should be interpreted as follows. Let U, V, and W denote three
orthogonal directions and u, v, and w the corresponding ground motions. For a

given time interval 0, t, the variances and covariances of the ground acceler-

ation are 4 |
Var U = fg ﬁz dt (1)
Cov(i ,¥) = fg U dr (2)

where dots denote time derivatives, and similarly for the other accelerations and
pairs of these variables. Given t, there are three orthogonal directions such that

the covariances of the accelerations are nil. Penzien and Watabe (6) have found

O



that after the first few seconds following the beginning of an earthguake, these
directions vary little with t and are oriented roughly as follows; one direction
towards the earthquake epicenter; one vertically; and so the third is horizontal
and perpendicular to the Tirst direction.

Var Ui as defined in Eq. ! is known as the Arias intensity {2) in the direcrion
U when t equals the earthquake duration. 1t i3 closely related to the Housner and
the modified Mercallii scales. Hence, the assumption S},E S/ amounts to Var 3 < Var y.

X\

Assunting that ground translation is the result of superimposing three orthoyonal,

stochastically indepengent motions, two of them horizontal and having equal Arias
intensities, implies that there is no correlation between motions aleng any pair of
orthogonal horizontal directions.

Ground accelerations are zero-mean processes, for their probability densities
ere assumed to be even functions. This, together with the foregoirng results, lends

; b and

weight to the assumption that for arbitrary group of three instants, t g9

i
ts ground accelerations %(tl), V(tz), and E(rB) along three orthogonal directions
X, Y, and Z, of which the latter is vertical, are uncorralated. Under these con-

ditions the responses of ary linear structure to these three disturbances are also

uncorrelared. This statement follows imuediately from the relation

t .. /
ro (g) = X{t)w . (t - d A
x,( ) =Ty ( )vx,( T) dt {4)
where r E(t} = ith ctructural response of interest (generalized force or generalized
deformation) at time t due to the disturbance X, and wxi = transfer function for

)
response r_. (5). :

The state of the system cor of any part thereof (even the state of any arbitrary

cross section of & member in the system) af every instant t is defined by 3 set of

3 . ’ . , .
responses ri(t), i= 1,2, ..., n, whera rskt) = ro. b in(t) + or

o wit o zi

Foi is the value of " due to gravity loads. When i ryi’ and r_ . are uncorrelated,
P

the variance of ri(t) equals the sum of the corresponding variances. [f the stete




of the system is represented by vector r(t) = {ri(t)} in an n~dimensional space in
which each cartesian coordinate corresponds to one of the ri's, the point represent (:>

ing £(r) lies at = {roi}, for if X, ¥, and Z are zero-mean processes so are

r ., r
Xi yi
:ﬁt) define an ellipsoid in this space, with center at I If the ground acceler-

, and g and hence so is re The square roots of the ccvariances of vector

ograms are Gaussian processes, responses associated with any fixed exceedance proba
bility are proportional to the corresponding standard deviations. Surfaces joining
points of equal exceedance probability are then geometrically similar concentric
ellipsoids, and their axes equal the root of the sum of squared responses to indi-
vidual components.’

This conclusion can be used as basis for solving the problem of analysis == by
finding out whether the ellipsoid for a prescribed exceedance probability lies
inside the failure surface (more generally, whether it lies inside the surface
associated with a given limit state) =- and of design -- by finding the structural
parameters for which the limit-state surface of interest is tangent to or lies just <:>
outside the ellipsoid in question. Both tasks are excessively demanding. A simpler,
approximate procedure will be developed subsequently. |

Despite the foregoing remarks, on horizontal ground there must always be some
measure of correlation between the vertical and every horizontal component, es-
pecially if the maximum responses occur near the end of the earthquake. The vertical
and horizontal components of Rayleigh waves, for example, are perfectly correlated
(5). If the different components excite different natural periods of vibration and

the corresponding frequencies lie sufficiently wide apart, the squares of modal re-

I
sponses are additive, as are modal responses to a single component when, again, the
natural frequencies are not too close to each other (5). In this case, then, re-

sponses to the different components are practically uncorrelated no matter the degree

of correlation among the components. (:)

Jf two or three correlated components excite the same natural modes one can

compute the modal responses combining the effects of these compcnents and taking
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components excnte‘natural modes whose frequencies lwe close to each other. Thls case
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,The3fonegoing;scheﬁegcarrﬁesmover—tozothem}earxhéuake;componentsmunder many
practical situations- Forwerampierwthe-roratdonai;compopent'abohx a horizontal.
axis in Rayleigh waves of a given frequency is ccmpletely correlated with the:. .
horfzontai'compengnxmperpendicudarxmoxthis.axisd as: it ds with the vertical com-
ponent. {n L;ve—waves‘ofmgivennfmequencyfthe'rotarionad component: about é-vertica!
axis‘isgcompﬂetely;eorrejatedﬁwjth;the horizontaﬂecomponentmperpendigular to - the
direction-of Wave‘trave&m(9)q\One~can;aﬁsonex§ect some’icorrelation, after. appropri-
ate time shifts,rémong the groundvmotionSvthatAexcité:thefdjﬁferentip%érSuoﬁ{a:'
,bridgeiJIn\most:céses>of,practicai interest .such correlatdions, can be dncorporated
in.the anaiysisgand,onewis,left‘with.agstructural“systemq(on subsysteﬁior critica{
section) whoseinesponse .to grayvity and .earthguake,, for;any given exceedance ,rrobg-
biiityﬁ is,defined=LﬁnfhecsgaceaqfﬁvegxonsR@@yyan3@1Iigsqid;with~center}et anend

with radii,y parallel.to.the-.coordinates; equal ,to-R, L—q(a2~~R2J)1/2,ywhere:subf

script i .refers toveach"coordpnate in.tthe .sitate :spacesandysubscript j-refers to
each of the -m ground-motion ‘componentsw-: . i3 5., 54 » i ~1 o
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Fallure Surfaces

et VoaeiroL T AT SRS a1 R TR Iy
For every structural member sectlon, structura'ksubsystem and system and for
IOV s T e b T RS Mﬂ/ RS r
every given limit state there is a surface defined by F(R) 0, cai]ed the fallure
cel sy dnss cvem Ieodhut e oy 1“4“ [SPTRRTERE SIS R TR e 1. ST PR
surface such that its |nter|or called the safe doma:n, contains a!l pounts associ
A VI VR A by AP 5 TE R S o i . P s s
ated with conditiohs in wh:ch the sectuon, subsystem or system does not enter -the
ot s LT, }ﬁ"; IR B z s IR S AL
given llmlt state. At a prescribed leve] oF probablllty, the section, subsystem, or
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structure does not enter the limit state lf and only lf the pert!nent ellipsoid

¢
T . v

lies completely'in sideJrhe'safe domain.

Analyses described in the foregoing paragraphs imply linear behavior of the




structure. Rigorously, then, every section must behave linearly and hence every
failure surface is a convex polyhedron. Consistently with building codes and es- (:)
tablished practice, though, one cught to be able to find generalized forces assum
ing linear behavior, modified in a crude manner to account for overall ductility,
and to design or verify whether the structure or any of its parts enters a limit
state by locally recognizing pronouncedly nonlinear behavior when the structure
has appreciable ductility, Failure surfaces are then curved and in almost all
cases convex,
The last statement merits some remarks, as the assumption that failure
surfaces are convex plays a role in computing the maximum errors that can be
introduced by the approximate method to be developed subsequently. Drucker (3)
has shown that failure surfaces are convex if the coordinates of the state space
are generalized forces and the stress-strain curves of the structure's constitutive
materials do not have descending branches. The first requirement is important since <:>
failure surfaces are often nonconvex if one chooses external forces rather than
generalized forces as coordinates when failure involves buckling of members made
of nonlinear materials. The limitation can be disposed of by using forces at
sections rather than external member-forces as coordinates to represent states of
a structural member. The requirement that the stress-strain curve have everywhere
non-negative slope is less restrictive, for practically all failure surfaces for
structural-member sections are known to oe convex even if the structural materials
have a descending branch. Figs. 1 and 2 show typical failure ''surfaces,' respec-
tively for a column section underjlongitudinal force and bending and for a reinforced
concrete section under biaxial bending and a constant longitudinal compressive force.
In those exceptional cases when the failure surface is not convex, one can use
the approximate procedure in this paper at the risk of introducing errors on the
unsafe side greater than the bounds. to be found subsequently, or one may resort (:)

to the more rigorous approach dealing directly with the statc ellipsoid.
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Approximate Procedure

{n general the state ellipsoid (or response ellipsoid) has inclined axes and
the failure surface does not admit simple desecription. The task of finding out
whether the ellipsoid lies entirely within the safe domain and that of selecting
a failure surface that will lie just wutside the ellipsoid are excessively awkward
for routine desiyn. An approximate procedure will accordingly be e.xpounded which
replaces the ellipsoid with 2Mn points, where n = number of ground-motion com-
ponents. With what is usually a small sacrifice of accuracy the procedure will be
simplified so that only 270 points are needed. Sometimes,’inspection wiil disclose
that a single such point suffices.

The coordinates of these points will be chosen to be those of the vecrors

n
R=R + Z a.R. 3
S T =3 Rt B (3)
where the o's are coefficients and_ﬁi = response to ith component of ground metion.

The linear form of Eq. 3 is chosen for the sake of simplicity. Also for this sake
the condition will be imposed that coefficients oy not depend on the structure nor
on the disturbance. In principle the a's should be computed so that utility be
maximized taking inlo account the relative frequencies with which different types
of structures will be designed, the different types of earthquakes that will occur,
the implications of the choice of the a's on initial costs and féilure rates, and
the consequences of failure., Lacking this, the coefficients will be computed so
that the maximum possible errors introduced in the amplitude of the seismic-

response vector by Eq. 3 will be mininum under the assumption thet failuie surfaces
IH

I
are always ccnvex. In what follicws the term Yerrcr' will be taken to mean the

difference between the length ]L&H ~f vector R computed using Eq. 3 and the 'exact'
HRIT, diviced by the "exact! [Irl]. Quotation marks are used around the word exact
chiefly bacauvse, consistently with current (1976) criteria, it {s the distance in
the response space between the origin and the point of tangency of the response

ellipsoid, obtained Trom a }inear analysis, and the failure surface. wivtch ardi-




[69)

narily corresponds to markedly rnonlinear behavior.
Only positive values of a, are of interest, for if 54 is the maximum numerical <:>

value of the response to the ith component, both Bi and iﬁi must be represented in

the state space (response space).

When a structure responds to a single ground-motion component, only 0, is of
interest. The error introduced by Eq. 3 is then nil if one chooses a, = 1.

When n = 2, both o, and a, are of interest. The maximum error on the safe side,
as a fraction of the actual response, obtains when R, = 0, l|54|| = ||52||, R, is

perpendicular to 52, and the failure "surface' is circular. Then, with a, = i,

Rl = !§B4ll while Eq. 3 gives ||R]] = (R + a§)1/2”fh||. Maximum error on the
unsafe side is found when Bo =0, IIRIII = ||R2||, and 54 and 32 are colinear. Then,
with ap = 1, |IR]] = [IR; |12 while Eq. 3 gives [IR]] = (1 + a,) ||R]|. (Fig. 3

dggpicts these extreme cases.) The value of a, satisfying the criterion adopted is

found from equating the maximum errors on the safe and unsafe sides: <:>
2,1/2 V2 - (1 - a,)
(1 +a3) -1=
Y2

whence o, = 0.336, with maximum errors of 5.5%. Values in Table 1 were obtained in

s

1ike fashion.

Somewhat smaller values of o; and much smaller errors are obtained when not
all the R.'s are assumed equal. For example, when ”54" = 2||52|| and R, = 0 for
i >3, chdice of oy = 0.336 gives a maximum error of 4.5% on the safe side and

none on the unsafe side while a, = 0.222 gives maximum errors of 0.6%. These

results indicate that: 1) errors in Table 1 for large n are deceivingly high, for
rarely will all components produce comparable responses (errors are further reduced
because the two principal horizontal intensities are not strictly equal), and 2) if
all ai's are to be made equal for i > 2, so as to decrease the number of points
requiring study in the state space, a value smaller than 0.336 will be in order,

since it will often happen that only two components require consideration. A value
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It is advisable to increase the ai‘s for i > 2 in the analysis and design of

towers and chimney stacks. A value of 0.5 is suggested .in lieu .of 0.3. This




recommendation stems from two considerations:

In towers having square or rectangular plan, supported on four equal columns, (:>
every given total vertical force defines a plane of responses Mx and My -- the
overturning moments acting parallel to the sides of the base. -- The intersection
of any such plane with the failure surface describes a rhombus. Thus the equation
of the failure surface is IMXI + a|My| = a function of the total vertical force,
where a is a constant. In square-plan towers on four equal legs, a = 1. If o, = 0.3
for i > 2 were adopted and a tower were analyzed parallel to the sides of the base,
errors of up-to (V2 - 1.3)//2 = 8.1% would be systematically introduced on the
unsafe side, plus errors due to neglect of the vertical and other components of
ground motion if these were neglected. With a, = 0.5 for i > 2 the error will lie
on the safe side. The maximum error, when the entire disturbance consists o%
horizonta! translations, would be (1.5 - V2)//2 = 6.1% for a perfectly symmetrical
" structure, and if there are three orthogonal translational components producing
statistically equal effects the maximum error in the ideal case of perfect (:>
symmetry would be (1 + 0.5 + 0.5 - v/3)//3 = 15.5%. In view of considerations in
the next paragraph, this figure will not be attained in practice and it is likely
that errors will still lie on the unsafe side.

In structures nominally having radial symmetry, such as chimney stacks, an
apparently insignificant asymmetry causes an appreciable degree of coupling between
modes of vibration involving orthogonal, horizontal displacements. The phenomenon
has been observed in free-vibration experiments with a real stack (5,10). Under
$mall oscillafions the superposition of effects is sufficiently important to
believe that the coefficient 0.5 should lie closer to 0.7. However, pending in-
depth studies of the question, regard for even minor hysteretic behavior lends
weight to the recommended value 0.5 for design. The same conclusion applies to

other lightly damped structures whose dynamic behavior in horizontal planes does (:)

not nominally depend on the direction of oscillation.
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Example i%ﬂghe;aﬁm‘ﬁs trondesignascolumnshaviing iciircwlar scross-section to-resist

%

Shear, 1n accordance with ACH 318~ 7313, dnwcthé crange-of. interest ‘the shéar: °

Vo o gl
resistance is V =V + pJOOJ#fg,TWhere\NJg?wcapacItyathatﬁfhe%mEMbér?Would‘havé

in the absencegoftdon itudTna!\force;%Nr ,Jongltudlnal compression;” and fé nomi -
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V& = shear in direction X due ‘to ground accelerations in direction A3 the
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Actually other combinations were tried. With R + R + O 3R 4 O 3R , V' =

’_
[TV

253 kip (115 ton); with R ¥ R 0. 3R \ O 3R , V' o= 244*k|p (111 ton). Also

shown in the figure are the projections of vector 50 +-‘0.,-3‘36_@.x + Ey + 0.25052,
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for which V' = 302 kip (138 ton) and the ellipsoid giving the exact solution, V'
208 kip (99 ton). In,this case use of coefficients {ai} = (1, 0.3, 0.3) involved
an error of 43% in V'. The error was 45% with {ai} = (1, 0.336, 0.250). These

errors are larger than indicated in Table 1 because values in the table refer to

the seismic-response vector, not to the required strength.

Example 2. It is desired fo design the column under eccentric compression when
the longitudinal forces a;ting on the section of interest are again those in
Table 2 and the bending moments, in units of ¢ ton-meters where ¢ = constant, are
numerically equal to the shears in the table. Say ;hat in elevation the failure
surfaces for different amounts of longitudinal reinforcement are as shown in

Fig. 7. In horizontal planes these surfaces define circles.

From inspection it is evident that, if a, = a3 = 0.3, there is need only to
study combinations 50 + Bx + 0.35y + 0.352, Bo + 0'3Bx + By + 0.352, and Bo +
O.BBX + 0'357 + Ez' The corresponding vector sums are shown in Fig. 7, where the
radial section of the failure surfaces is rotated to coincide with plane Vx’N’

The second combination is critical and the column requires 1.55% longitudinal

reinforcement.

Conclusions

A procedure has been presented for combining the effects of various ground-
motion components. The approach assumes that such effects are uncorrelated
Gaussian processes or that correlations are taken into account in computing
modal responses. A simple approximation is derived under the assumption that
failure surfaces are convex. In most practical cases the simple procedure intro
duces errors smaller than about 4% in the magnitude of the seismic-response
vector. The percentage error in the required resistance is, however, not bounded
thereby, as found in Example 1.

In essence the simple procedure consists in finding in the state space the

O

O

O
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Appendix 1l -~ Notation

c = constant affecting the bending moments in Example 2;

E(-) = expectation of variable (*);

F(R) = function defining a failure surface;

i = subscript identifying a ground-motion component;

j = subscript identifying a structural response;

M = bending moment;

N = axial force; !

m = number of structural responses defining the state of a system or of a
part thereof;

n = number of potentially significant ground-motion components;

o = subscript identifying effects of gravity forces;

R = vector of maximum values of structural responses;



element of “Rj'= max|r(t)];
- t

oS

structural response at a given instant;
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horizontal coordinate; S
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horizontal ground displacement; L.
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horizontal coordinate; . ;
horizonta: ground displacemént:
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vertical coogdgqate; ,
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vertical "grouid "displacement; |

coefficient in the failure surfaces of towers;

coefficient of the ith component of R;
Dirac delta funcfion; and

transfer function.

, _—
EOGIOTREN T fu.

- 4
t E
Py
N
L Te oy
s
'
.
) s
';\'\( 5
e
R
AR

T

[ ) 3
CUER

15.




Table 1. Values of a; and maximum errors in amplitude of

seismic-response vector

i orn a, max error, % o, max error max error
safe side, % unsafe side, %
1 1.000 0 1.0 0 0
2 0.336 5.5 0.3 L.y 8.1
3 0.250 8.4 0.3 8.6 7.6
b 0.206 10.4 0.3 12.7 5.0
5 0.179 11.8 0.3 16.6 1.6
6 0.160 13.0 0.3 20.4 -2.1
7 0.146 13.9 0.3 24 .1 -5.8
8 0.135 14.7 0.3 27.7 -3.6
g 0.126 15.4 0.3 31.1 -13.3
10 0.118 16.0 0.3 34.5 -17.0

Table 2. Data for Example 1

Loncept Magnitude kip (ton)
Vox 88 (o)
Vv 88 (Lo)

oy
N 2202 (1000)
Vox +176 (+80)
v +44 (+20)
Xy T -
N, +440 (+200)
v +88 (+40)
yx - -
v +220 (+100)
YY - —_
Ny +440 (+200)
v +22 (+10)
ZX - -
sz +hl (+20)
N +440 (+200)

N
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Fernando, Cal algunos instrumentes instalados en edificios de elturas moderadas
y grandesn(méximo 42 pisos) registraron aceleraciones verticales mayores que 0.23
en la base y que 0.4g en el extremo superior del inmueble (g = aceleracidon de la
gravedad.) Los instrumentos no estaban situados, sequramente, en los puntos que
experimentaron las maximas aceleraciones en cada edificio y, por otra parte, nin-
guna de estas estructuras se halla en la zona que experimentd las sacudidas mSs
violentas. Es de suponerse que este evento habria causado aceleraciones verti-
cales mis elevadas que las registradss si hubiera habido instrumentos estratégi-

camente situados en edificios ubicados mis desfavorableumente,

Usando un registro de movimiento vertical del terreno en San Fernando, se han
calculado las respuestas de un edificio de diez pisos com estructura constituida
por marcos?. Se encuentra que la aceleracidon vertical del terrenc trae consigo

fuertes aumentos en la demanda de ductilidad en los miembros estructurales de los

niveles superiores.

Admitiendo que ciertas estructuras deben analizarse ante el componente vertical
del movimiento del ierreuo, estaria desproporcionado exigir tal an&lisis en todos
los casos. Véle la pena analizar aqui edificios idealizados de manera sencilla
para conocer el orden de magnitud de las respuestas y la influencia de algunos
parémetros a fin de establecer criterios précticos, as{ sean aproximados.

Idealizacion de la estructurg

Por sencillez idealizaremos la estructura de los edificios altos primeramente
como una barra de seccidn uniforge a la que estan fijas laminas flexibles infini-
tamente proximas entre si y de masa uniforme a lo alto del edificio (fig l). La
barra representa las columnas del edificio, y las l4minas los sistemas de piso.

Después consideraremos estructuras en que el area trasversal de las columnas de-

crece gradualmente hacia arriba,

ra



Para conocer €l ordea' de m3 gnxtud de la rxgxdez de la barra noteaos que en una’
’ estructuta ‘metflica las’ .colilanas de los primeros entrepxsos estan bUJcLas a un
esfuezzo normal wedio- (despreclando momgntos flex;onantes) del orden de l ton/cmé

nnte la accion de la- gravedad y que su modulo elastxco es 2100 ton/cm o Por

' ’;,.:

tanto ‘Su un;dad de longltud posee una rigidez del orden de 2100ghm. donde h y m

0 e

“son la altura’ y masa por unidad de altura del inmueble. Tratandose de columnas

- N i

de concreto reforzado el esfuerzo normal medxo (obtenxdo como la fuerza 10ng1tu~

dinal ‘entre el drea trasformada suponiendo cOncreto con zesistencia a la compre=

sibén"de 0. 4 mon/bmz) es del o’den de 0 08 ton/cm y el modulo elastlco de 320

"y ,», »,;,v: v DNy i; Soo

ton/bm . Por consxguiente Ia rlgldez de un elemento de longltud unitar;a es del

“

orden del doble que para las columuasTde acezoa1~Elvperiodo fundamental de un edi-

IR T

ficio con columnas m*tallcas y pxsos infznxtamente rxgxdos valdria T1 =
4h(m/K)1/2. donde K 2 rlgldez de las columuas. .es.’ decir Tl*ﬂ 4(h/2100g)1/29 es=

tando b en centxmetrqs, Conbh =3 m/p;§q los ediflclos_de:10.~20.:50 y ‘100 pisos

;gnq;ianspe;jod?Wfpndggen@aIQQQ aproximadamente 0215, 0.22,-0:34y 0?48’sé§”rés-
,pg;givamenge. Sisu e§t:ggtgra;es’Qeiconcretogreforzado'estoafvaloreé,Sé reducen
a-0.11, 0.15, 0.2§:y 0.34 seg. -Si elgéfeq%trasvepsalﬂdezlacholunmusvdi§minuye

hacia arribq,*él“pgrio@qufundamentalugxcede;alkqalculado<con base ‘en lasvcolumnas
de]élaq;aébajq, E}iéxce50aes cercano a;éofpor'cientofcuanda’Ia variacidn én drea
es lineal entre el desplante y. el extremo.superior.y el drea.minima’ vale-20 por

qiengo‘ge\la;m5§ima}w: B S SR LI ALV
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Las flechas de las v1gas prlnclpales (trabes) ante carga gravxtacional suelen 1i-

e ,, . . . SRR F I Y P

m1tarse a una fraccion de su claro y lo ‘niswo es cxerto. dxrecta o indirectamente,
de las fleChaS de las losas 0 wvigas secundarias. Dicha fraccidn dépende del re-

h 1):‘
glamento que se adopte pero dlficxlmente excede de 1/300 para cada vigs o losd

respecto a Sus apoyos. Al centro de un tablero podrén presentarse valores del

doble de este, es decir 1/150 del claro. En sistemas de piso de concreto refox-




zado se limitan las flechas a largo plazo, y éstas raras veces som menores que el
doble de las flechas instantdnees. Ls razonable, en resumen, suponer que em sis-
temas de piso metdlicos o de concreto presforzado la flecha mdxima bajo la asccidn
estatica de la gravedad puede alcanzar 1/150 del clarc y que la correspondiente
flecha ante cargas de corta duracidn en concreto reforzado no pasa de 1/3C0 del
claro. Los elaros usuzles en las plantas tipo de la meyoria de los edificios
altos estédn comprendidos entre 6 y 12 m, Para sistemas de piso metilicos halla-
remos, pues, flechas est8ticas menores que 1200/150 = 8 cm y en los de concreto
zeforzado, de 4 cm. Estudiaremos también edificios meiélicos en que las flechas
sean de 4 cm pues en principio cabrla la posibilidad de simplificar los requisi-

tos de disefio en edificios con sistemas de piso moderadawmente rigidos.

Empleando un mftodo energético puede calcularse de menera aproximzda el periodo
funcacental de vibracidn de un sistema de piso, apoyado en columnas que no admi-
ten desplazamiento vertical. Se demuestra en el apéndice A que en condiciones
rgpresentativas este periodo vale, en segundos, 0.16\/és. en que/zs = flecha en
céntimetros. Dado que el periodo ratural de un sistema con un grado de libertad
yale 0.20 /zg, concluimos que los sistemas de piso cuya masa y rigidez por unidad
de altura del edificio valen m y k, respectivamente, y cuyo periodo es 2W(m/k)1/2,
equivelen a sistemas como el representado en le fig 2 con masa m y rigidez
(0.16/0.20)29m/zs = 0.64gm/z¢ por unidad de altura. Notamos que para edificies
con sistemas de pisos flexibles con ¢olumnas indeformables el periodo natural md-
ximo de cada piso es del orden de 0.45 o 0.32 seg segiin se trate de sistemas me-
tilicos o de concreto reforzado, J que con flechas no mayores de 4 y 2 cm estos

limites superiores se reducen respectivamente a2 C.32 y 0.23 seg.

£l periodo funda.ental teniendo en cuenta deformaciones de los pisos y de las

column:s es sensiblemente igual a la rslz de la suma de los cuadrados de los

4
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periedos con colurnas indeformables y con pisos infinitameate rigidos. En todos
los casos de interés practico el periodo fundamental cae en un intervale en que
las oxdenadas espectrales de aceleracidn son considerablemente mayores que la
méxima aceleracidn verticel del terrero.

Medog naturnles de yibracidn ep edificios uniformes

Ydealizaremos aqui un edificic 2lts como una barra uniforme carente de masa, cuya
rigidez en un tramo unitaric vale X y a la cual estén ligades 2lementes eldsticos
de rigidez k y masa m por unidsd de &ltura. Sea z(x,t) el desplazamiento de un
punte de la barrz situade a ls altura y sobre el terreno, en el instante t y ses
y{x,%) ¢l desplazamiento relastivo de uns masa, situada 2 la misme altura, conm
respects a un soporte, en ol miamo inst'anze° Al considerar las fuerzaz clasticas
y de inercia que obran ea un elemento de longitud dx (fig 3), el priacipio de

D'Alenbertd permite escribiz

2
K252 + gy = 0 (4}
ax<
62(y + 2)
@ e ky = 0 (2)
at

Las ecuaciones diferenciales han de resolverse suponiendo que y y 2 son funciones

de x por una funcidn armdnica de t y que deben satisfacerse las condiciones de

fronters
z(0,t) = O (3)
gz r
ox| ¢ {4)

(La ec 4 proviene de la condicidn de que no se aplica ninguna fuerza al extrsmo
superior del =dificin.) EI sisteha de ecuaciones se resuelve en el apéndice B,

donde se encuentra que la enésima frecuencia natural vale

k/m 1/2
? () (5)
G 1+ k/hpg

donde

2p = 1)
ﬁn e "("E"iy‘:‘;"“‘"“ﬂ HJ}



&

el enésiuo modo nctural es
z, = sen Ppx . <:>
¥n * (85/K)z) (8)

y el enésimo coeficiente de participacidn vale

Qp @ @)

1 + Kpe/k
De acuerdo con las estimaciones anteriores tomaremos como propios de estructuras
metflicas con flechas hasta de 8 cm los valores minimos (k/m)l/2 = 14 segml,

(5/m)1/2 = 1435 n1/2 2 1400 11/2, Con flechas hasta de 4 em, (k/my1/2 = 20 seq™l.

En estructuras de concreto supondremos rigideces del doble de las de acero.

En lg tabla 1 se consignan los primeros seis periodos naturales T; de edificios

de écero con diversos nimeros de pisos N, flechas de 8 cm, sistemas flexibles de

piso y h = 3 m/piso de conformidad con los criterios anotados. Llama la atencidn

la extrema proximidad entre estos periodos en cada edificio con pisos flexibles; <:>
sexia aun mayor de haber considerado reduccién de K con la altura sobre el terre~

no. '

Modos naturales de wibracidon con columnas de seccidn varisble

En muchos casos se idealiza satisfactoriamente un edificio alto asignando a K

una variacidn gradual con la altura mientras X y m se toman como constantes. En

estas condiciones la ec¢ 1 se convierte en

82z 8K 8z
K= +—— <+ Lky =0 (10}
6x2 9x 0x y

Las ecs 2-4 siguen siendo validas,
f; zn

Vo ¥ ———5 (11)
° k/hu% -1
y Wy, se obtiene al satisfacer las ces J y 4.
La variacion del 3rea trasversal de las columnss con la altura en les primeres <:>

niveles de un edificio constituido por plantas tipo es bastante mds lenta (ue lo
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que daria de ser proporcional a h < x. Adeuwls el fres es finita en el extre.o su-
perior, Tomaremcs como represcntativa ia variacidm
K= (1 = 0.8x%/h?)K, (123

donde K, = rig.dez a nivel de desplante {fig 4). En el extremo sunerior, K =

Si bien es posible resciver analiticumente este sistems de ecuaciones se prefirid
macexlo nuaséricawente. En la fig 5 se compars ¢l modo fundamental de un ediflisic
cuya rigidez ds columnas waria segﬁﬁ la 2¢ 12 eon el de nno con rigidez uniloxyme.
Con pises infinitawente rigides el periods fundamental es 13 por ciento mayor

que si la xigidez fuexa uniforme e igual a Ky Con pises flexibles las diferen-
clss en paviodos naturales de ambos tipes de edificio som bastaute mermoxes.

Espectros decl componente vertical

Es sabido que la aceleracidn vertical mixims del terreno come fraccién de la hori-
zontal crece conforme nos acercamos al epifocoE‘° Ea las inmedigciones de este

| . X .
ambas aceleraciones son del wmismo orden e incluso quizis la vertical sea superior.

Dada 1a tendencia a estratificacidn horizontal de reez y suelos, sobre todo er
los valles en que s# asientan las grandes ciudadés. en el componente vertical
predominan las oadas longitudinales mientras (ue en el horizontal lo hacen las

de cortante. Los sostenidos de frecuencias difieren por tanto en smbos compo=
nentes. Cabe estimar que los espectros para el componente vertical serén pareci-
dos a los de un componente horizomtal, con modificacidn en la escala de ordenadas

esnectrales y reduccidn @ un 7D por ciento en la eseala de periodos.

Atendiendo a estas consideraciones y a que cuanto mayores son la magnitud y la
distancia focal de un tenblor mis largos som sus periodes dominantesd y a la lug
de varios espectros disponibles del componente verticals, 5¢ postula para amurti-
guamiento igual a 5 por ciento de! zxitico, el espectro que con traze fantcsrum-

pido muestra la {ig 6. Si bien es pequenis !a ductilidad nsnciada a los afectas
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estructurales de la aceleracidén vert.cal no perece exagerado suponek wue ¢l coa-
portanicnto de la egtructura equivaldra al desarrollo de un factor de ductilidad <:>
de 3. Con esta hipdtesis se ha estimodo lp linca llena en la fig 6. (Probable=

wente sea admisible la hipdtesis de factores de ductilidad apreciablcmente iiayores
cuando la cedencia pléstica de la estructura estd obligada a ocurrir en las vigas,
sobre todo si estas son de concreto reforzado, pues entonces podré haber cedencia
tanto hacia arriba como hacia abajo. En efecto, el suministro de cuantias ade-

cuadas de refuerzo longitudinal puede dar como resultado curvas fuerza-deforma~

¢ién (descontada la gravedad) précticamente simétricas. En sistemas de piso meta-
licos, en cambio, la cedencia es casi necesariamente solo hacia abajo por la ac-

cidén de la gravedad y pucden acumularse los dafios debidos a temblores sucesivos.)

Llevaremos aaelante el andlisis con base en la linea de trazo lleno a reserva de
que se realice un estudio de sismicidad en cuanto al componente vertical por lo
menos con el detalle con que para los componentes horizontales contienen la ref
7 y el estudio que actualmente estd en marcha en el Instituto de Ingenieria para
mejorar esas cartas sismicas.

Calculo de respuestas

Cuando las frecuencias de los modos naturales que contribuyen significativemente
@ una respuesta estructural difieren apreciablemente entre si, pueden combinarse
las correspondientes respuestas modales como la raiz de la suma de sus cuadrados?,
Cuando mo se cumple esta restriccién == y evidentemente en el caso que nos con-
cierne no se satisface ni remotamente -= es necesario acudir a una expresidn que
contiene los dobles productos de‘las respucstas modales afectados de ciertos co=

5 Lo
o expresion Jue pucde ponerse en la forma

QiQ) 1/2
Q= (I ———J-;ﬂ a3

eficientes

donde
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! = wi
E.. = L “ (ls)
i) Z;nl + ZJ(JJJ
wj = @y (1 151/ (1)

cn = 1esima frecuencia cxrcular nbtural amortnguada

3.
§ = &+ qﬁs (167

éi = grado de amortiguamiento del iésimo modo mnatuval

AU

= durggiép dg us seg@e?to de proceso gaussiang estacionario equivaleste
a ia‘fa@i;ia de temblores de intgrés

Las tespuespgs Pod?}?§ @1 depen tomarse cou el ;igqg dp su cggiicignte de paFtiw

cipacidn. Adop}gr?mos {1 ékQ.OS ys= 20 seq. Nétgse_qug si las freﬁuep;ias na=

turales estan hlen dxferenc1adas y éi es pequeno° £ij ~€<.1 cuando i # J perc

gii = QO en todos los casosu asi que la ec 13 equ:vale sensiblemente a la raiz de

suma de cuadrados. 51 en camblo todas las frecuencias naturales fuesen xgualas

k) B B

entre si,tendxigmos Eij =0y la ec 13 equlvaldrxa & Q = I Qi'

Empleando la ec 13'y los resultados de los célculgs anotados anteriormente, se

hai obtenido las distribuciones de aceleraciones miximas en los pisos y las fuer-

&

zas axiales por siswmo en las columnas que muestran las fiys 7-10. Las curvas que

representan aceleraciones maximas en los pisos se han ajustado en el tramo infe-

1 ' T . " P . - N [ s -

rior de cada edificio, en una longitud del orden de un décimo de la altura del

- x N U

innueble, para hacer coimecidir la aceleracidon en la base de la estructura con la

) 2 & - . . . .4
aceleracion maximn del terreno. Las discrepancias que en este concepto arrojo el
N oo | R SN > . P - . ” B
calculo realizado son atribuibles a la discretacidon de la estructuza y posiblemea-

te al criterio empleado para la combinacidon de respuestas modales. Dicho criterio

ha sido calibrado, y se lo hallado satisfactorio, en sisteuas con dos grados de
‘ i . N . : Lo L oo . -
. fa) - . . . .
iibzrted” pero se desconoce la bondad de la aproximacibn que suministra en sistaz-~
\ D I L .
mas con nimero elevado de wodos natuxales significativos., A slturas mayores de

los inmucbles no es de esperarse que introduzca arrores importantss en viste de
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la preponderancia de los primeros modos naturales de vibraciones especinlmente

el funda@cntal. : (j)

Para el espectro supuesto, reducido por ductilidad, las aceleracioncs verticales
de diseido aw.entan mode;adamente, en términos gencrales, con la altura sobre el
terreno, especialmente cuando las rij;ideces de los pisos no son pequefias y cuande
las de las columnas disminuyen con esa coordenada. Se alcanzan las aceleraciones
maximas en edificios de altura intermedia. Las fuerzas axiales en columnas son
wuy ligeramente menores que la integral de las fuerzas en los pisos evaluada des-
de la azotea hacia abajo y, en general, exceden solo en unas decenas por ciento

a la masa del edificio por la aceleracidn mixima del terreno.

Ls variacidon de aceleraciones con la altura sobre el terreno es bastante umenos
pronunciada que la que manifiestan la mayoria de los registros disponiblésn3

Ello ha de atribuirse a jue los edificios reales en cuestidn con seguridad no ex- <:>
cursionaron apreciablemente en el dominio plastico. Si hubiésemos llevado a cabe

los anilisis del pre;ente articulo empleando el espectro de comportamiento lineal

en vez del reducido por comportamiento ineldstico, habriamos encontrado también

una fuerte awplificacidn con la altura sobre el terreno,

La forma de realizar el anflisis implica que vigas y columnas ceder2n pléstica-

mente por igual, y esta hipdtesis es debatible., 3i se sobredisefian las columnas,

las vigas tendran que desarrollar ductilidades bastante mayores yue las supues=

tas, sobre todo en las plantas superiores, y esto probablemente se logre en la

practica con tan sdlo tomar precauciones menores en su disedo; pero la situacida

inversa no es valida ya que la falla de columnas en compresidn no suele desarro-

llar grandes ductilidades, especialmente en columnas de concreto reforzado pro-

vistas de estribos y en toda ocasidn en que puede ocurrir pandeo inelastico. Se (:)

concluye la conveniencia de adoptar criterios mas conservadores para el disefic de



columnas ante carga axial que para el disefis de todos los miembros estructurales,

incluyendo las columnas, en flexidn.

Si bien los resultados que consigaa el presente articulo no mzanifiestan la apari-
ci6n de aceléraciones verticales sismicas en la estructura weyvores que la grave-
dad, si dejan pecéa duda respecto a que aceleraciones elevadas se podrin preseatatr
cuindo la estructura ses incapsz de desarrollar ductilidades importantes. De
aqui que en toda viga de concreto reforzado o presforzado deba suministrarse su-
ficiente refuerzo longitudinal, en el lecho opuesto al que indica en cada seccidn
la aceleracidn de la gravedad, pare asegurer caspacidad y ductilidad adecuadas.
Las cuantias requetidas son pequeilas pues el concréto reforzado desarrolla gran
durtilidad cuends cede por tensitm en flexidm y estd subreforzade, pero deben sex
suficientemente grandes como para Que ls capacidad sea mayor que la del concreto
simple (que fallaria frigilmente) y para distribuir las grietas por flexién. Con
estos fines son adecuadas las cuantias minimas que suelen fijar los reglamentos

de construccidn para el acero en lz cera de tensidn.

Por las mismes razones ha de prevérse ls aparicidon de tensiones axiales pequefias
en las columnas., Eilo se reflejard en el diseiio de conexiones de columnas retde
licas, en la elecé¢idn de dispositivos de trasiape pars el acero lenyitudinal de
las de concreto y en reducciones de la capacidad de estas pera resistir fuerzss

cortantes,

El espectro eladstico que adoptemos en el presente andlisis se basa en unz inter-
pretacidn somexa de datos prrciales sobre los efectos de un sols tamblor, Sin
duda en la practiéa ccurrir2n sismos cuyos contenidos de frecuencias difieran
apreciablemente dél que supusimos, Aurando 2 esta consideracidn la ircertidumbre
en periodos raturales de vibracidn y de-wmanera destacada la que proviene de posi-

ble interzccion suelovestructura, se vuelve palpable que ser{a premoturo edeptar

11




erxiterios de diseiio en los que la sceleracidn vertical variara sensiblemente como
indican los presentes anflisis en funcidn de la 21ltura sobre el terreno y de los

deméds parfimetros pertinentes. Es claxo, ﬁor otra parte, que si se adoptan cziie“
rios sencillos y aproximados no cabe hacer distinciones en funcidn del matexial

coastitutivo de la estructura, rigideces de los pisos y altura del inmueble.

Una manera sencilla de cubrir los resultados obtenidos y su extrapolacidn a condi-
ciones probables excluidas del analisis consiste en especificar que, en zonas dou-
de sea alta la probabilidaa de que durante un lapso de varios deceanios ocurran tem-
blores intensos con epifoco cercano al sitio de la construccidn, se increments el
factor de carga que s@ aplique a las acciones gravitacionales al analizar su efec~
to combinado con el de temblores., Un incremento de 20 por-ciento en diche factos,
por encima de lo que serfa adecuado de no obrar aceleraciones vexticales, cubrizia
una aceleracidn mixima de 0.44q sin requerir ?e ductilidades mayores que las su-=
puestas en estos analisis. La aseveracidn se basa en que el minimo cociente usual
de cargas viva a muerta en vigas es del orden de 1/3; si la carga viva durante un
sismo intenso no excede de 1/3 del valor de disefio para carga gravitacional, las
vigas podrén tomar una aceleracibn vertical de 1.2 x 1.33/1.11 = } = 0.44 de 1a
aceleracidn de la gravedad. En las columnas esta reserva se ve disminuida porgue
la carga viva que se toma para su disefio ya se halla reducida pero debe tenerse en
cuenta que los efectos mAs desfavorables de las aceleraciones verticales en estos
mienbros consisten en aumentos de la demanda de ductilidad ante la combinacidn de
dichas acciones y los momentos de volteo. Donde dominan las fuerzas axiales pro-
vocadas por estos momentos la combinecidén de ambos fendmenos puede asproximarse to-
mando §ntegro el efecto de momentos de volteo y 0.3 de los de aceleraciones verti-
calesB, Asi, si los efectos de fuerzas gravitaciorales son del mismo orden que
los de texzblor, un aumento de 20 ciento en el factor de carga de los primeros pex~
mite resistir aceleraciones sismicas hasta de 0.56g. Como una acelexacidn mdxima

de 0.44g en los vigas significa una aceleracidén media wmenor que esta cantidad guul-
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quiera que sea el tramc vertical que se considere del edificio y las fuerzas ver-
ticales inducidas en las coluxnas son poce menores gque la integral de las que obran

en las vigas, el eriterio es conservador para las columanas, como =raz descsable.

Dado que las aceleraciuvnes verticales del texreno pucden no soic asumentar siuo
tazbién disminvir desfavorzblesmeate las cargas gravitacionales (por ejezplo en
miecbros estructurzles verticzles en que la combinacidn de estas y de los efectos
de momeatos de velteo introduzca tensiones o diswinuya la czpacidad oara resistix
fuerza cortante, cazpacidad que es un amplio intervalo de interds practico crece
con la compresidn axial), procederi taembién revisar la estabilidad ante la combirna-
cién de fusrzas gravitaciomales y laterxales recduciendo el factor de carga de las

primeras wultiplicaadelo, digames, por 0.8.

Us criterio sencillo, poco wds refimado que el gue antecede, haria variar el fac-
tor de carga con la zlture sobre el terrenc, pero dificilmente se justificeria en
la preseate 2tapa.

Conclusioaes

Los anflisis realizados seiialen la apsricidn de zceleracicues verticales, en les
pisos de edificics mltos, que son en térnminos generales funciones moderadamente
crecientes de la altura sobxe el terreno. La amplificacidn dinémica que se en-
cuentra es baja en relacidn cun los registros obtenidos durarte siscos en proto-
tipos debido a la ductilidad que se ha supuesto que se desarrolla. Dicha anplifi-
cacién es wis pronunciada cusnto mds rigidos sonm los piscs en comparacién com las

colamnas y cuanto mis ripidamente decrece la rigidez de estas coa la altura.

Son caxizas las aceleraciones en edificios de altura intermedis (20 a 50 pisos),

y resultan poco mayores en estructurss de concreto que en las metalicas.

Para asegurar el desayrollo de ductilidades adecuadas, 1as coluzmpas han de dige~

Barse mds conservadorzmenie ante carya sxial que las columnas y las vigas
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que la integral de las que )en las vigas, el criterio es conservadur paia

las columnas, como era deseable.

Dado que las aceleraciones verticales del terreno pueden no solo aumentar sino
también disminuir desfavorablemente las cargas gravitacionales (por .ejemplo en
miembros estructurales verticales en que la combinacién de estas y de los efec-
ios de mouentos de volteo introduzca tensiones o disminuya la capacidad para re-
$¢istir fuerza cortante, capacidad que en un amplio intervalo de interés prictico
Erece con la compresidn axial), procedera también revisar la estabilidad ante la
combinacidn de fuerzas gravitacionales y laterales reduciendo el factor de carga

de las primerss multiplicéndolo, digames, por 0.8.

Un criterio sencillo, poco mas refinado que el que antecede, harla variar el fac-
el factor de carga con la altura sobre el terreno, pero dificilmente se justifi-
caria en la presente etgpa.

Conclusiones

Los analisis realizados sefialan la aparicidn de aceleraciones verticales, en los
pisos de edificios altos, que son en términos generales funciones moderadamente
crecientes de la altura sobre el terreno. La amplificacidn dinZmica que se en-
cuentra es baja en relacion con los registros obtenidos durante sismos en prots-
tipos debido & la ductilidad que se ha suéuesto que se desarrolla. Dicha ampli~
ficacidn es mds pronunciada cuanto més rigidos son los pisos en comparacidn con

las columnas y cuanto mis rapidamente decrece la rigidez de estas con la altura.
|
1

Son maximas las aceleraciones en edificios de altura intermedia (20 a 50 pisos),

y resultan poco mayores en estructuxas de concreto que en las metalicas,

Para asegurar el desarrollo de ductilidades adecuadas, las columnas han de dise-

flarse mis conservasdoramente ante carga axial que las columnas y las wvigas en
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en flexidn. Ademis, en zonas donde sea probable (ue ocurran tesblores inteasos
de epifoco cercano debe preverse la inversidn de momentos flexionantes en los
sistemas de pfso. Para ello bastara, en micmbros de ccncreto rcforzado, con su-
ministrar, en la cara que ordinariamente seriz de compresidn, el refuerzo longi-
tudinal minimo de tersidn que marcan les reglamentos. Esta precaucidn es espe-
cialmente de atenderse en vigas de concreto presforzado. Ademas deberf preverse

1s aparicidn de pequefias tensiones en las columnas.

Teniendo en cuenta las incertidumbres actuales sobre las formas de los espectros
del movimiento vertical del terreno y en le que ataiie a interaccidn suelo-estruc-
tura, no se justifica generalmente un criterio refinado de diseiio para cubrir los
efectos de este componente sismico. En zonas como las mencionadas bastard con
especificar que los factores de carga usuales para fuerzas gravitacionales,
cuando actiian simultaneamente con las fuerzas sismicas, se incrementen y disminu-
yan ligeramente. La mayor parte de los efectos en cuestidn quedaran cubiertos

con factores del orden de 1.2 y 0.8 en las fuerzas gravitacionales.

Como alternativa cabe llevar a cabo analisis dindmicos refinados de los efectos
de la aceleracidn vertical del terreno. En ellos deberan reconocerse las incer-

tidumbres que se han mencionado.

Los andlisis hechos mejorarian en precisidn y alcance si abarcaran um mayor rango
de condiciones y si tuvieran en cuenta las deformaciones loczles de¢l terreno

cuando estas fuesen importantes7

Los espectros supuestos en este trabajo son representativos de io que cabe espe-
rar en la vecindad del epifoco de teublores intensos en terreno firme. Para es-
tablecer criter:i0s diynos de confianza se requerird el cdlculo de los espectros

con base en estudios de sismicidad. Aun en el estado actual cabe decir que para
fines reglamentarios pueden eximirse de anidlisis por componente sismico vertical

los edificios que se hallan en vastas zonas donde la probabilidad de que ocurra

15




un temblor intenso de epifoco cercano es sumawente pequena.

Mereceri asiwiswo atencidén mis profunda jue la que le hemos dedicado el efecto

del comportémiento no lineal de la estructura.

En la ref 9 el lector hallari um tratauiento paralelo e independiente de los tewas
aqui cubiertos. Las recomendaciones de la ref 9 son mas conservadoras que las
enunciadas en los pirrafos precedentes.
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Apéndice A. Periodo fundamental de sistemas de pisos

Consideremos una viga prismitica libremente apoyada. Sabemos que su frecuencie
circular fundamental® es
waﬁ/ﬁ (AL}
L2/ P
donde L = claro, E = mddulo eléstico, I = momento de inercia de la seccidn tras~
versal y p = masa por unidad de longitud. La flecha de la viga ante la sccidn

estitica de la gravedad vale

4
z = 29PL" (A2)
$  384EI

De aquf que su periodo fundamental 2m/w sea (2/(1))(38-4/5925)1"/2 = 2v(0.78825/g)1/2,

que ha de compararse con 271'(zs/g)1/2 para un Sistema cor un grado de libertad.

Consideremos ahora un sistema de piso constituido por vigas ortogonales continuss.

Supondremos nulas sus rotaciones en los apoyos e iguales las flechas en ambas di-

@
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recciones, con respecto a Jos corresuyondientes spoyos. Aduvunis suponuremes que ia
deflexion & los cuartos del claro es igual a la mitad de la flscha. La confiqgu-
raciGn supuesta se exhibe en la fig Al. Por simetria, para estimacién del perie-

do fundzisental basta examinaz un octavo de tnblero, cowo te wnestra en la {3y A2

<

con lus fleches y irees tributerias que corresponden al apoyo, cuartos y centvos

de las viges ortogonales,

La frecusscia fundamental puede aproximarse satisfactorismente wediante el co~

ciente de Schwartﬁsa

W Wiz
w? & cmdd (A3)

" donpde W; = peso de la igésima masa supuesta concentrada, mediante cuys conjuntio se

discretiza el sistews, z; desplazamiento corvespondiente y Fy = fuerza de inercia
que obra en dicha masa. Aplicando esta expresitn encontramos el periode funda-

mental igusl a 2#(0.62523/g)1/2. donde zg = flecha al centro del tablere.

En un pise tipleco habra generalmente un niimero dominante de tableros cuyas condi-
ciones de apoyo y continuidad se aproximen a las del que acabemos de analizar y
algunos tahleros ¢ veladizos cuyas condiciones de apoyo y continuidad estén mas
proximos a les de una vigs libremente apoyads. Por tanto es razonable aproxima:
el periodo fundamental como 2m(0.064xg g)l/2 2 0¢2(006423)1/2 = 0.16‘/25. estiando
Z_ en centimetros y 2! periodo en sequndos.

&

fpéadice B, Hodes naturales de estructurss uniformes

Desearcs resolver las ecs l=¢, Las ecusciones diferenciales sn cuestion son ge-
|

parables., Supongases z{x,t) = L(x)8{s), yix.,t) = Y(x)8(t). La hipdtesis es

congruente con la condicidn de wibreeidn libre en un mode natursl. Sustituyesdo

en las ecs 1 y 2 obteneuwos

KZ°9 + LY6 « 0 (B1)
(Y + 236 + kY8 = O (82)

donde las primas significan derivadas respectu 2 ¥ y los puntas respesto s t. Sgo




tas expresioncs deben satisfacerse para toda x y toda t. Por tanto podemos divi-
dir aubos mieubros de la ec B2 entre kYo:
!
21+ 4 s - fo (B3)
El primer miembro no depende de x y el segundo no depende de t. Por tantg}amba&

son iguales a uma constante, digamos w2, Nos quedan pues las ecuaciones

-6 = e (R4)
Z
Y = = (B5)
k/mf = 1

Salvo por la amplitud (que es arbitraria) y un desfasamiento (que es irrelevanie)

la solucién de la ec B4 es

€ = sen wt (B6)

Por tanto w es frecuencia natural del sistema.

Sustituyendo la ec B5 en la Bl y dividiendo ambos miembros entre 8 queda

.74
m"+ .________.30 (57)
k/mR = 1

cuya solucion general es

1/2 )
Z = a sen [(;/—5'2&—1) / X] + b cos {(—/:Ezﬁ—::) 1/2)( (88)
mn- = k =

donde a y b son constantes. Ue la ec J, b = O, Por la arbitrariadad de la aw~

plitud podemos tomar a = 1. De la ec 4,

(—kE ) 1/2 o= D (B9)

donde hemos introducido m = 1, 2, ... para identificar la enémisa frecuencia na-

tural. '

De la ec B9 deducimos las 5 y 6. De las ecs B8 y B9 la 7 y de las ees 5 y BS

la 8.

E]l coeficiente de participacién® se calcula mediante la expresion

[
fd]

O
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S&m(yn + zpidx
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(B10)

PN m(y + 2z )édx : .
0 .n n oo ot
O U
Sustituyendo zy. de las ecs 7 y 8 obtenewos, la .9, i il e
mdiyfx Hos B dauy RSl e R A
ﬁotacxgn ’ ' . e By - - a fg adsal? -
i ;&;wung‘_i QiJEQﬁVbAQ 5&1sa ﬂ{ﬂg‘gs;udgl‘nu sb oayass fs sdsal®
A = aceleracion egpectral ” Liientah
N . i ane )
@ = coeficiente én la expre idn parggjgggggggs ng}ugu}ggaz§gsh ~
b = coeflcxentewen la expresién para, los cmodos. naturales. ¢z -
RS R A 38 50 3 1va WA R e
E = modulo“de elasticidad CEaEEELE sy 8B sulNban . L. ios
F- = fuerza de inercia .. YL pdnglegngivans oh olasy .
g = aceleracidon de la gravedad . untsgoms 5o srasinvisps o p
h = altura de un edificio 7 o3h edd
I =2 Dmén?.ﬁ de xinercla QE‘SW C"'ﬁﬁj \ﬁb bﬂ?ﬁgqu 3!.‘ be g ‘TUQ GhRa - -»J
K = rlgldez axial de un tramo unitarie de colummasis gisosuesssd <
TR IR PENEE UADCRIL TF% b e AR NP R LRI
O Ky = valor de K en % = 0 SALREEELEN)
k = rlgldez de los s stem‘é de’ plso en unﬁtramo deﬁlong1tud unitariazde,;
[ @L A "'U wb\.ﬁ U QL)‘K& JG&L'\. Lo ;Dvu oy A \/F“ Moo v — ’
T las COlUfﬂn R - P N R & S CR ar i
WU siyetaspal ob gﬁwﬁﬁvdml iob B saidin f 800 ELRE 9tk o8 I .gnid
L. = elaro de una .vi o me e - e i)
S 1 @cnmrf% 'eﬁ :".uz\m\/gﬁé 52 as? ok Yoldmee 157 ut’ mUMJﬁ ¢ 3 disuidrsaos
2 3 t . di ii‘,\ @ Moamime-fu wf,mis
:Kn! i HHSS ‘%pFﬂiunlidqu&deoLalgrgufxac ﬁz‘u%be YL ven o BUWIMILY RF s o
L i Hew Ty = ~ L S R e e
N = numeroade pisos LB8-LE (B0P1 wee i €0 a0
= res uesta estructural de _diseno T T
B Q EN nfLSE} OEIE XQ e "/gsﬁfﬁ ey *L*me’abm}' £. (N b ooyberd (O seas il
5§ = duraclon de un proceso estaq1onat10 equivalenpe*a,laufgg;jiang.tgmw
. L.\»"lﬁ-.-unt‘ C‘)”" /3&‘\’%8 DR D]GQUQ\E X&, .L@V ;}“ 5 g &5)3{43»{ ¢ wHiB AL L T
bloresude disefo Lo s o S Aaeg o aabl T
songan® wmarendont Se edeilvany siava¥iisl vzddstodeld dpugansd guinmunsg
i . o
T = periodo natural BTRL g ETRL L0142
.t = tiempo , . . - P N
sk L,,s)xg“ oz oheol gikvetp fﬁafﬁ}jm Y Getsdred ¢ 2 b gnerashe
Y = peso de un elemento que 1ntegra un 51stema estructural fag e
YN \§ Ar‘x?' & DS L \b\)«\ ‘}‘H-oz L r vE SR SR TR BRI ;‘,sjfi-) 23
x = coordenada axial de un edx‘lcio S5 el gl oae gm0
(:) Y = funcxon de x P PR R LRt
e Gng Jara 3 Yoo Fiaaldbproel O N
=

desplazamzento relativo maxlmo entre un piso y las columnas:

que. 1o.




soportan

funcidn de x

!
')

z = desplaozamicnto de las columnas en cualquier punto de un edificio

z, = flecha al centro de un tablero ante carga gravitacional de corta
duracibn

¢ = coeficiente de participacidn

8 = parfmetro requerido para satisfacer la condicidn de frontera en el
extremo superior de un edificio

{ = grado de amortiguamiento

¢’ = grado equivalente de amortiguamiento

funcidn de t

o2
[']

p = masa por unidad de longitud de una viga

w = frecueancia c¢ircular

Referencias

1.

5.

Esteva, L, "Los temblores de mayo de 1962 en Acapulco”, Rev Soc Mex de Ing

Sism. 1, 2, dic 1963, 39-60. Informe 94 del Instituto de Ingenieria, UNAM.
Rosenblueth, E y Prince, J; "2l temblor de San Salvador, 3 de mayo 1965:

ingenieria sismica™, Rev Soc Mex de Ing Sism, 3. 2, dic 1965, 33~603 Ingenie-

fﬁﬁ! 22, 1, ene 1966, 31-58,

Trifunac, M D, Brady, A G y Hudson, D E, "Analyses of strong motion earthquake
accelerograms", partes A, B, etc, vol 3: Response spectra, Earthquake Ea-
gineering Research Laboratory, California Institute of Technology, Passdens,
Cal, 1973 y 1974. |

Anderson, J C y Bertero, V V, "Effects of gravity loads and vertical ground

acceleration on the seismic response of multistory frames", Proc Fifth World

Conf on Larthq Engng, Rowa, 1973, 2, 2914-23,

Newmark, N ¥ y Hosenblueth, E, Fundamentals of earthquake engineerxing, Pren~

tice Hall, Inc, Englewood Cliffs, N J, 1971,

O



6. Rascon, O A y Villarreal, A, “Estudio estad’stico de los criterios para es=
timar la tespuesta sismica de sistemas linénIeS‘cbn dos grﬁdoﬁ'de libertad",

emorias del Primer Congr. Venezolano de. alsmolog e Ing bxsm. en ‘prensa, Ca=-

e v e

A
P,

raca,a\Venézuela, oct 107@, Ingea:eria, 43 4 (oct-dic 1974), 37 -96; Insti-

5 )
\7; "t i dras

by

1

tuto de Ingenleria.erAm. Infoxme 343 oct 1974.»w; ‘*;F"

it 7

v X
s .
AR

zl !,’ .cv'

7. Estewa° L "ConSJdetaclones practlcas en la estimacxon bayesiana‘de ‘riesgo

1 i . ¢ 5 .‘;} ./“‘ - I “1

sism;co A Instltuto de Ingenieria. UNAM' Informe’ 248 1970.
"j\é l'l . ‘; (\‘/ rL

t,‘ .
8. Rosenblueth, E, “Crxtezio aproximado de disefio ante sismos de varaos compo=

nentes o 8 ser presentado en(:uarto Congr Nac de Iug S1sm, Oaxaca. Oax, nov
1975. " \
9. Krawinkler, H, "Vertlcal gzounq wotion in earth, uakes == its mnature and its

effects on tbe response af buxldxngs o en A study of seismic risk for Nica-

ragua° parte 1, por HC Shah C P Mortgat, A Kiremidjian y T C Zsutty. The
John A Blume' Earthquake Eng;n:ering Center, Dept of Civ Engng, S;qnford

University, 11, ene 1975, A6.1-32,

21




Tabla 1,

[
1

Periodos naturales de vibracién (Tj, seg)

Pisos flexibles

Pisos infinitamente rigidos

E N=]0 N=20 N=50 N=]00 N=10 N=20 N =50 N = 100
1 0.4753 0.5004 0.5691 0.6681 0.1565 0.2213 0.3498 0.4947

2 0.4518 0.4548 0.4637 0.4782 0.0522 0.0738 0.1166 0.1650

J 0.4499 0.4510 0.4542 0.4596 0.0313 0.0443 0.0700 0.0990

@ 0,4494 0.4499 0.4516 0.4543 0.0224 0.0316 0.0500 0.0707

5 0.4491 0.4495 0.4505 0,.4522 O.0174 w.0246 0.0389 0.0550

6 0.4490 0.4492 0.4499 0.4510 0.0142 ©0.,020Y 0.0328 0.0450

(k/m)l/2 = 14 seg™!, o

(k/m)1/2 = 140081

b = 300N ¢m
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Fig 4. Variacion de la rigidez de columnas
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Fig 7. Fuerzas de disefio correspondientes al componente veriical, flecha
estdtica en pisos = 8 cm, edificios de 10 y 20 pisos
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Fig 9. Fuerzas de diseno correspondientes al componente vertical, flecho
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Fig Al. Tablero del sistema de piso
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un octavo de tablero
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Eﬁ dlseno suelen idealizarse los tembleres como st solo; tuvxeran un componente y
este actuara en una de dos diregclones horizontales ortogonales 4 la vez. gl

r

'

$ e T t

p esente articulo examina la influencia de otros componentes° Se‘tomaxel movi-
x’.. ph 1 5 !
miento en campo libre (?s decir, el que tendria la. superficie libre. del‘terreno

By
! L y l
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s% sobre este no exi;tlerp estructura alguns) coto consxstente en_dos componentes

horizontales de trasla01on y tres componentes rotacionales. yvdichoﬁmovémiento se
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prfmedia en ﬂo que es la base del edif1cio.a ?ox o, demas no se’ txene -enjcuenta

- \
latinteracci6n suelo-estructurak No se incluye un. tratamiento de. la traslacion
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vertical porque la ideallzaclén que aqu1 se adopta del comportamiento .de los edi-
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f1cios no se presta a ello. Ante la ausenc1a de registros adecuados el movinien-
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tOvdel terreno se supone coincidente con. las soluciones teoricnsupara formac1ones
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de! suelo regulares y homogeneas.% El ed1ficio se: idealiza .COmo" una- yiga uniforme,
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de comportamiento l1ne%1. que solo admite deformaciones en -corte y torsi&n.
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El trabajo se basa en la ref '§,- que a su éééhtbmorcomo fuente la ref 4 hacféqdole
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ciertas correcclones. Exlste«un estudlo paralelo que,.se.- refiere a edificiosﬂcon

i
!

plaﬁta de forma arbxtrarla quetos a ondas de cortante que. inciden a un angulo

‘..,».-«'~é~‘, 13
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cualqu1era6 En el algunas h1potes1s dlfleren deJlas que aqui se: adoptau.
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Supondremos que la esttuctura tiene modos naturglgs clasicos de . vibracion, es de-

A

cir. que es capaz de descr1b1ro en v1brac16n libre. movimientos; dados por,el

producto de una funcx6n de posicion y una funcion del tiempoz. Talano es‘txguro- ‘
Fiog 10, Frdepes od aisefy vl MRS gt b ¢

samente cierto .aun para la”mayoria (de las estructuras ideales.de comportar:ento
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lineal, perc el error que se introduce al suponer que la estructura esid provis=
ta de modos clésicos es sumamente pequefio cuando sus grados de amortiguamiento
son pequefios, digamos de no ms de unos cuantos por ciento, cual sucede en la

mayorfa de los casos de interés préctico.

En clertas condiciones, cuando se imparte el movimiento a la estructura a través
de un grado de libertad de su base y aquella posee modos cléasicos de vibracidn
puede aproximarse la respuesta de disefio que corresponde a una probabilidad fija
de excedencia como la rafz de la suma de cuadrados de las respuestas mbdales
asociadas a la misma probabilidad de ser excedidasS. Para ello se requiere que
los modos naturales que contribuyen significativamente a las respuestas cumplan
las siguientes condiciones: ] sus frecuencias naturales no son demasiado eleva-~
vadas, demasiado pequefias ni demosiado proximas unas a otras, y 2 los grados de
amortiguamiento de dichos modos son pequeiios. En términos cuantitativos se re-
quiere que cuando mucho una frecuencia de los modos en cuestidn exceda aprecia-
blemente al cociente de le aceleracion e la velocidad méximas del terreno; que
cuando mucho una de ellas sea menor que 27 entre la duracidn de un segmento de
movimiento estacionario equivalente al temblor en cuestidn, y que las diferencias

entre las frecuencias naturales de interés satisfagan una limitacidn contenida

en la ref 2 en que intervienen los grados de amortiguamiento.

La manera en que han de combinarse los efectos de movimientos segun los grados
de libertad de la base es funcibn de la correlacibn que exista entre tales movi-
wmientos. Consideraremos dos casos extremos. Cuando no hay ninguna correlacibs
entre los movimientos el efecto de su combinacidén es sensiblemente igual a la
raiz de la suma de cuadrados de las respuestas a cada componente. Cuando la

correlacion es total debe calcularse la respuesta en cada modo natural sumando

los efectos de todos los movimientos de la base y después combinarse las respues=~

N

tas modales,

O
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Perturhsciones

Consideraremos tres tipos de ondass

}. Ondas S de trayectoria vertical que llegan sincronamente a la base de la es-
tructuxra y solo producen excitacidm hc;izontal. Las ondas S, comc las P, son
ondag llamadas de cuerpo pues embos tipos se presentan en interior de los sdli-
dos. Las ondas S {(gecundarias). iiamédas ondas trasyeraales »u ondas de corianta,
van acompafiadas de deformacicnes de corte puro y de osc§laciones perpendiculares
& la direccifn en que se trasmiten, al igpal que las onqas de luz. Debido a

que en general las cindades de¢ gran tamafie se comstxuyen en valles cuyo sabsuelo
esth estratificado en direceciones aproximadamente horizsntales, lss ondas S su=
fren una sexie de refracciomes e dan por resuliado su igcidencia pricticemente
noxmal a la superficie libre del terremv. Por tal motivo producen oscilaciones
pricticamente horizontzles y casi simultineas en toda la base de unzeQificio de
dimensiones moderadas. No consideraremos ondos P {primasxias, pues dade su mayor
velocidad de trasmisidn son siempre ia§ orimeras en lleggr), lianadas gndag Jop=

gitudineles o de compresién, ya que tambi&n estas tienden a llegar viajando casi

verticalmente, y scordamos nc amalizar aquif o1 efecto de vibraciones verticales

de la base del edificio.

2. Ondas de Rayleigh (R) que contienen componentes estrictamente correlscicnados
de traslacidén vertical y horizontal asi como de rotacidm con respecto & un eje
hoxizontal. De los diversos tipos de oanda superficial que hen zecibido atencidn
analitica lss més conocidas scn las ondas de Rayleigh. Estas se presestan en
semiespacios homogéneos y en suelos estratificades. Consisten en oscilaciones
verticel y horizontal cuyas amplitudes decrecer son la profundidad (decrecen ex=
ponencialmente en un semiespacio), Lus oscilacicnes se verifican en planot vare
ticales que contienen a la direscibn de trasmisibn, la cugl 6s horizontsl . Cadu

particuls del suelo descrxibe una elipse. La velocidad de trasmisiGn de as ondas

J



de Rayleigh depende del coeficiente de Poisson del terrenc. Cuando este coefi-

ciente vale 0.25 le velocidad de las ondus en cuestidn en ur semiespacio homogé-
]

neo_es 0.92 de la velocidad de las ondas de cortanted, El componrente rotacionsl

obedece & que la superficie del terreno se inclina al paso de las ondas.

3. Ondas de Love (L) que constan de un componente horizontal de traslacién y

uno de rotacionm con respecto a un eje-vertical. Ambos componentes estfin total-
mente correlzclonados. Las ondas de Love también son superficiales. Su amplitud
es maxima en la superficie libre del terreno. Se presentan en suelos estratifi-
cados. Las trayectorias de las partfculas son normales a la direccién de propu-
gacion dz las ondas; de aqui que den origen'a rotacibén con respecto a un eje
vertical. La velocidad de propagacidn de las ondas L depende de la frecuencia

de oscilacidn, es decir, de la longitud de onda. En formaciones que consizn de
un estrato horizontal que descansa sobre un semiespacio homogéneo la velocidad ds
las ondas cuya longitud es pequeiia en relacién con el espesor del manto se apro=
xima a la de ondss S en dicho manto; la velocidad de aquellas cuya longitud ex=-
eede apreciablemente al espesor del manto se acerca a la de ondas S en el semi-
espaqioze ‘

Respuestas estructurales ‘

El célculo de respuestas estructurales no presenta dificultad. Se obtiene el

promedio de las traslaciones basales del edificio, cuando estas son senocidales ¥
se deben a ondas R y L, multiplicando su amplitud por (sen A)/A, donde X = w3/L,
B = dimension de la base en la direccién en que se propagan las ondns y L = lon~
gitud de onda. La amplitud medipudé la rotacidén basal es (2/B) sen A per la am-
plitud de las oscilaciones verticales u horizontales segan se trate de ondas R o

L respectivamente,

En un edificio de planta simétrica, las ondas S sélo causau cortantes de entrs-

piso y momentos de volteo; las ondas R producen oscilaciones verticales, cortau-

O



tes de entrepiso y momentos de volteo, y las ondas L originan cortantes de entre-

2 B
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p1so, momentos de. volteo y torsiones de entrepxso.
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a*a las ondas R cadaJrespuesta modal incluye los efectos de rotat16n y trasia-

'cicn. El momento de volteo (mas no asi 1a fuerza cortante) que. resulta de combi-

: P! Aw-r:) ST e SN L\rﬂs\

P

nar estas resguestas modales se co%blna a su vez (empleando 1la raiz de suma de
,,,,, kS _n,.‘ WL {,"‘"Ng‘.rlhh .o vt -

cuadzados) con la respuesta que daria el sistema si fuera una barra riQJda:
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Aquf b= momento,de volteog H @ altura del inmueble, W = peso del mxsmo, g = ace-

i\ L

leracion gravitacionalﬁﬁ; =, tiemuo, 6 . rotaclon basal la testa indxca promedxo
en.el area de la.base.y los puntos signzfican derlvadas .¢on respecto al tiempo.

181 es igual'.a I/B por la diferencia de aceleraclones vextxcales z entre los ex-

I
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tremos opuestos; de la base. ’Sl.z es. un; proceso gaussiano estacxonatlo (es decir,
si la’ distrzbuclén de probabxlidades de z es normal e independlente del. tiempo)

en "la veclndad de\maxkﬂ.Lel,cociente max\ei/mnxlzl es igual al cociente de ‘las

n,-, - B

desviaciones.estandar de [} Y, z° ‘pues.- la esperanza de cada una de estas.variables

o By

es: 1dent1camente ‘nila. Por consigulente°

V3

Yot Hi maxlel = ./2 - 2p(t1) max\zI/B TR T - (2)

T

dqnde ps: coeficxente de autocorrelacion&de 2 des*declr.()(tl) es igual a la es-

YRR PRI

peranza de z(t)z(t t}) entre la variancia‘de z)oﬂzSegun la xef 2, tratandose .

de temblores en terreno firme puede aproximarse ol mediante la expresion N

[ s

_ o p(t") = e ~at licos ﬁtj S T ,(3) o
dqnde 6‘5’8 seg y g .= 14 seg li (Son de espera:se valores de ey 8. consideraf

M

blemente mayores, para las ondas R en las que predomlnan periodos .mucho més largo

que~para ﬁl‘ﬁGNPIOF en su conJunto.) Esta relacion solo sera aplicable cuando B

~
'(&ﬂf .

no sea excesivamente pequeno° pues p esta poco definido cuando tl tiende a cero.

Evidentemente, maxlel < maXlGl ¥ esta ﬁltlma cantldad puede estlmarse acudlendo

3
3

a una sugerenc1a de Newmarklx




6 max(Z2)
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op mox 2l
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donde ¢, = velocidad de las ondas de Rayleigh. El coeficiente 6 se sugiere cuon

base en el registro del temblor de £l Centro 1940. Traténdose de otros movimien-
tos del terreno dicho coeficiente puede yacer entre 5y 15. En el snilisis toma-
Temos max]gl como lo suministra la ec 2 pero con una cota superior igual a la que

da la ec 4,

Cada tipo de onda correspoude a dos direcciones. Los componentes del movimiento
del terreno segfin estas direcciones estén parcialmente correlacionados entre si3,
y tal correlacidn deberfa tenerse en cuenta al combinar sus efectos.

Ejemplo

Considexemos un edificio de planta cuadrada y simitrica, para el que B = 30 i,
H=60my el periodo fundamental de vibraciones en cortante as{ como en torsién
vale 2 seg. Adoptemos para cada tipo de onda un espectro de aceleraciones de
disefio (ya corregido por amortiguamiento) que seg independiente del periodo para
periodos menores que 0.2 seg e inversamente proporcional al periodo fuera de

¢s£e intervalo. Para ondas R y L consideremos asimismo um espectro plano de ace-
leraciones de diseiio, es decir, cuyas ordenadas son independientes del pecrciedo @n
todo al intervalo de interés. En lo que toca 8l primer espectro asignaremos a o
y B la mitad de los valores que se consignan a continuacién de la ec 3, y en lo
atafie al segundo espectro, la décima parte de estos valores, Tomemos ¢, = 300
m/seg. Al analizar los efectos de las ondas L supondremos que el edificio se
apoya en un estrato horizontal de 30 de espesor subyacido por un semiespacio de
roca, Las velocidades respectivas de ondas de cortante valen 300 y 3000 m/seg v

el cociente de los mbdulos de rigidez en ambos materiales es 100, Las velocida-

des resultantes c de ondas L se muestran en la fig 1.

Las figs 2-4 consignan las respuestas de disefno calculadas, normalizadas con res-

pecto a la aceleracibén espectral asociada al modo fundamental, Aj. Ameritan ser
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comentadas tres particularidades de estas curvass 1 La fuerza cortante basal
para ondas R excede a: Alw/g siendo que nunca sucede asi. en respuesta“a perturba-

ciones puramente traslacionaleszq tal resultado refleja la coutribuclon del com-

- \i -t

poneute rotacional del terreno° 2 La derlvada ‘del momento:de: volteo. dM/d!.o es

2 s
| 2 sr.

finite. para las- ondas R on- el punto Z = H m1entras que tal- derlvada\es s1empre

¢ - .

nula en respuesta a perturbaclcnes de,traslaqiénlpuga;wla;diferenciabpﬁoviene“de
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los momentes que suminlstra la e¢ 1; la omxslﬁn de estos {iltimos momentos intro-

duce granees errores en momento de volteo cerca del extremo supez1or del edifzcio

.8 -

5i se compata con“os momentos dedrespues*a modal pero estos son.tan pequenos

'

que’.no censta: queuel “€rror mencionado deba*b conduclr G| modxficaciones en. el di-

sefio de las estructuras usuales, ¥y .3~ La§: torsioncs de entrepiso son grosso nodo

:x'A

constantes a:lo alto de . casx toda la- estructura mientras que los. requerxmieﬂtos
o L5 SN
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que . generalmente contleuen Ios reglamentos establecen torsiones "accidentales .

de entrepiso- propozc1onales a las fuerzas cortantes de entreplso, puede expll-
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carse este resultado al observar‘que cuando los modos naturales de orden l.,‘;2ox 3,

. 1.7 N
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oee se normallzan con ‘respecto.a 1la respuesta maxima, su importancia rélativa en’
I s . Tt i
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una v;ga ‘de corte sujeta a una perturbacxon horizontal de traslac1on con espectro

N BT T

h1perbol1co de aceletaciones 'se’ halla en la proporcion 1:1/3:1/5e e..; estos co~

.,.,1.“ r .l:v‘w "', T cesta . -

cientes “han de d1v1dirse entre. las correspondientes longltudes de onda (las cuales
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son inversamente proporcionales a las rotaciones medias del terreno) para obtener
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la importancla relatxva de las tcrsiones modaies. aai que en un intetvalo dv pe~
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riodos en que la veIO(ndad cg fuese constante todas los msd@s ndturales serian
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igualmente Jmpoxtantesa en el eJ?molo que hemos resuelto predomvnantlos mados
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5y656 debido a la varzac1on de cg con~el periodo y al corte -en. el espectro de i
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diseiio que supu51mos en un per1odo de 0. 2 seg. -

-

' :
- .

Se encontrd que loss siguientes efectes de componentes del movimiento sismico, adi-

cionales & los de traslecidn horizontal ameritan atencions ] la cortante basal




causada por las ondas de Bayleigh, pues excede al producto de la masa del edifi-
cio y la aceleracidn espectral que corresponde al pexiodo fundamental de vibza-
cibn; 2 los momentos de volteo cexca del extreme superior del edificio, origina-
dos por rotacidn de la base con respecto a ejes horizontales, en vista de que
estos momentos son superiores a la integral de la envolvente de cortantes de
entrepiso, y 3 la torsion que producen las ondas de Love, especialmente en la
porcidn superior de la obra, dado que no son proporcionales a las fuerzas cor-

tantes de entrepiso.

Para lograr un anflisis mls confiable de los fenbmenos descritos se necesitaxé

registrar simult8neamente los seis componentes de los temblores y adoptar idea«
lizaciones mis realistas de las estructuras.
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Ay = aceleracion espectral para el periodo fundamental de vibraciém en cox-
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B ‘= dimensidn de la base del edificio en la direccidn de trasmisién de las
ondas -
cg = veloc1dad de las ondas de Love
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H = altura del edificio
- . \51». i T ~v":v: .t o, T R = '%As' N : \
L = longltud de onda
Toied s ‘a.e»ﬂ,.Vi E.‘: ﬂ,,,“:,g, \P - “”,_ 3' B 1
M = valor de disefo del momento de volteo
T N L
$ = valor de d1seno de Ia fuerza cortante de entrepigo
RN st - -
T = periodo natural e
t = tiempu ' . g~“,
, R ot ezh - . .
t] = tiempo de recorrido. de la bas?,del edificio, por una onda
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Fig 4. Distribucidn de- torsiones inducidas por las ondas de Love
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1. GENERAL PRINCIPLES
1.1, INTRODUCTION ’ ' co

I

1. F\erv key mstallatlon constxtutmq a water supply system shall have ltS struc
ML TN SUN Y w'«‘ﬁ( K PPULIYER I

N i)
ture deu rmmcd thluu”h a reasonable computatlon based on due evalu'rtmn of, the
TR PPN o VoA ' .' ISR T

effects: 9’1, an earthqu dt)\, . s e .

2 lor such mstnllatmns \vlnch may not be sumcrently protected agamst an earth
qu.rke due W ﬁnancml lrnuntluns the fullowmg precautlons shall be exuclsed

(15 I‘o adOpt nicans to conﬁne damages ‘caused by an earthquake to a certam
extent.

(2) To apply deviceS"to facilitate recovery of the earthquake-damaged units

(3* To provide mcaSurcs to prevent secondary effects of the earthquake damages

3. Such mstal!atnms W hl(.h are especnally important, Wwhich are liable to earthquake
dam.xg,es due, to structural charactcrlstxcs which may develop damages not easnly
detectable, or which sl present difticulties in or demand a long duration for re-
covery fiom the earthquake -damages, shall not be built as an integral unit, but
either divided into twb separate units or cquxppcd with an emergency installation.

4. It is desirable to place the mstallatmns on a solid umform foundation. In
order to ascertain the quahty of a ground characterlstxcs of the. ground, height of
ground water level, Uearmg capacnty etc shall be exammed carefully through an
exanmiination of geolngntal structures and mth the above result earthquake proof
measures shall he adopted in construct:on “of each installations.

When placing them on a soft ground due to inevitable cxrcumstances, the ground
shall be treated to miake a solid uniform foundation by pile driving, soil replacing,
twhtemng, consohdatlon by drymg, sohdrfymg and other suxtable measures ‘

A;‘s, The ll‘lbtﬂ”dthna shall not’ be built of such materials’ as wood or bnck stone
'e{c" asa rule they shall ‘bé bu1lt of steel or réinforced concrete o,

) 6 For such mstallations wlnch requnre Water txghtness sut’ﬁcrent care shall be
(e\ercnsed in deslgn and constructlon about[ mv{ of concrete thlckness of wall water-
‘proof measures, enpat\sxon Jomt 'so that the uater trghtneSs may not bé 1mpaxred by

Vo T o « 1 E AR

an earthqual\e

7. When connectmg the structures- of e‘(ceedmgly varying rigidities, the earth-
quake-proof joints shall be placcd between them " ”a T

8. Whenever SO spbuﬁed only the standardlzed 1tems shall be used.

9. The surroundmg conchtxons shall be studled in advance to detérmine the con
struction site of adequate safcty, “for lthe earthquake damages .occurrmg at the
neluhburhood \namely, collapse failure, or other types of destruction) are ‘apt e:ther
to aifect s.net) of the mstallatnon or hinder efiective operatlon of the system. When
and where suéh ptecautmns are 1mp05sxb1e a protection ‘work shall be provxded
.10, The design and .practice: of plam and. reinforced.. concrete structures shall
comply ‘\\[h btandard bpecnﬁcatlons for Concrete (1936\ Japan Socrety of Cwn! Eng
.neers. T T

11. The Earthquake-proof computation and details ef construction of buildings
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'shpl! comply with Building Codes (Act 201, May 24, 1950), Provisions for Building
Codes (Ordinance 338, November 16, 1950, and various criteria of structural compu-
tation estabhished by Architectural Institute of Japan.

1.2. CRITERIA OF EARTIHQUAKE-PROOF DESIGN

1.2.1. Design Seismic Coefficient

1. The earthquake forces shall be determined by multiplying the dead load (fixed
and surcharge loads) by a design seismic coefficient. (

2. The standard horizontal coefficient shall be carefully determined for each pro-
vince by considering the characteristics 9f regional geographical settings and within
the ranges shown 1n Fig. 1. However, the values thus determined shall on no ac-
count be less than 0.1.

3. The design seismic coefficient for structures shall be obtained by multiplying
the standards coefficient by the ratios classified in Table 1 for each type of founda-
tion and installation. However, when the resultant value is less than 0.1, the design
coefficient shall be assumed at just 0.1, and when 1t exceeds 0.3, it may be modified
to be just 0.3. For tower-shaped structures, aqueducts and other special types of
structure, however, this value shall be over 0.4.

Table 1. Multipliers for Seismic Coefficient vs. Types of
Foundation and Installation

Water purification 1 Tower-shaped
Type ot foundation wstallatan and structure and Subsoil pipeline
open channet ] aqueduct . .
i

Rock foundation and solid A
sand gravel layer 4’44 l 0.5 I 0.3
Dilluvial layer 0.7 l 0.7 0.7
Alluvial layer 1 ‘ 1 1
Soft foundation - 2 l 2 2
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Unit Weights : _
‘The unit weights of matenals to bé-used for designing shall refer to the values
shown in the following table, with exception of some special items:

* e .

. “Table 2. Unit Weight Lo
~. i
e - = — ‘. —c
Maferials \\‘lf':'m © 7 Matenials w'é?,ﬁu Materials \\l:'.‘~'§n
. (kg/ml‘) e - . (hg/m¥} ,' - ;./mh
:“ ater : ) 'l 1,000 |I rSwt;eél T ~7.‘B";(1/ 'i Sto‘nei ' ?2.’(3".‘({6“
Reinford, Cnm_rc(e } ’ §.40u 1I ’ Ch{qh; Steet . ©7,8% err.| or Rock Fragment ! 1.9?0
Plan Cqm.rele 2,208 ¥ Cast Iran 7,270 i; Sand ' 1,950
“Mortar 2,100 ;l Cast lron Pipe 7,200 ] Soil 1,600
Brick 2.(300 ;‘ Wrought Tron .. 7.800 |l Tunber 800
Prestressed Concrete l 2,450 /‘5 Lead 11, 100 i‘
i ii Copper 8,900 ,{
¢ T ’
Unit wexght of sand, gravel or.reck fragment, 1,900 kg/m®, is that in case saturated
with \vater s e cll P 2 P
1.2.3. Mlo“able Strésg” * "I e RS A s g

1. Allou ahle btu_sse: of concrete and- metals shall be determmed makmg reference
to Qtandatd Specnﬁcatxon: far Concrete Japan Socxety of le Engmeers. Desx

-‘Spemﬁcat ons -for -Steel ,Road Bnd e.‘Japan Road Assocxatlon Bulldmg Codes -Pro-

visions - for Building Codes and various crltena of structural computatlon Archx-

tecturalczlnatltute of Japan Sl e e

The allowable .stress of a foundatxon shall he determmed by Table 3. mthrough

an‘emmmatlon of geological structures in site. Howe\er for - such structures whu.h

are espeually important, actual loading test shall be e\ercnsed . )
Allow able stresses under earthqual\e conditions shall be the same values as tho’-.e
in ’I‘able 3 for foundatlons “except rock foundation, and Y1.5° times tnese values for

i The B
' o it - - Fr ae I < iy

rocl-. fuundatlons
'Table:3.." Allowable.Stresses,of. Foundations . , - ., ..,
(cf. Provisions for Building Codes, Ordnance Ng. 93)

3 t N
; W
vy e e F . R S oL J cAllowable stresses :
. ' - . . Fondation v ! PR TR Remarks
. . -, . - . i
A i?)‘; A S | " Asbed &P igneous, rocks, ‘~.uch ‘as? gnnue drorite, B
. F,‘am»f-"cf‘ bed” 4 neise, bas.slt etc.. ur hard wnglnmerare rocks. ete 100 \
' C e 2 ‘.«. L. . . [ «
< T 1 T = D ¢ = N~
Co . A A bed of aqueous rock:-. such,as slate, schist, ete. | ¢ |, S.250
. Soft rock bed i - T
. | A bed of shale, mudstone, etc. .+ * : [N U IR O I
. e—ﬂ~\ = R O vy, oy 7 o P 4 ‘ . R I '
. Gravel ) i P
-.Mixture of gravel and sand E 20
. T
Sandy _ clay. or luam 15
Sand or clay 10
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For the foundations not specified in the'ta_ble' above, the allowable stresses shall
" be determined analognusly to the specified foundations of a similar nature.

3. The allowable bearing capacity of the foundation piles shall be determined by
a loading test. For simpler types the values may be less than those computed from
Table 4. ;

These same values shall also be used when an earthquake shock is taken into
consideration,

Table 4. Allowahle Bearing Capacity of Foundation Pile (
(ef., Provisions for Building Codes, Urdnance No. 93)

Method of Pile Driving Loog Time Allervable Bearing Capacity ! short Time Allowable Bearing Capacity

Drop Hammer or R= WH
Siny'c Acuny Hammer _m
2 times Long time Allowable Bearing
Capacity
Double Acting Hamimer R= £
5840 1

Denuunon‘f R= all:xi\x'ab!e bearing capacity of a pile ()
LW = weight of a hammer (O
i H=drop hewht of a hammer (m)
F = shoch energy of a double acting hammer (t—m)
$ = final penetration depth of a pile (m)

1.3. METHODS OF EARTHQUAKE-PROOF COMPUTATION

1.3.1. Principles of computation -

The computation of the stresses which develop in the structure during an earth-
quake is carried out under the assumption that the external force, i.e., the mass of
the structure multiplied by the design seismic coefficient, acts statically in a hori-
zontal direction. It is also- assumed here that the magnitude of the coefficient is
uniform for the entire members of the structure. For the structures which are apt
to reasonate at the time of earthquake, however, the coefficient shall be somewhat

magnified at the upper lével.
1.3.2. Earth pressure during earthquake
As to the earth pressure occurring in time of earthquake the computation of posi-
tive and resisting earth pressure 1s exercised on the assumed condition' that the
combined masses of the foundation and superstructures, with the entire weights
magnified by (1+A/2) times, revolve toward the danger side by an angle
g=tan~'K (K seismic coefficient)

against the ordinary perpendicular dir.ction. The Zimmerman's diagrammatrical
method based on the Coulomb's soil wedge theory is recommended as convenient for

determining the each pressure in practice.

1.3.3. Water pressuré during earthquake
The increment of water pressure against a containing wall occurring due to earth.
quake is given by the formula.

7,
=g RuvHy

— Y —



.where: p =increment of water, pres:.ure due to. earthqu'xke, (kg/m?),
\ . K=seismjc coefficient,

Tt M . g' F ‘,'
'll'—:W&lQ}"t of a unit volume of water (kg/m“)
s ; -H=water depth (m), . . (ot o v

1

- N 'R v

L.rve ., y=depth below, qurface at the actmg posmon of p(m) -, ,lﬁy'
The water pressure may also be obtained hy drovtatlcally on. the assumptlon that
in time of earthquake the free surface exisis at an 1magmdr} level h ab0ve the
estunated hxgh water level, as shown by the followmg formu a

BT PR a0 e

N

k=211 (m).

1.3.4. ‘Earthquake-proof cemputation: of a retaining wall : L -
~Inttht" earthquake-pruof- computation -of ‘a retaimng wall the forces, acting:qq"*the
wall surface shall include the earth pressure in time of earthquake, the 'weight,
-earthquake force and ‘buoyancy of thie wall, the resisting pressure of the soil:in front
of the wall, thie di:ference of the water levels before and .behind the wall, the wéiéht
of and jearthquake effects of the surcharge load on the surface of the retained sbi}.
The ‘combined horizontal component of these forces shall not exceed .the frictional
resistance of .the wall foundation; the maximum pressure occurrmg at the bed shall
_ not exceed the ::Jlowable stress of the foundation durmg earthquake and the re-
sultant v::ctor of thase forces shall not fall beyond 1/4 of the base length from the
- center of d\e ba»e However. thlb propomon may be mcreased up to 1/3 for a ;trong
foundation. .

i - 4 - .
PR ; L . fe

o . -,
-t e < o0

L 7.2 DETAILED TREATISE R

2.1. WATER SOURCE INSTALLATIONS S

- Ve
e .

2.1.1. River, sources ’ . ‘ ,
~+1/Even at-ordindry ‘tithes ‘good . care shall be exercised-to prevent denudatlon of
.of the hill slope in the watershed.

2. Careful precaution shall be exercised so that intakes of gate and pxpe type
may not be, clo"gcd by surface smls and rock debns ongmatmg from ad;ommg h:lls
at the :time of ea.rthquahe. Co ’ R

3. The mtake plpe croséxﬁg an embanl-.ment shall be made of cast xron ductlle
. cast iron or steel laxd upon 3 ..trong Qohd founddtlon well protected with concrete
and refilled thh specml care.. ‘

4. Intake tower:

- ‘

CL LT R T S 2T PP

(1) The most desirable type of an intake tower is a reinforced concrete structure
of a cylindrical appearance. . i

(2) The intake touer shall be given a reasonably deep embedment mto as tx"orlg
foundation. When a sunk-well techmque is applied, the embedment depth shall be
_ sufficiently deep and the bottom shall be lined w1th concrete to. a conalderable
thickness. )

-

r . ‘5.
(3) The conduxts leading away from the intake tower shall be of cast lron plpes

ductile «cast iron pipes or steel pipes, and be constructed strongly.
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14) A foot bridge approaching the mtake tower shall be as light as possible, so
that the tower may rema:n free from any extra load.

(5) Tt shall be avoided to locate the intake tower at such places where there is
a possibility of burial due to collapse of river embankment or hill s}opes, or of scour-
ing due to currents.

(6, In computing the stability of an intake tower, a particular emphasis shall be
placed on the buoyancy so that the safety of the structure may be guaranteed

against earthquake shucks when the interior is empty.

2.1.2. Reservoir dam and related works ,

1. The design and construction of a reservoir dam shall comply with the follow-
ing provisions unless otherwise designated:

Japanese National Committee on Large Dams, Specifications for Dams.

tandard Specifications for Gravity Dam Concrete, Japan Society of Civil Engineers

1956.

2. For the outlets and outflow channels, either of open-channel or of tube type,
the same sort of care shall be exercised as for the case of item 2.1.1.

3. For the intake tower, the same sort of care shall be exercised as fore the case
of the item 2.1.1-4.

2.1.3. Infiltration gallery
1. A perforated reinforced concrete pipe of sufficient strength with socket shall

be laid on a Romogeneous foundation; the spigot shall be inserted sufficiently deep
into the socket and its periphery protected with strong wood frames or other devices.

2. Tt is desirable that the attached manholes and junction wells shall be placed
on an especially strong foundation, and the joints connecting 2 or 3 succeeding pipes
immediately adjoining them on both sides shall be dressed in the comparatively long
thimbles.

2.1.4. Shallow well
The side walls shall be, as a rule, of a cylindrical form and built of reinforced

concrete.

2.1.5. Deep well

1. The well casings shall be equal or superior to the JIS-G3452-type cabon steel
pipe for pipelihe; the joints and strainers shall also possess sufficient strength.

2. The casings shall project beyond the floor slab of the pump chamber.

3. It is not advisable to shape the upper portion of the deep well casing similar
to that of a shallow well in order to use it also as a pump v 1l

2.2, OI5E‘1\I CHANNEL INSTALLATION

2.2.1. Open conduit and covered conduit

1. [n principle, an open conduit and a covered conduit shall be built of reinforced
concrete, and the entire section shall be a monolitic structure.

2. ‘1t shall be avoided to place them on or inside the refilled soil. When other-
wise 1mpossible, the techniques described in the item 2.3.1-2 shall be applied.

—Yly —
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3. The expansion joints shall be installed at apprommatel) 10 to Om mtervals,
they shall also be used at,such .places where different, geologlcal fnrmatlons mcet
--and before. and behind a bridge, weir, manhole and gate, etc., ' _

"+« 40 Since the -toe and shouldet of.a hlll slope are apt to C()“a[/ae sufhcient care
shall be exercised in location and actual con:tlucuon ,

. - At such-places where they, Cross nvers zund other concave tOpogr'\p‘ne: by a
sxphon or pipe bridge, the earthqtml\e proot measure: shall comgly with the ltem°
24.6.and, 247, -, . - : e e

» . v 8

©2.2°2, Tunnel© o0 50 0 .
1. As a rule a tunnel shall be lined with- concrete. T L

"3, “The ‘route+shall avoid such'blaces'as‘a‘h\ll slope which exerts a biased lpad.
3. Since the entrance and exit are apt to collapse, they shall be'prote_cted

'
\, ¥ Sy T »

adequatcly SR L Teha g T e T
4. The cross-sectional shape shall be as ctrcular as’possible. When the horseshoe
' shape 15 tsed the-bottom shall be an-inverted arch .of considerubly large. rise and

,

mcreaacd thickness dt- both ends. ¢ .ol h 0 e e

'~ 5. "At’sucilplaces where there is a'fault line-running in the, Yerti,cal:dire,ctjioé or
© where sharply -differring geological' formations mezt, the, lining shall be insulated in
the longitudinal: direction.and the hnmg before and behind this position pa_rt_ic,u]zir!y
strengthened Pt , ' ) ‘ , o
<+6.v In the case of a'clear water conveyance tunnel expansmn ]omts shaH be maerted

T~at constructtcm joints and the insulation places described.in the item 5. .

2....3 Aqueduct bndge . A o T R R T
1. An aqueduct brldge shall e built of reitiforced concrete ‘or steel) and its

TV vy
earthquake proof dea;,n Shall comply w1th ‘the provislons specified’ for’ ordinary
; RS NN e AR A R o A

brxdges - N L -
2. Smce the structure 1s top- neavy, the design’ shall bé so arranged ds to' present

it from fallmg off the ‘bearing" phte due to a horizontal thrust-caused by.an earth ;

qnal;e For such purpose: i’ is advn%able “to “extend “arms  from- bridge pru‘s and
_connect the bndge plel‘S to the aqueduct beams witl didgonal members bozthat both
tensile and compre:swe stre ses may be transmitted dirvectly-to the: pxbrs' ke

3.. The" bndge pxer ' shall be equipped withe dpproprlate transversal straddlmg

" post to prevent overturning due.to earthquake. SRR Lo

4. The post of the pier and the.foundation shall be connected adquately
- The abutment, ihich:is generally vulnerable to earthquake, shocks,,shall rest

'

on a firm solid foundation with a large embedment depth. Sy
= 6. Special care. shall- be exercised in de51qmng and constructmg the wmg \valls
> of the’abutment to make them substantially. earthqu'\l\e prcof”so that the bacx hllmg
may not be washed;due: to collapsing of the wing walls to invite de=truct10n of the
cundult -
1. Smce'the‘ connection of the conduit and aqueduct bridge constitutes one of the
most vulnerable points, an effective expansion joint shall be installed at this position

In cases where an intensive earthquake shock is expected, a further safety shall be
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guaranteed by installing two joints at a relatively close interval.

2.3. INSTALLATIONS FOR WATER PURIFICATION AND DISTRIBUTION

2.3.1. Basin-well type structure

1. It is defined that the term “basin-well type” represents various types of im-
pounding structures shaped hke a basin or well, such as a grit chamber, a mixing
basin, a sedimentation basin, a filtration basin, a clean water basin, a distribution
basin, a conveying puinp well, etc. (

2. A structure of this category shall not be placed upon a refilled earth, or near
a slope shoulder or toe which is apt to collapse. If otherwise impossible, it shall
rest on a pile foundation or remforced concrete columns supported on the existing
ground, and in both case the bearing capacity of the refilled earth shall be dis-
regarded in the process of computation.

3. The tops of the foundation piles shall penetrate into the structure as deeply
as possible. ’

4. The material of the foundation piles which stand over the ground water table
shall not be wood but reinforced concrete.

5. If it is necessary to construct a unit structure astride foundations with different
bearing capacity, a soft part of the foundauon shall be strengthened by pile driving
or other devices so that the bearing capacity of the foundations may become almost
uniform, then the structure shall be constructed on the foundations. Besides an
expansion joints shall be installed at the position between the foundations.

6. Any type of structure having simpler appearance both in plan and prefile and
devoid of abrupt changes in configuration is advantageous in resisting earthquake
shocks. Accordingly a circular plan shape is generally preferable to angular one
for better resistance against earthquake shocks.

7. A large haunch shall be placed at the corners of a structure.

8. Particular care shall be exercised in designing the connecting points of different
structures by means of installing expansion joints or increasing strength since they
are vulnerable to earthquake shocks.

8. The floor and side wall of the basin-well shall be buit of reinforced concrete
in accordance with the earthquake-proof design and rest on a solid ‘foundation so
that their combination may act as a monolitic unit.

10. The side wall and floor of the basin-well shall be made watertight by elabo-
rately applying high-quality concrete. In case a waterproof mortar coating is ap-
phied to a purified water storage basin or a basin of a large depth, it shall be rein-
forced with metal laths. The same precaution will also improve the safety of the
protection concrete or mortar coating for a water procf layer of asphalt or other
materials.

11. Qn.the side walls the expansion joints shall be placed near the corners. At
other portions the expansion joints shall be inserted: at intervals of 10~15m for a
thin wall and 20~30 m for a thick wall. The gap of the joint shall be ordinarily 1
to 3cm.
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12, /-\ rigid frame structure of remforced concrete shall be prov1ded mth l)ar
arrungement: not In the manner chown in (a) but in (b)), Frg 2.

A

T

o TS FRIEe e e SO

‘, o 'U'“ NES Ty L. ‘:‘T,F .‘Z . f‘", T w ooy

]’l., rl"‘(ll)lr. ]omts suth assmechamcal ]OllltS oF Grbault Jornts shall, bé' inserted’
m both the mlet plpe and the outlet one 1t the connectmrr portrons to the, l).rsm

:

Tlle a\rul bar Cin. a\ colnmn slmll be \\cll burred'in”the concrete up and below

o v

The cfto.ct}L of llOOl\S shall not be counted m computmgjr the bond 'stress. ' The end
2 s T

port-nn of the. column shall have partxcularly dense arrangemenrs of erther txed or

p T

i - ‘.'« [ NIV B

sprrul bars. . . e ' - ’ ’ ‘h

,“1:.. A canopred busm shall bc dealgned vn such a

t 't [ 1{1.,! ,,'/ Qg \‘r«. Aa‘:, .. ¢

and evrst even,in. time of e1rtl~qual eu. il " 4 {ui.‘f e s R
R ) .r h \ll o e 4 P . -

16. anceetl.e' duox way and Xms cctton wmdows are’ vulnerable to local damagee
due to mrthqua ke they efall. be, remt’orced wrtn specxal care s e ey

.4
4
\._!h‘.,w A S AR N '_‘r

T

. 1_1’
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2.3. ...“' Water tower .
b NS The foundutron of ar water towerushall rést'oh a ground of' partlcular rehabrlrty
It is desrrable even on a favorable ground tossecure. aSrgredt an embedment as.
PR PR ' . - .

ity .
,-»J.L )' ‘f ."IJ’,‘.‘, Pl f.‘.\ Q*C'Jr'\r';}'—-‘\, £, x: oo T e

)
L]

possrble ) .
2. A cylmdr:cal structure ofxn aterdtower rs"advantageous to- safety agamst edrth

v P £| oA P oo
Reeh T t.‘: :s.l\:’—ul .,t‘ ey Lo RL ;-s,"/,' L‘:‘rt hear T e, B K ,";‘

»
- SO R M N i

w,

quake
"t The tiser portron of "mﬂmle Jpipe’ whichuid housed-inside- the-.tower . shall be -
supported alonﬁr ther wall surrace +AAt shallberbornyrifzavailable = by. the’ columns:in
the center w hrch bupport a mnopy for a large tower. It is‘advisable to\co'nnect Atbe

-,z PRI

columns with honzontal dragomls oo R
4, lf furthet” the _inside face-of. the tower wall'*rs made ‘water-tight by-—lmmg with

steel platec more than 3mm thtck a fe'\r of leakage wxll be much- relieved assuring

B ] T Feie e

extreme bafety"aqatnst earthqual\e vhocl\s-

M c.‘;ﬂr

|
|
'
v
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2.3 3. Elevated tank o i o T B e

1. The materrul for an elevated tanlc slmll be steel in preference to reinforced
concrete in view of safety amlnst earthquqlte shocl\s

‘2, The n:,tr portron }of vnrrousrutta»cl'r}e‘d pipes shall be equipped with earthquake
proof Jomnts near the ground surfuce .i:_w- o

3. The desr;,n valuerof sersmic: coet’ﬁment for.an elevated tank shall assume that
specrﬁed in item 1.2.1 up 10 tne helght of 16m; for a portion beyond this height the
coetficient shall be mcreased l‘y 1/20 trmes “this value per each height increment of

4m. . N
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4. The elevated tank shall be provided with 43 many supporting colummns as pos-
sible, with horizontal and diagonal members adequately arranged to prevent buckling.
5. The tank shall be tied fast to the supporting frame.

2.3.4. Pressure tank
A reclining type 1s recommendable as safe for a pressure tank.

[}

.4. PIPELINE AND APPURTENANCES

~N

.4.1. DYipeline in general

1. The most preferable earthquake-proof method is to select a reliable ground for
the site of a pipeline route.

2. The route shall avoid an abrupt bend either horizontal or vertical. When an
abrupt hend is included due to unavoidable circumstances, it is necessary for safety
to place an anchor block equipped with earthquake-proof joints before and behind it.

3. If a pipeline is laid on a refilled earth, the site where collapsing of ground is
likelv to occur, such as shoulder of road, shall he avoided.

1. The embedment depth of a pipeline shall be arranged in such a manner as to
allow convenient maintenance as well as easy repair.

5. A solid uniform ground is desirable along the entire route.

When a pipeline is laid on a soft ground due to unavoidable circumstances, steel
pipes or ductile cast iron pipes with flexible joints shall be used, and, if necessary,
the ground shall be remnforced by ladder struts, pile driving etc..

6. At such places where soft and firm grounds join, an earthquake-proof joints
shall be installed near the latter.

7. It shall be avoided as a rule to lay the main pipe on the reclaimed area, vi-
cinity of ditches, river shores, beaches, cliffs or bulkheads.

8. When a pipeline is laid across or near other mstallations‘gnder ground, a space
more than 30 cm at least shall be maintained between them.

9. The distribution pipeline system is desired to be installed as block systems
such as Fig. 3, so that in event of damages inflicted on any part of the system the
suspension of water supply operation could be confined to as small a region as pos-

Service peservow

i
[

- ?
= = = — —mamn pipchite + valve
(dameter 250 ~300mm)

branch pipetine © hydrant

Fig. 3. An example of block system




sible,’ dnd supplymrr of wiier' could be begun agam as su0n as possrble after reparr

FEERS

of - earthquuae ‘damidges:

10. Lven such types of pipe as a water conveyancc pxpc “and a distribution- mam’
plpe W h'(.h “dé not possesb “branch pipes shall be’ equnpped with valves at‘an mterval
of about 300m to 1000 m. .

1. It shall be avoided to lay the b[)EClal fittings contmuously A stralght pipé
or a cut one shall be mserte.d between ‘two adjoining special fittings. R (
12.  Near. the pOsmon of a tee or CI‘OS; pipe of a key pxpelme it is desxrable to

install llL\lble pmts at the two pl')elllles meetmg at right angle )

13, When a rbend pxpe or atee pme is protected with a.concrete block 1t is de-
sirable to awn’d to mstall tuc pipe clceplv inside the concrete block. )

14:: When msertmg alonp th~ pxpelme such appurtenances as a fire-hydrant or a
gate vahe etc which present dllrerent characterlsms of vibration due to earthquake,
from that. of the pipe, 1t 15 deswable to install ﬂexrble joints before and behind it.

.V arlous typcs ot plpe wluch penetrate through the surroundmg wall.or bottom
slab shull not touch the wall body drrectly When it is necessary to mstall them in
direct contact. to the wall in order to, ensure water- tl“htﬂ&S:, flexible ]omts shall be
installed apart “from” but near the wall.. 'Ihe same procedure is recommendable be-

:..n“ T L ,.,;t‘i «

tween @ pump ‘and a suction or dellvery prpe
16‘ A suctlon pnpe whrch 1s suspended -down a pu*np well shall be ﬁxed to the
wallWith strong métal ﬁttm&,s to prevent 1t from vxbratmg m a mode dlfferentJ from
l.lldt of vibration of the wall.  ° C - o,
. When a. plpe is lad on a steep ‘slope near a ‘distrlb'utiﬁon “reservoir, - the”pipe
5hall be «hved in the' ground by ‘anchor blou\s “for ‘instance in such a manner’ that
it is ﬁ\ed by Steel bars to the dented ahchor blocks and e\(panswn ]OIHtS shall be

instdiled bet.veen them« T L AN
\/\: ”J’, et U :‘ NI :.".3,."“:3"'%, ‘l-—r- ek : v S

2.4.2. Ductile - cast-lron plpe for’ water works and cast-rron pipe for water works

1. In case a ductile cast lI‘Ol’l plpe, for water, ;works - ora: cast iron pipe for, water
worl\s wis-used, :as a rule that of mechamcal ]omt sharl be used. -

Jl llange Joiftt ¢ shalltnot be used except -before and behmd a, valve .or. at -the

positicn of the ‘pipe appurtenances to a pump wluch is SUb]ECt to occasronal removal

. B P .
l.'w A SN el it !

and liable to vibration. . .
3. —\ favorable ground shall 'bear tle pxpe dlrectly on the natural surface, ‘avoid-

e 1
~ by ot

ing; if poskrble the Hise of the fouudauun blocks: ‘
4. When the foundanuu blocl\ I} use_d the bearmg area shall be adquately large

- t N
o ? .t

lest it present’ a concentrated 16d on the’ pipe.

2.4.3. Gahamzcd slccl plpe for water gerv lce and coatcd steel plpe ‘for wnter servnce

When galvanized steel” ‘pipe for \\attr servrce or coated steel pipe for water scrvrce
is used screw fjoint, ot arc wr.ldcd joint shall be u:ed -as.a rule. :md when necessary,
expananou )omt shall be mst.rted

B . e

2.4.4. Centrifugal reinforced: concrete pipe and ‘prestressed .concrete pipe
1. The allowable head of a pressure pipe shall be based on an adequate factor of
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safety regarding the pressure bearing capacit'y of the pipe.

2. An flexible joint such as Gibault joint shall be inserted at an interval of 20 to
30m along the pipeline, and the position of the joint shall be located along the
straight portion of the pipeline both in the plan and elevation. !

But in cuse of prestressed concrete pipe it is not necessary to comply with this
item,

3. The foundation shall be particularly strong.

2.4.5. Ashestos cement pipe for water service

1. The foundation shall be finished uniformly so that the pipe may never be sub-
jected to bending action.

2. The connecting portion of the pipes shall maintain an gap of at least 5 to 10
mm at the center of the sleeve.

3. It is desirable to insert a cut pipe 1m long in addition to a short pipe before
and behind a valve or a fire-hydrant.

4. The drilled portion of a ferrule shall be treated with special care, since it is
extremely vulnerable to earthquake shocks. A branching saddle shall be used in
placing a ferrule and a ferrule shall not be entered into the pipe body.

2.1.6. Siphon crossing

1. A siphon crossing shall not be built under unfavorable ground couditions.

2. A siphon crossmg shall be built of coated steel pipes for water service or
ductile cast-iron pipe for water works, and the foundation shall be prepared with
care. i '

3. The pipes used for a siphon crossing shall be those of flexible joints. However,
when steel pipes are used, those of flexible joints shall be installed only at the portion
of bending at both ends.

4. The approach pipes before and behind a siphon crossing shall have as gentle
a bending as possible, and any bending shall be fixed sufficiently to a concrete anchor
block.

5. Valves shall be placed at both ends of a siphon crossing.

6. A siphon crossing of a large-calibered pipe or of a key trunk line is desired
to be divided into two or more branches for safety.

2.4.7. Pipebridge and bridge-born pipeline

1. Unless othewise unavoidable, a pipe'ine shall not be laid on a wooden bridge.

2. Pipebridge shall be located away from an existing wooden bridge by at least
more than 2m.

3. Pipebridge shall be built of fire-proof material, and on a soft foundation it shall
be simple beam type structure. '

4. It is advantageous against earthquake shocks to built the superstructure as a
continuous system on a relatively favorable ground.

5. The top of a bridge pier shall be wide in axial direction, and the superstructure
shall be adequately anchored to the substructure with anchor-bolts in order to pre-
vent 1t from failling off the position in time of earthquake.
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““The- provisions for apberidge pier, abutment and ‘wing wall- shall comply ‘with

r -
i o 'H‘ . v T s g

U\OSE‘S[)LClﬁ(_d ' the' item2.2:3; - 1~ ¢ . - T T
= w7, It'is safe to* usels steellpxpe for:a bEhd”pipéfor an offset pipe which iépnpé’cts
a bridge-born ‘pipe to an.underground straight pipe behind-thé abutment.”
It 1s advisable to treat the joints of the steel pipe by electrlc \veldmg ‘
8. A brnidge-born pipe shall be fixed to the superstructure at each span, and
‘- equipped ! with"an-expansion® joints also at=each span. = : 1 - ..

Y. "For a bridge-born’ pipé mdde of cast-iron~a flange joint shall-be-avoided.
1045 At.f'thefpf)sitibm where "connection is made ‘to:'the' bend on either end of a
bridge-born pipe an expansion -joint shall be placed:without- exception,. and.the;bend

. pipe shall Be anchbred to tlie abutment by a:anchor-bard. .

11. ‘A pipe mounting to the abutment shall be sloped by less than 45° and flexihle
joints shall be installed at the connecting portions to the straight plpes before’ and
behind the bridge. (See Fig. 4) "3+ &7 .

PEVIR PRS0 AN G PO (I PN TN '-\bxpaﬁsmn"iomt R R T

., large displacement

-y v . -
SRt AT U

n LN
T . I

Flg 4 Plpe connection at tl‘e abutment

R AN N B S T T N A S .
The both-ends of a. bnd"e born _pipe .shall not be ﬁxed to the dbutments but
allow for a consxdelable clearance around, the pipe. . .

13. Special care shall be exercised to reﬁllmg the bankmg hehind the abutment
and a foundation supporting a bend pipe shall be particularly reinforced by pile
driving. - !

14. Pipebridpe havmg the steel pipe itself as the main gxrder shall be equlpped
with flexible joints on the abutment and piers, considering the ground smkmg es-
pecialiv on 2 soft ground. ’

15. A steel pipe bridge such as menticned above shall be equipped with ring-type
stiffeners at the sepports.

16. Pipehridge of a considerable length shall be equipped with an alley on ather
one of thc sides or, if possible, both sides of the pipe to facilitate checking and
mantenance. '

17. Valves shall be installed on the pipeline before and behind the bridge.

2.4.8. Valve
The location of a valve shall be determined to be such a place that it can be

easily and rapiply renewed, repaired and maintained.
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2.4.9. Waler service installations

When a galvanized steel pipe for water service, a rigid polyviny! chloride pipe
for water service, or copper pipe for water service is used as a service pipe, a lead
pipe approximately 500 mm long shall be inserted before and behind, the connection
to a ferrule, curb stup or warer meter, and it is desirable that an adquate sag is

given to the lead pipe.

2.5. POWER AND PUMP

1. As to the power reserve equipments such as diesel engines which have at least
more than a haif of the full capacity of the station shall be equipped.

2. When ounly the electric power 15 available, an extra unit with different source
of power and supply route shall be provided for emergency use.

§ The delivery pipe of the pump shall be directed horizontally or obliquely down-
wg/’rd.

APPENDIX

I. A water works consisting of 2 or more subordinate distributing systems shall
have them: connected to each other with trunklines.

| 2 In order to expedite repair works in event of a disaster as much repair ma-
terials as possible, based on estimation of the possible rate of recovery, shall always
be stored at adequately deployed dumps. The locations of the dumps shall be selected
from amoné such places commanding exceeding advantage of traffic and free from
‘ﬁre haqard:, sinee in event of an earthquake the effective road width may be ham.
pered by the oollapsqd houses and since the traffic is jamed due to transportation
of rehei materials.

’3 A rapid supply of laber shall be well studied or planned in advance.

: 4. The interested cities shall- maintain necessary agreements for mutual assistance
prearranged at ordinar); times concerning reconstruction of establishments and emer-
gency water supply. If possible, it is desirable to connect the ends of distribution
bipelines of the adjoining cities with each other, so that mutual assistance of water
éupply can be exercised in event of disaster.
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. Chapter .16

EARTHQUAKE RESISTANCE OF WATER WORKS

16.1. INTRODUCTION

In great earthquakes in the past, severe damage to water works has occurred
repeatedly. Actually, however, it is. rmpossrble for structures of water works
facilities, which function. as a-unit while being spread over a wide area to escape
earthquake damage entirely. - -Theréfore, the fundamental thmkmg in planmng
such facilities is based on the following three points: '
I. Methods of localrzmg carthquake damage as much as possible are to be

adopted. ’
2. Considerations should be taken to make repalrs of enrthquake-damaged
'portions as easy ds possible, and ' '

3. Secondary damage due to earthquake damage should be prevented.
In the past, since destruction to-water'works-was so severe; there was a
concept that- earthquake damage to water” works facilities, especially buned
pipelines, was inevitable. Now that water'works facilities have become §0° rm—
' portant,’ positive measures must be taken for earthquake resistance’ ‘even if
dlfﬁculnes eXISt,t ¥iv LT el T T e e e T

“.Damage to water works consists of dam'\ge to water quahty and damage to
the structure. Since water quality is'impaired due 'to ‘dévastation:of the water
source area, itis necessary for locations with little risk of devastationto be selected
as' water sources and for erosion control to be exercised in these- areas. As for
' structural damage, those types peculiat to water works are destruction of under-
ground pipelines, reservoirs, v.ater pipe bridges; inverted siphons and water tanks.

x

" 16.2. - UNDERGROUND PIPEL!NES B

(1) ‘Relationship :of Depth and- Drrectlon of Underground Plpehnes to
Earthquake. Dam.we L : 2
Earthquake - damage “to- underground prpelmes “consists of purl-outs 'and
- cracking. The.dégrce of hardness .of the ground is-intimately .related:"tossuch
damage. Figure 16.1b indicates the damage to pipe lines.in Tokyo at the time: of
" -the Kantd earthquake..On looking at the distribution of damaged water. pipes
destruction was greatest in the area between the Imperial Palace-and Furu River
and the arca to the east between Furu River and the Sumida River. These areas
were followed by the alluvial area on the left side of the Sumida River, while

491




492 INTRODUCTION TO EARTHQUAKE ENGINEERING

" there was little damage in the western higher areas of Tokyo. The same trend
was seen 1n the distribution of damage to sewer lines. Frgure 16.1 (a) mdicates the
damage to buildings in Tokyo at the time of the same carthquake Tt is interesting |
to note that the arcas of pipehine damage were somewhat different from the
distribution of damage to wooden buildings. Although there 1s general agreement
that damage was greater in the lower arcas than in the higher areas, the damage
to wooden buildings was the greatest on the east side of the Sumida River while
the damage to pipelines was the greatest in the area between the Sumida River
and the western higher areas.

@ Imperial palace
2 Sumida river
@ Furu river

@ Kanda river

7] Severely damaged area
Fairly damaged area
(a) Damage to houses (b) Damage to service pipes
Fig. 16.1 Damage to buildings and water supply pipes (Kantd earthquake of Sept. 1, 1923),

The geology of these districts is diluvial loam layers in the higher district and
alluvial silt on sand-gravel in the lower district. On the east side of the Sumida
River, alluvial deposits develope in a uniform manner while 1n the area between
the Sumida River and the western higher district, there were sand-gravel layers
with outcrops here and there of diluvial layers so that the distribution of soil strata
was exceedingly intricate. This naturally leads to the supposition that ground
motion was uneven for the various locations m the latter case. This is thought
to have been the reason for the great damage to buried pipelines.

Taking this mto consideration, hard ground is best for embedding pipes and
soft ground is worst. Moreover, if it is uniform soft ground is comparatively
suitable whereas ground with hard and soft areas mtermingled is thought to be
unsuitable.

Besides the hardness of the ground, the depth of embedment also influences
earthquake damage: in general, whe. the depth of embedment is great the earth-
quake damage appears to be small. The distributing pipes of Hatano town,
located near from the epicenter of the Kantd earthquake, were ceramic pipes
with an inner diameter of 9 cm and were not of high strength, but whereas parts
buried 1.2'm underground were destroyed at a ratio of 1 in 3 lengths, those which
were 2.4 m underground were not damaged at all. There were no differences
between these two cases in regard to topography, geology and the directions of
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Ty 4
v

=T =embedment such a difference in earthquake resrstance was entlrely due to'the

:-effect of depth of embedment. = : LI
However, it cannot immediately be saxd from: this that seismic mtensxty is
. smallat a depth of several meters underground. Rather, it is thought that there is
‘less earthquake damage in.the case of greater depth of embedment because of
greater confining earth pressure. In which case the depth required for earthquake

*. resistance is related to the diameter of the pipe and there would be little effect
“unléss depths are increased with increasing pipe diameters. Judging from ex-

amples of damage to’ sewer pipes in the Kantd earthquake, it appears the damage
is greatly alleviated whe the depth is greater than 3 m even with fairly large pipes.
However, from the standpoint of maintenance, control and'ease of'discovery and
repair of damaged portions, making the depths too great should be considered
carefuily. Actually, in urban areas the depth of pipes is usually determmed by
their relationship to other underground facilities.

It is readily conceivable that the direction in which a pzpelme is lald and the
major direction of vibration of earthquake motion are related to earthquake
damage of the.pipeline. A pipeline is deflectéd when subjected to vibrations in the
direction orthogonal to the pipes. When the deflection is great there will be strains
at Jomta and the pipes will break at these portions. When pipes are subjected to
vibrations in the direction of the pipeline, they will be pulled out, torn apart cr
will co!llde with each other to form longitudinal cracks and ruptures. Therefore,
although it can be expected that failure of a pipeline will related to direction, it
is difficult to say in general terms which is more likely to cause failure.-

- In an actual case, water mains laid in a north-south direction in Fukui were
severely damaged in the Fukui earthquake. In F ukui-the direction of crustal
movemant in this earthquake was in a north-south’ dlrectlon, and although the
direction of: the main vibrations is not clearly known judging by the direction of
the movement of bridge girders in the crty, it 15 thouwht that the main vibrations
‘were roughly in a north-south direction. - :

The direction of the main vibrationsin- Tokyo in the Kantd earthquake was
generally north-northwest 16 south-southeast, The water‘main from Yodobashi
to Hongdo 1,100 mm in dmmeter was roughly orthogonal to the direction of the
vibrations, while the main_-of identical diameter from.Yodobashi to Shiba was
gencrally diagonl to the vibrations. The ground was mainly ioam strata in both
cases and is not thought to have been too complex. The former pipe was rup-
tured at eight places, whereas the latter showed no rupture. In short in this case,
the direction orthogonal to the main vibration suflered more earthquake daraage.

~ In thys earthquake the extent of damage to sewer pipes in connection with the

« direction of laying was: mvesu«ated but no corremtron was re(.om 1zea. o

o ! * ’ .
(2) Rcl.mo*rsh:p ‘of Types. of Prpcs and .}omts to Earthquake Dama"e
Pipes.used tor water works are stecl, ductile cast iron, cast iron and asbestos-
cement. Steel prpes are jointed by ficld welding while ductile cast iron pipe, cast
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iron pipe and asbestos-cement pipe are jointed with couplings. The damage to cast

" iron and asbestos pipes in earthquakes in the past consisted of breaking, cracking,
rupturing, pull-out and injury to couplings. Steel and ductile cast iron are high in
ductility so 1t 1s thought cracking and rupturing wilt not occur with these pipes.
The natural gas pipehine from Nngata to Tokyo, made of high pressure steel pipe
with welded joints, was not damaged in the Nugata earthquake. This proves that
steel pipe hine 15 earthquake resistant But as steel pipes are jointed generally at
field, welding work must be performed very carefully.

Regarding cast iron pipe and asbestos pipe, the former was less worse in
earthquake resistance in the Off Tokachi Earthquake of 1952. In the Niigata
earthquake, with a diameter of 100 mm as the border line, asbestos pipes of
smaller diameter were broken while pipes of larger diameter, both of asbestos or
cast irron, were pulled out.

Glanf
i
Bolt \- [
_1,{_ —— ——
K\\
— R — K )i
. N \ ] \ N
\ . | Round rubber gasket Mortar
_Rubber gasler | / Rectangular rubber gasket \Bol!
b | Separated gland Gland
(a) Mechanical joint (b) Inter-mechanical joint
sBolt Rubber gasket Housing
/«Gland 7 -
=== =l — [~ /Sleeve ﬁ
e ~r ) N s
c R = ’
[ l ! ] ( Rubber gasket
(c) Dresser jomt (d) Victaulic closer joint

Water-proof rubber
Flafxge | P(m Arm Covelj plate

R S AR "\’ z
1 \ l
! F :llows (SUS 27)
(e) Bellows joint
Fig. 16.2 Flexible joint of service.

In order to cope with large ground movements it is necessary to give a pipeline
suitable flexibility. Thus, it is desirable for joints to be able to expand and contract
at suitable intervals, and it is considered advisable to provide expansion joints at
the rate of one to every three couplings. In addition, it is desirable to install so-
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called earthquake resistant Louplmgs with both expansion and contraction char-
acteristics and flexibility at places where uniformity of vibration charactenstxcs

might be disturbed, such as pomts of change in ground condmons sudden bends,
and tees-and crosses 1 major pipelines. Both the bellows and victaulic closer
joints are ductile, earthquake-resistant joints. The bellowspmt can be bent about
15° and the victaulic closer joint about 5°, Therefoxe, if a steel pipe is installed
between two, bellows joints; even if there'is a prommem dlsplacement ina lenmh .
of several ‘Ineters, 'this displacement can be realsted Thus where large relative
displacements are anticipated such as the connection point of a wat r plpe and'a
distributing.reservoir or an aqueducts, this type of joint is used. P

Mechanical couplings are at times pulled out; but have a fair degree of earth-
quake resistant and can be bent up to 2°. Socl\etjomts are liable to be pulled out
whxle ﬁanoed Jomts are easxl broken and both are not eartbquake resistant.
“Pipes wluch extend above the surface from buned pipe are most liable'to be

damaged in'earthquakes.’ This is naturaily ekpected frorn the’ dlfference in the
movement between the grotnd surface and the ground at the pomt of ‘embed-
ment. When the standing pipes are firmly connected to large masses such as
buildings and’ machmes thlS trend is in tensxﬁed further Therefore, in sueh cases,

earthquake resistant joints should be useo and connecnons \mh bulldmos should
be somewhat ﬁe\nble ‘

’ . ‘
I s 3 . N Lat

(3) Forces Acting on Buried Pxpes during, Earthquakes

1) Introduction

The destruction of underground pxpelmes is thoucht to be due to the follow-

ing causes.

1. The bearing capacity of the ground is reduced due to vibration.

2. Because of local ground sliding,  pipss in a certain area are moved to-
gether with the ground and: a.large shearing force is produced at the
boundaries of adjacent portions.

3. The pipe is pushed to one Sldc due to eccentric earth pressure. Even if this
pushing is resisted, the pipe is crushed by the stresses produced when the
pipe is weak.

4. Pipes are distorted by deformation of the ground. When the pipe cannot
withstand deformation m its axial dlrecuon it is-pulled out or crushed;
whentit cannot resist deformationsin the direction. ortho"onal to its axis -
it will breql\ e Ce - RN /

5. When the ngldlty of the ground or of the pxpelme changes’ suddenly

- ;- large:bending or.axual force will act locally.- T

6. Plpu ate subjucted to great bending action-at bends ‘

SRV 'Hydrod)namu. prC\sures act on déad ends, bends ‘tees, and tapered pipes.
*' LU “There is little 'work being done to evaliate these phenomena
qllallgatl\ely, which makes aseismic deSlgn of pipelines difficult,
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2)  Reduction m Bearing Capacity of Ground due to Vibration

Ground of fine sand which 1s loose or has a high water table loses shearing
strength due to vibration. thus reducing bearing capacity. Because of this, water
pipes with laige dead weights settle while sewer pipes, which have a small dead
weight, float up. In order to prevent such occuirences, concrete foundations,
furring and pile foundations are provided, which not only increase bearing
capacity, but are helpful in preventing the individual pipe from moving separately
and pulling apart. When there 15 danger of liquefacuon of the soil, the ends of
foundation piles must be driven into ground wlich will not hquefy, Further,
steel pipe 1s thought surtable for pipelimes to be laid in this type of ground.

3) Local Shding of Ground

It would be impossible to resist and prevent local shiding of ground by making
the pipe resist the movement. Since local shdimg is imited to soft ground, it would
be wise to avoid soff ground in laying important trunk lines. When it is unavoid-
able to pass through such pockets steel pipe with bellows joints at suitable inter-
vals should be used to provide expansion and contraction. ’

4) Pipe Stress due to Eccentric Pressure

At the time of an earthquake, active earth pressure works from one side of
a pipe while earth pressure resisting this works from the other side. When the
equilibrium is broken, pipes are pushed to one side. The relations in this case are
summarized in the manner described below (see Fig. 16.3).

“l(lv—h)wu
alh A
H,

i
Q ,l Py
(I—k)W,

F |

B pe==erry(B

PZ

——r—

H,
-_l (1=4.0H;
C mﬁc

Fe

R
Fig. 16.3

The following are considered as ‘ertical forces acting on the pipe:

Wo=(1-k,) W, : force due to loads at ground surface;

W,=(1-k,)W," : force due to weight of soil on pipe;

Wo=(1-k,)W," : force due to weight of pipe and substances in pipe; and

i R : reaction force from ground under pipe,

where W,’, W', and W,’ are the load at the ground surface, the weight of the soil
on the pipe and the weight of the pipe and the substances in the pipe, respectively.
k, denotes the vertical seismic coefficient.

O
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"the shearmg strength at the top surface of the, pipe.
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“The following are consrdered as horizontal forces acting on the pipe:
P, : earth pressure actmg on plane BC;

7" '@, : resistant earth pressure actirig on B'C’ plane

Fl'_ : tangentral force acting on.plane® BB
CFY tangentral force acting,on plane CC’; and

H—A,. W,' . seismic force acting on pipe and substance in pipe,
where &, dcnotes the horizontal seismic coefficicnt.-P, is equal to active earth
pressure while Q, cannot exceed passive earth pressure. When the sum of the
" active'earth preasure P1 .vorl\mg on the plane AB, seismic load /1, acting on the
ground surf"'ce and selsmrc force H; acting on soil .on top of the pipe does not
exceed ‘the passive earth pressure on,the piane A'B’ all of this horizontal forée is
“ resisted by earth pressure working on A’B’. When the sum-exceeds the passive
earth pressure of the plane A'B’, the shortage is carried by the tangential force
F, actmg on the top surface of the pipe. However, the value of F, cannot exceed

\

[

When the pipe mamtams an equilibrium. the. followmg equatron will be
vahd ' . Lo CoL - -
- . Q2+Fz Fx-!"knu’a + P, ’ ‘ S (16 1)

where Q. cannot exceéd passivé earth pressure and F; cannot exceed shearmg
strength at the bottom surface of the pipe. The limits necessary for maintaining
equilibrium of the pipe can-be obtained from the above. , N

Also, since’F, carnot be gre'lter thah the shearing strenvth at plane BC even
when the equilibrium of the soil at the top surface of the prle is broken Eq (16.1)
will be valid'and there can be cases when the equr]rbrlum of the pipe will not be
broken. However, there will be grounxd sliding at the top surface of the pipe and
the safety’ of the pipe ‘will be’ greatly endangered As such an, occurrence is unde-
srrable, considerations should be made to prevent breaking of the. equrhbnum of
soil at the top surface of the pipe. s

" 5) Pipe Doformatlon

When ground-deformation due to earthquake is not so large as_to cause
ground failure, pipelines may be considered to show roughly the same deforma-
tion as the ground. In regard to strain in the dircction of the pipe axis, if the
velocity amplitiude of surface waves ad»anuno in this dlrectron is o, the strain:
amphtude is-e and propag atron »eloc:ty isec, thereisa reJdtron of .
U-—EC{ . ‘

S
=,
Should there be no sliding between the. pipeline and the soil, thls strain will be
equal fo-the strain in the direction of the axis of the pipeline. Thus if £ is its
lonﬂnudmal co;ﬂrcnent of elasticity, the stress will be as follows:

o " oE
o= (16.2)
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In actual cases since the earthquake motion at the site decreascs due to the exist-
ence of the buried pipeline, the stress of the pipe 1s considered to be somew hat
smaller than the valug given above.

Regarding the direction orthogonal to the pipe axis, the displacecment of the
pipe will be roughly cqual to the displacement of the ground. Therefore, in the
range where ground failure does not accur, there 1s hitle deformation of the pipe
and it is thought that stress 1s not great. Further, since there is soil on both sides,
there can be no case of resonance of the pipe with earthquake motion.

6) Influence of Non-unifornuty of Ground .

When the ground 15 not uniform, there will be a difference in movement
during an earthquake of various places at the surface of the ground even with
in a fairly small area. This nonumiformity will be marked by the surface of the
ground becoming reduced with mereased depth, and also marked in acceleration
and less obvious with velocity and displacement.

Therefore, where the ground 1s not uniform the stresses in the pipeline due
to nonuniformity of earthquake motion will be fairly great and can be estimated
approximately for given earthquake motion using a finite element method. Actu-
ally, it is necessary to prevent breaking and crushing of pipe due to concentrated
stresses by providing expansion jomts at suitable intervals. The case of the Niigata
earthquake 1n which sewer pipes buricd about 3 m underground were broken into
single pieces of approximately 4 m mn length 1s of reference in determining the
spacing of the expansion joints.

Where pipelines are connected to manholes, it is clear that the vibration
conditions of the two will be greatly different and there is danger of bending
being concentrated at the connections. Therefore, expansion joints are ordinarily
provided at these sections. As a result, when the diameter of the pipe is not
especially large 1t is possible to avoid concentrations of bending at these portions,
but with concrete pipes with large diameter there is a tendency for bending
moments to be concentrated at these places. In order to cope with these bending
moments it is necessary to make the connections with the manholes expand and
contract as much as possible and rotate readily and to strengthen adequately the
pipe in the sections close to the manholes with reinforcing steel.

7) Stresses at Bends

Pipes can be thought of as being displaced roughly similarly to the surround-
ing ground. Therefore, in the curved pipeline axial forces and bending moments
are produced during earthquakes. As an cxperimental study of this problem, a
model test was carried out. A model ~f the ground and pipeline was made with
gelatin and a teflon rod, and the displacement and strain of the cuxved pipe was
measured applying shear waves from one end of the gelatin.

The results are shown in Fig. 16.4a in which axial force is produced in the
pipeline in the direction coinciding with the direction of application of vibration,
while bending moment 1s produced at the portion of bend. In the pipeline in a
direction perpendicular to application of vibration, almost no bending moment
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" or axial force is produced. When-a couplmg perrmttmg rotatlon to the joint be- -
;,~ween a-bend and a stralght pipe, or what may be called an aseismic:joint, is
g provnded (see Fm 16:4b),.the axial force produced in the dlrecuon eomc;ggng

o ,Lwnh that of application of vibration is reduced. However it should .be noted that
‘ bending moment at the portion of bend and straloht pipe in the direction ortho"-

onal to the direction of application,o, v1branon is increased, in contrast.
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8) Hydrodynamic Pressure Acting on Pipe

As water supply pipes are filled with pressurized water, dead ends, bends,
tees and tapered pipes are subjected to hydrodynamic pressures at pipe walls
during earthquake (sce Fig. 16.5). Y. Nakagawa (16.2-2) carried out theoretical
studies of this problem and deduced the following formulae:

" 1%
' 0D mnx=£\/—ﬂ‘_‘ (16.3)
2z 1+gi .
ek
08 max 0D max sin '2— (164)
Ax
7. max = Al gD max (165)
244
A
A
A
OR. max = p OD.mex (166)
3
1+ 4,

where
op. max . Mmaximum hydrodynamic pressure during an earthquake

produced at a dead end;
o5 max - Maximum hydrodynamic pressure during an earthquake
produced at a bend;
or. mex - maximum hydrodynamic pressure during an earthquake
produced at a tee;
or. msex . Maximum hydrodynamic pressure during an earthquake
produced at a reduction:
k : ratio of earthquake acceleration to g;
T : perniod of earthquake motion;
w : unit weight of water;
« . bulk modulus of water;
r + 1nside radius of pipe;
e : thickness of pipe shell;
E : Young's modulus of pipe material;
¢ : bending angle of bend;
A, : cross-sectional area of pipe; and
A, : cross-sectional area of pipe.

As an example of numerical calculation, the maximum value of hydrody-
namic pressure produced in steel pipe with an inside diameter of 2 m and wall
thickness of 18 mm in the case of an earthquake of k = 0.2 and T = 1 sec is given
below.

0p maxr=3.12 kg/cm?



EARTHQUAKE RESISTANCE OF WATER WORKS . 501

r S on mas=221 kglemt  (9=90°)°
Coh e onma=l04 T (A o
T ,m_187 (A,—ozsAl) ‘ P

SR The above are hvdrodynamxc pressures when dead ends;’ bends tees, and
tapered pipes exist singularly, but actually, there are numerous dead ends, bends,
"and other, connect:ons, and since the water hammer pressures produced by tnese

© interfere wrth each other the hydrodynamic pressures‘will be somewhat larger
than the above values. When. the increase is- considered to be 1.5 times, the maxi-
mum vélue of hyd rodynamlc pressure is, estimated to be approxrmately 4.5 kg/cm’
in an earthquake of 0. 2 g . :

In general s. 0~5 5 kg/cm?® water hammer pressure is consxdered In addmon
to hydrostauc pressure in designing pipelines for water supply. As it is raré for
water hammer and hyd rodynamlc pressure due to earthquake to work srmultane-

i ously, it \wll not be necessary to consider hydrodynamic pressure during eanh-
' quake in p'lrucular as a deslqn 1oad- of the pipe. However, when the ground 1s

‘ soft and the- penod long g, and .moreover,- strong earthquakes are- antncnpated
hvdrodynarmc pressure will be a problem. Also, when sluice’ valves are suddenly
closed: during an earthquake, since forces of ap. max Will actin opposrte dnrectrons
on either side of the valve, hydrod) namic pressure of 2o p. max$Will be applled to
‘the valve. Agam in a pipeline with pressurized water there are cases when the
| pump 1s suddenly stopped due to power failure during an earthquake, and on
such occasmns there is a possibility of hydrodynamic pressure and water Hammer
pressure overlappmtr In such cases the hydrodynamlc pressures on plpelmes must

be consndered in design. .- - : . .
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16.3. str_RvorRs
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Damwe to reservonrs consxsts mostly of. destrucnon at the bottom snde walls
and dlaphravm walls of the reservoir. Bottom destruction’ occurs when the
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Fig. 16.6 Damage to dlskh.lmlc TeseryoIr at l-uru-_;lun.mo river (Nuwata earthquake of June 16, 1964).
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ground is weak or is not uniform (see Fig. 16.6); examples of such damage are
very great in number. When the structure is heavy there will be settlement, and
when it is light there will be flotation; in either case the reservoir will be broken
into a number of pieces. Therefore, as a foundation for a reservoir a sound and
moreover uniform ground or a ground made sufficiently sound using piles and
other devices should be selected.

It is also necessary to provide a suitable drainage facility to alleviate rising
underground water pressure at the bottom of the reservoir duc to an earthquake.
Also, when the depth of the reservoir is great or when purified water is to be
stored, 1t is advisable to use metal lathing in the mortar waterproofing layer. It is
also safer to use the same method for protective concrete or mortar layers for
asphalt and other waterproofing membranes,

The plane configuration of a stdewall is best kept as simple as possible. A
circular form 1s better than a square form, since corners comprise weak points.
When there are corners, expansion joints should be provided nearby. Even in
sections which are not at corners, it is customary to provide expansion joints at
intervals of 10~15 m for thin walls and 20~30 m for thick walls. Copper plates
have been used as matertal for expansion joints in the past, but since this does
not permit free expansion and contraction at tees and ells, either rubber or vinyl
have been used almost exclusively in recent years.

The earthquake resistance of sidewalls and diaphragms is usually calculated
by the seismic coefficient method, but since brick was used extensively in old
structures, there were many cases of cracks being formed in walls or of walls
falling. If reinforced concrete is used to build integral structures, stresses will be
suitably distributed and the spacing of expansion joints can be made wider. It is
thought the heavy damage as seen in the past can thus be greatly reduced.

The reinforced concrete reservoirs of the Nagasawa Purification Plant was
designed to be consisted of a 40 m X 40 m pond as one block and a 40 m X
60 m pond as two blocks. According to the results of construction there was no
leakage of water seen when 0.3 9 thermal reinforcement was used. Also, for the
large reservoir divided nto two blocks, either half would be a boxlike structure
with one end open, but if the foundation 1s sound it is possible to build a structure
which is sufficiently durable against earthquakes of about seismic coefficient of
0.2~0.3 in an economcal manner. However, a shear wall with openings was
provided at the open ends as a precaution.

Hydrodynamic pressures act on the walls of a reservoir during an earth-
quake. The pressure s usually calculated using Westergaad’s formula. However,
in the case of multilevel settling ponds, water is completely enclosed in the lower
parts. Under such conditions enormous hydrodynamic pressures will act on the
sidewalls during an earthquake. It is thus necessary to provide a suitable escape
route for the water in this case. At'the two-level settling pond of Nagasawa Purifi-
cation Plant, cylinders of 1.4-m diameter were erected at a rate of one for every
13-m interval, where free water surfaces were provided to allow water to escape.
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When waterways cross rivers, either aqueducts or invérted" snphons are used,

" but since amplitudes of earthquake motions are generally large near rivers, both
are liable to suffer damage. In aqueducts' or bridges to which water, mams are,
attached in addition to the nccessity for the’ bndbes to be fire- and earthquake—'
proof :the pipeline must also .be- earthquake resistant. For this reason stf-d pipes
are-used and expansicn joints are prowdcd at each-span of a bndge The trouble

N of prov1dm0 many- expansmn joints may be- avonded by mak!ng the bndge
contmuous , P ‘
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Espucmllv as seen in the cases ofipast edrthquakc damage (see Fig. 16 D,
there is. a large proportion of pipes being-pulled out.at sections where plpe rlses
from ‘behind bridge abutments :to .extend; over to the’ bridge. Such- damaﬂe is
caused by the hrge sdtl:ment of the_embankment at th& back of the bridge
_abutment due to- dnﬁir«.nc.cs in-earthquake vibration of the abutment and the
embmkmcnt It isimpertant for the embankment-to be constructed Larcfully to
. ', r:.duc; wttlcm;nt as much as possible. Where pipes stand up, the connections
~ with strajght prpes at the ends of a bridge must be made ﬂLx;ble and elastic, while
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the foundations must be secured by piles of adequate depth so that pipes them-
selves will not settle. Even then, an aqueduct is a weak point in a waterway and it
is customary for sluice valves to be provided 1in waterways before and behind a
bridge abutment as a precaution against accident. Figure 16.8 shows aseismic
design of a riser portion of an aqueduct recommended by the Japan Water Works
Association.

Regarding inverted siphons, the foundation is of extreme importance and a
sufficiently sound and uniform foundation must be built. The connecting pipe at
either end should have as gentle bends as possible while any bend must be ade-
quately fixed. It so happens that the damage to inverted siphons in the Yokosuka
water supply system during the Kantd earthquake was light, but for damage to
be avoided it 1s necessary for the depth of embedment to be fairly great. Further,
inverted siphons at river bottoms consisting of alluvial deposit liable to show
liquefaction during earthquake should be avoided.

16.5. WATER TANKS

Elevated water tanks of reinforced concrete do not appear to be very aseismic
as seen in past earthquakes. For example, in the Kanto earthquake, the 22-m high
reinforced concrete elevated water tank of Mikawashima Sewage Treatment
Plant buckled and collapsed in spite of the fact that small structures in the vicinity
escaped damage completely. Also, a number of concreie small-scale water
supply towers at railroad stations toppled. However, the water tank at Mikawa-
shima was built in the early days of reinforced concrete and the technique was
not sufficiently refined, so it cannot necessarily be said that reinforced concrete
elevated water tanks are not earthquake resistant. However, it 1s true that
diagonal members are seldom introduced 1n remforced concrete because of con-
struction practices. It is undeniable that the rigidity will be reduced because the
elevated tank is top heavy, and that it is a liability for members to be subjected
to a substantial seismic force due to resonance with the earthquake. It is thought
that steel elevated water towers are resistant to earthquakes since diagonal
members can readily be provided to increase rigidity and toughness. The 28-m
elevated water tank of this type in the Kawasaki water works suffered no damage
in the Kanto earthquake.

When a water tank is built using reinforced concrete, the standpipe is more
earthquake resistant. The standpipe of the Shibuya water works was a reinforced
concrete cylinder 22 m high with an mside diameter of 13 m. In the Kantd
earthquake nothing happened to the cylinder with only shght cracking of acces-
sory parts. In general, shell structures such as cylinders and spheres are stronger
than beam structures and are expected to withstand earthquakes well. In any
case, the problem lies in the bearing capacity of the ground. As the pressures
carried by the foundation of a standpipe are extremely large, 1t is necessary to
select hard, uniform ground, and embedment should be as deep as possible.
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* Further, it is possible to prevent leakage: by lining the inside of the standptpe
with steel plate of not less than 3-mm thickness.

The seismic force required for calculation of stablhty andstress of a stand-
pipe is usually determined by, the modified seismic _coefficient method,. whlle cal-

culation of stresses due to the ‘seismic-load distribution iscarried out by statlc
methods using. cylmdncal shell theories.
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Chapter 17

EARTHQUAKE RESISTANCE OF
UNDERGROUND STRUCTURES

17.1. INTRODUCTION

The recent development of underground facilities has provided eye-opening
experiences. Since temperaiures are stable and earthquake motion is weak under
the ground, underground development will be further expedited with advances
in construction techniques. Even with such advances, earthquakes will be a
problem for underground structures. The major underground structures consist
of water supply and sewage lines, tunnels, underground passageways, under-
ground cavities and subaqueous tunnels. Water works and tunnels have already
been discussed. Here the remaining problems will be considered.

When the ground is considered elastic, there are two types of waves propa-
gated in it: shear waves and dilatational waves. At the portion near the ground
surface, since the configuration and the structure ot the ground are usually com-
plex the earthquake motion at this portion 1s thought to be the result of the
superposition of many bodily waves of different sizes and directions. Therefore
it is difficult to ascertain this earthquake motion. For design purposes, assump-
tions must be made which take this complexity of earthquake motion into
account,

In order to estimate the strain produced in the ground during an earthquake,
a shear wave advancing in one direction is considered as follows:

u=u, Sin277f— (t-%) (17.1)

where
x : direction of advance of wave motion;
u : vibration displacement perpendicular to direction x.;
1, : amplitude;
T : vibration period; and
¢, . propagation velocity of shear wave.
The strain duc to this shear wave 1s

r= qu_ 2zt o0 27 <t—£) (17.2)

ax  Te T e
where ; is strain due to the shear wave, Therefore, if

507
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It.can be seen-that stress:is-greater the higher the velocity of earthquake
motion and the higher:the propagation vélocity of seismic wave. [n the ground,
there exist initial stresses.due to-dcad weight and other factors. Thus, the seismic
stress is added to initial stresses. In.earthquakes .of medium scale the resultant
sstress s not-so large as to-cause ground failure with the exception of places near

" the ground-Surface where the \uiiderground water table is‘high, or at the edges of
cliffs. However, with severe-eartliquakes the stresses in the:soil will become falrly
- large and it is: anuc:pated that farlure will-occurin weak igiound. - '
©* With respect 10:ground faiiure, in.addition'to fallure ‘due to" stresses eaused
* by wave motion, there is failure caused by ‘the lowering-of the-soil: strength by
“vibration, such .as landsiides and subsidences.’ Specml types- of ; groung swhich
- liquefy due to vibration-or ground which s intercalated with ‘even .4 very thin
- soft layer would 'be vilnerable to such failure. In this case it is "enerally thought
that the decisive factor:in failure is not the velocxty(of earthquake motion but the
- earthquake acceleration. -~ .. & ¢ ; -

-In buried structures; in addition to the elastic strain‘of the ground; he strain
«due to nonuniform movements in various:parts of thesground, is a problem. At
the occasxon of the fMatcushlro ‘swarm «earthquakes in 1965~67, in an arca near

Fig. 17.1 Displacement at a ground surface (Matsushiro earthquake swarm 1965-67).
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the epicenter, a base line 120 m long were taken and earthquakes were observed
at five points along the base line. The measurement points were provided at 30 m
intervals and were designated D, through D, from north to south. The thickness
of the surface layer at the site increased from north to south and the predominant
periods of microtremors were 0.36 sec at the northern side and 0.55 sec at the
southern side. An example of the records taken is indicated in Fig. 17.1. In Figure
17.1a the waveform of D, is 0.4 sec slower than the wavetform of D, This in-
dicates therc was a wave moving at an apparent velocity of 300 m/sec at the
surface of the ground from north to south. In the case of Fig. 17.1b there is no
phase difference between D, and D;, but the time at which the amplitude is sud-
denly increased is 0.5 sec later in D, than in D;. This ditference is thought to exit
because the thickness of the surface layer 1s greater at D, than at D;. From such
observations, it can be seen that one reason displacements during an earthquake
of various points on the ground surface differ 1s because of surface waves. An-
other 1s because of nonuniformity of ground structure.

Measurement of actual earthquake motion underground has progressed in
the past several years. [n instrument installations, vertical shafts and underground
structures are sometimes utihized, but in general, special seismometers designed
for underground observation are buried in boring holes. The results of observa-
tron, as described 1n section 5.2, show that within the range of several tens of
meters, the depth at which ordinary structures are buried, the underground
acceleration is 1,2 to 1/3 of the surface of the earth, while at a similar depth there
is little difference in displacement between ground surface and underground.

However, it is horizontal motion which is measured here and vertical move-
ments are not observed. The impressions of people who experienced earthquakes
inside powerhouses are summarized in Table 17.1, and according to this, it is
thought that underground acceleration in the vertical direction is refatively
stronger than acceleration 1n the horizontal direction.

Such vibrations produced underground result variations in stress and pore
water pressure in the ground. [t should be noted that when the ground is sand or
mud, the strength of the ground is reduced by the rise in pore water pressures,
and when the ground 1s rock, vaniations are produced 1n the extraneous forces
working on the undergiound structure due to stress concentration and the rise in
pore water pressure. It 1s not clear how much the ground contracts due to earth-
quake, but it is conceivable that a rise in water pressure of 1~2 m can easily
occur. Such a rise 1n pore water pressure when occurring in sandy ground causes
the giound to lose strength and produces v ater spouting and sand boiling. When
these occur in embankments, they cause breaking, and when they occur in ground
serving as an abutment tor an arch dam, they impair the stability of the abutment.

FFurthermore, underground structures suller severe damage from discontinu-
ous movement of the ground caused by geological discontinuities. This is most
terrible, but thete are very few studies regarding the quantitative degrees of the
discontinuous movement in actual ground
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17.2. STRESSES DURING EARTHQUAKES ON AREAS AROUND
UNDERGROUND CAVITIES

Although the problem of stress concentration around underground structures
due to seismic wave has not been studied extensively, as long as there is stress
concentration due to static external forces, there must be a similar phenomena
due to dynamic external forces. The dynamic stress concentration can be solved
by analytical methods or by photoelastic methods when it is a two-dimensional
problem.

1)  Analytical Methods

In this problem there is a circular opening in a two-dimensional elastic body
of infinite expanse with sinusoidal shear waves coming from one direction. Under
such circumstances, shear waves and dilatational waves are reflected from the
circumicrence of the hole and are superposed on the input shear waves to produce
stress concentration. According to calculations based on elastic theory, when
there is no lining around the hole and the wave length is fairly long compared to
the diameter of the hole, the peripheral stresses are given approximately by the
following formula (see Fig. 10.6):

96 =

~ 2Gu 2\ . .
: (l —2'—’> sin 24 sin pt (17.5)

s »

where

G : shear modulus of elasticity of ground;

v, . velocity amplitude of incident shear wave;

¢, : propagation velocity of shear wave in ground;

¢, : propagation velocity of dilatational wave in ground; and

p . circular frequency of incident sinusoidal wave.
From this, the following may be understood:

1. The section at which ¢o will be maximum is the side of the opening at

which the direction of the incident wave is inclined 45°,
The value of 20 is proportional to the product of the velocity of incident
wave and impedance of the ground.

3. G uy/c, is the shear stress produced by the incident waves when there is no
opening. Therefore, if ¢,%/c,® is neglected, the amplitude of 94 calculated
using Eq. (17.5) 1s equal to the peripheral stress in the case of a semi-
infinite plate with a circular openiag subjected to uniform shear stress
Guo/c,. This suggests that when the wavelength of the incident shear
wave is fairly long compared to the diameter of the hole the problem may
be handled statically.

When the hole is lined, the stresses in the ground will be alleviated compared

to the case where there is no lining. On the other hand, however, the lining will
be subjected to scismic stresses and must be able to withstand them. For the sake

|08
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. ot - . Y

of simplicity, it is assumed that the lining is rigid and will not be deformed, that

' there is no resistance to-the relative displacement in the peripheral direction

between lining and surrounding rock, and that the lining and the >urroundmg rock

will not be separatad radiaily. The'seismic load on the lining will be apprO\lmatcly

the following when incident waves are farrly long cormpared 1o the d'amucr of
the hole. i

=80 G oy sinpt : (17.6)

- Cy

However, since the lining actually used is flexible it is thought the seismic load
acting on the lmmo will be smaller than the'valué obtained by the above formula
"It is difiicult to carry out exact calculations for this case, but if the problcm is
handled statically, the calcilations aré Comparatively simple. According to this,
if the rigidity of the lining is lowered the seismic load on the lining will be reduced
considerabiy. From this, it is concluded that fora lining to withstand cérthquakes
is more effective if the lining is resilient rather than highly rigid but brlttle.
2) Puotroelastic Method
When the shape of the hcle is not circular, mathematical analysis is difficult.
In such a case, the photoelastic method can be used to solve the problem ex-
perimentally. If the problem is transformed approximately into one of statlcs
it will become a stress concentration problem produced when a hole i is made in
a place where uniform shear stress exists. Many e\pcrlments have already been
made considering this as a case which could be solved using such hard materrals
as phenolite. Although this has not been taken up as a problem of aselsmlc con-
srder'ltrpns, it is a method which should be utilized more in new fields.
it Ineorderito handle the problem” dyndmically:it is- iié’ceséﬁrjr ‘to-use the dy-
namic photoelastic method. In this case, it is appropnate to use matenals of gel
- > -form because structure:miodel§ made of gel riaterials ‘are ‘suitable.for: expressmg

e he ‘effect of dead welght whlle the modul: -of elastxclty are low and- vxbratlons are
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Fig. 17.2 Dynamic phcto-elastic expcrimerlts using gelatin (stress around a circular hole).
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Fig. 17.3 Dynamic photo-elastic experiments using gelatin (stress around two square holes).
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Fig. 17.4 Dynamic photo-elastic experiments using gelaun (stress around a angle-shaped hole).

relatively slow with large amplitudes. In carrying out a dynamic photo-elastic
experiment a structure model is placed on a shaking table, vibrated, and the
isochromatic line is photographed under polarized light. As the phenomenon is
not rap:id at this time, high-speed photographic equipment is not needed and by
merely synchronizing the switching of the light source and the vibrations of the
shaking table, it is possible to take clear stll pictures. Figures 17.2, 3 and 4 are
isochromatic line illustrations photographed in this manner. In these figures,
(b) indicates 1sochromatic hime at the neucral condition and (a) and (c) those at
maximum amplitude of seismic vibration,

Stresses along a free boundary can be obtained immediately from isochro-
matic lines. The internal stresses can be obtained from either of the methods
given below atthough both are fairly complicated.

I. In cases of stationary vibration, the following relation is derived from the

compatibility condition and the equation of motion:



514 INTRODUCTION TO EM{THQU‘\I\E LNGINEERING T

. o R S LI
OB Co. . .62 .6t D
PR b, ' ' —5—-. (0‘; V) Y
B ax 0}’ . .\ }’
noL .- J,» E v : (G0 l Vil Iy
B g e S (E )( +)) 7.7
where i
os, oy : normal stress;
r:y @ Shearing stfess;
»  density of material;
E : Young’'s modulus of maternal, “nd .
: w : circular frequency of sinusoidal vibration. '

As =;, and ¢.—o,-can be obtained directly from the isochromatic lines and iso.
clinic lines, ¢, 40, ¢an be determined:from Eq. (17:7). Therefore, all of the stress

components can tbe;obtained. But.it.is.not.easy 10 obtain isoclinic lines.
+2."Whenw and r.are«displacements in.the’ dlrcctxons ot X and ¥, respectively,
the- equatron of motion,is 1 ' &
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Mhere Gz and a,,o are resoectwely lhe va]ues of P and o at X = \‘0 and Y=
'whrch are obtamed drrectly from e\penmentsiat free boundane> In 1hzs method it

rbe determmed ﬁom Ihe mode ofthe specnmen m the \.ase of smusordal vnbralxon

‘ ‘mmed accurately

The mode can be obtamed faxrly accurately by employmg the Monre méthod.
‘THis'is more precise Ihan ‘the prevrous method 1f the acceleranon can be deter-
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17.3. | MEASUREMENT OF, VIBRATIONS OF UNDERGROUND STRUC-
TURES DUE 10 EARTHQUAI\ES

)

B EPIRY
[ T l;f

-

Durmo [the Matsushxro swarm earthquakes m l965~67 studles whnch

i were Londuc(ed by aclually burymg p|pelmes m the fground

One experlmem was on steel pipe in which 2 pipe with an outer diameter of

-27 cm, thickness of 6.6 mm and length of 90 m was buried at a deplh of 1.5m
“below the surface. The area around the pipe was packed with sand. A manhole

was provided and insulated from the pipe. The main objective of the experiment
was to ascertain whether or not the pipe would move integrally with the ground.
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Earthquakes of various types up to a maximum 120 gal were occurring at that
time and the conclusions obtamned were:
1. Resonance vibration of the pipe did not occur,
2. The deformation of the pipe was more or less identical to the deforma-
tion of the ground.
3. The strain due to deformation in the axial direction exceeds the strain
due to bending. The relation between strain and earthquake motion is
given by

=t 1a 7.11)

where

¢ . strain;

¢ © constant;

« . earthquake acceleration;

T . period of seismic wave (sec); and
: propagation velocity of seismic wave (cm/sec).

¢ is usually presumed to be unity although it is slightly lower than unity
in a model test.

4. Bending strain is seen in curved pipe, but there is no tendency for it to be
especially higher than the strain in straight pipe. Also, the strain in the
pipe at the connection with a manhole is not particularly high.

Equation (17.11) indicates that, strain on the pipe is proportional to the
velocity of the earthquake motion and inversely proportional to propagation
velocity of scismic waves. Therefore, in a comparison between hard and soft
ground, the earthquake will produce much greater strain on pipes buried in soft
ground. ‘According to theoretical calculations, it has been deduced that strain
will be especially great when sersmic wave propagation velocity is less than 300
m/sec.

Another experiment was made on concrete pipe. The pipe consisted of four
asbestos-cement pipes 12.5 ¢cm each in mner diameter faced with concrete to
which a manhole 3 m high, 4.1 mlong and 1.7 m long was attached. The connec-
tion between manhole and pipe was made to withstand a considerable amount
of bending. The results obtained are given below.

1. The manhole and the ground within at Icast 5 m from the manhole showed

roughly rdentical movements,

2. A phase difference is recognized between the vibrations of the manhole
and the vibrations of the pipeline at scctions fairly distant from the
manhole. ]

3. During an earthquake, simultaneous to the arrival of a seismic wave with
large acceleration as well as large displacement, a large strain is produced
in the pipehine, the strain being larger the higher the earthquake accelera-
tion.

4. On examination of the distribution of strain over the entire length of the

o
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I prpelme, the stram ber‘omes larac‘ﬁnear-a Joint and 1s r'tpldly reduced wnth
‘ ; T mcreased dtstance from the Jomt T Y R U
5 At _]OmIS bendmo stress is a largc factor Js opposed to axial sm.ss At
g sectron drstant from a Jomt the reverse is, true. - ., <
6‘ Accordmf7 to the result of’mvestmanons ofthe relatxon between accelera-'
uonvof an earthquake and stram m the \vicinity of a jomt the strain 1s
hmtt . oy , ,
7. Ihy t.ompartson of stress produced durmo strong ea rthqual\es in concrete
: mpe"a’nd stcel ptpe burled unde around,ufor an earthquake in which
aeceleranon \\as 170 gal the m.nxunum values of stress mn the concrete
prpe \xe'e apprommately 15 Rc/cm ‘at a Jomt and 5 Xkg/cm?® midway in
" the ptpe where the' mﬁuera from thejomt was, sma]l At this time, stress
produced in tne steel prpe was 160 Lg/cm- and was approxrmately 10
times the stress m the concrete pme P L .
Asa result of .hese two studres it.was !eamed that except for cases of great
earthquakes m \\hlch the ground rs destroyed the movement of the .ground:and
‘the’ movement ‘of pme are roughly in agreement. Even in cases when large:man-
'holes are connected” to the pipe, the ground the manhole: and the pipeline. j,ener-
'Zal]y m0\e toaethe., but 1t is felt Ihdt at this time the manhole restricts the move-
‘ment of the sorI in 1ts \1c1mty It vas shown that the major stress was axidl for
both‘ steel and concrete pipes, as had been expected beforehand from.laboratory
tests The mﬂuence of a manhole on a prpehne is consxdcrab]y different, for steel
ptpe and concrete prpe The eustence of a manhole does notmake muchd:ﬁ'erence
in the case of stcel pipe, but for a conf‘rete plpe it has a governing infiuence, on’the
strésses of the” ptpe close to ths manhole. ThlS probably is due to the drﬁ“erence
bet\\een connectlons m steel and in concrete pipss, Also, “the tests of the- steel
pipé show that the mﬁuence of a, manhole can be. greatly reduced when msulatrom
1s adequate s ) e S v e et
Slmrlar measurements are bemsz made at ductways for hngh voltage lines in
the downtown dnstrlcts of Tok;o (see Frg 17 5). The plpelme 1s-a crrcular steel
shle]d \mh an outer drameter of 3 m covered by sorl from 11 to 12 m deep. The -
ndture of the soil-is silt and srlty ‘soil with h)ah free water table 1.m from the
surface. of the ground. There are two manholes ‘78 m apart and sgismometers
Have been xnstal]ed msrde the p1pe]me bctween the manholes Measurements are -
currently bema made but aecordm" to the results obtained so far, the records.
show acceleratron in the duct para”el and perpendtcular to the duct axis to be
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" lower than at the ground surface. The ratio is 70~80%; in the axial direction and
60~709; in the direction perpendicular to the axis, and in this case the ductway
has about the same tendency to move parallel as it has to move perpendicular.

According to displacement records, displacement with a period of approxi-
mately 0.9 sec is prominent, and this 1s thought :0 be the predominant period of
the ground. Displacements in the direction of the axis are being measured at
cross section C, which is midway between the two manholes, at cross section Q
14 m distant from C and at cross section E 14 m distant from Q and 6 m from a
manhole. In records obtained so far, the movements of points Q and E are in
complete agreement while the movement of point C, although no different in
phase with the two former points, is approximately 309/ smaller. This is thought
to reflect the influence of the manhole. According to these observations, there is
a difference of | mm produced every 14 m which, when converted to strain, is an
average of 7 1074, These measurements have been made up to a maximum 70 gal
in acceleration and a maximum 3 mm in displacement, and it is thought that at
this degree of seismic intensity the influence of nonuniformity in ground displace-
ment and manholes will not yet be so prominent.

The measurements described above have all been made of comparatively
straight structures buried n surface layers of more or less uniform thickness.
However, in a model test where a ground with variable thickness of surface layer
was made with gelatin and vibrated on a shaking table, the various parts of the
ground vibrated prominently with periods according to the respective thicknesses;
at a certain period, only a certain part will vibrate promimently, while at other
periods, only other parts will vibrate prominently. Therefore, when there is a long
pipeline buried in the surface layer the pipeline will not vibrate very much relative
to the ground, but depending on the ground conditions, part of it may be forced
to vibrate greatly, and as a result there will be large local bending moments and
large axial forces produced. In this case, the cross sections at which large axial
forces and bending moments are produced will be located where the thicknesses
of the surface layer change suddenly.

Also, in the case of a long pipeline model which penetrates ground consisting
of two layers with differing rigidites, the same type of phenomenon is seen
between the two layers. For instance, 1in ground consisting of two layers at which
the surface layer 1s harder than the underlying part. there are cases when the
surface part does not vibrate while the lower layer vibrates very much. At such
times extrenme deformation may occur where the pipes crosses from one ground
fayer into another, .

Also, when a bent pipe 1s buried in the ground and vibration is applied, besides
bending moment produced at the bent portion, there will be axial stresses pro-
duced near the bend of the pipeline in the direction perpendicular to the advance
of the wave motion, as stated in Section 16 2. This characteristic seen at the bend
of a pipeline docs not agree with the results obtamned for curved portions in the
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Fartunately, thele are no: cases. of' underground structurcs wlnch have suf-
feredfnreat ddmane*m earthqu;s Thc*.cmmpl; of. a: power. station.deéscribed.
beldw,is. a: rare casé:of, an ‘undérground. structure: damaged, even slightly, in.a
large-scale: earthqual\e The Koyna: underground,power. station is: located ap-
prowmatd)‘ 150 il undurzround in the. ground, comprised of:basalt (sce Fw
17"6) mere ars. three rooms a control’ valve room (6.m: X 174 m), a turbine and
ec.nerator room (13 m. X "OO‘ 'm).and a: transformer room-(16:m .x.193-m), con-
neclmwcomdors and: a: tazlracertunnel -,-12 m-long- and. appurtenant; lunnels

f

48 7°38'7
T M

YA

» - 'J_._ a “
! ‘ﬂ_ﬂ /-"\\,)’—‘1\__/

‘,

Fnﬂ . 17.6.. Underground powerhouse of KO) na Hydroelectrrc PrOJect Indla

i e
e .

An eanhquake of M= 7. 0 occurred only severa] krlometers from the powcr
stanon and- thc shqht dam'we outlmed below occurred.,: + .. 4 e
. At the boundary portlon bctween the:twossections. which:had been:lined.
. at, d:ﬂerent—nmes cracks formednn the.side; walls:and: ccrlmg arch-of the
‘ tunml of the. turbinc:andigenerator rooms. . .
2y Cracks formed at. both sndcwa]]s of-the tailrace below. the transformer
© room. it is 1hought lhe greater number of cracks.in:the:sector constructed
in the.first stage-is.related to the: strength of the rock foundation.
3. Gracks formed at approximately 3 m intervals in the floor of the- trans-




EARTHQUAKE RESISTANCE QF UNDERGROUND STRUCTURES 519

former room in the direction transverse to the passageway. These cracks
were parallel to the direction of main reinforcement and were in agree-
ment with construction joints in the concrete. It 1s thought cracks were
prominent in the sector constructed in the first stage because it was not
tough due to the lack of auxihary reinforcement.

Cracks | to 2 mm wide were formed in the sidewalls of the corridor con-
necting the turbine and generator room and the transformer room. The
cracks formed rn the wall concrete only and did not extend to the rock
at the back. No separation was seen between wall concrete and rock.
Cracks formed 1n the direction of the tunnel at the top of the ceiling arch
of the transformer room.

The tatlrace tunnel had a rectangular cross section with a semicircular
celling 8 m wide. The hning was 30 cm thick at the ceiling arch and 15 cm
at the mvert. A fractured zone 6 m wide consisting of clay containing rock
fragments of basalt cuts across this tunncl, but there is no evidence that
this cross section moved during the earthquake.

Although actual cases of such earthquake damage have not been seen here,
from the experience with structures on the surface, 1t is thought there is a possi-
bility of the following types of damage occurring in the future. Thorough con-
sideration 1s necessary before designing such structures.

l.

[

Lt 1s possible that abnormalities may progress undiscovered under normal
conditions in the area surrounding an underground structure and be the
basis for a catastrophe 1n a great earthquake. For example, in a district
where ground settlement 1s severe, it 1s conceivable that the foundation
ground on which anunderground railroad is built will settle. The structure
will then be supported by the soil around the sidewalls, and it will appear
at a glance that there 1s no abnormality. If subjected to a great earthquake
in this condition, it is inescapable that the structure will settle. Also, there
are many cases of large underground cavities which are excavated with
the ard of rock bolts during construction and are kept stable by walls. In
such cases, through the progress of ground creep and the variation in
underground water level, it may be that the stresses in the ground have
changed and there 1s a risk of cave-m and collapse in a large-scale earth-
quake In order to prevent such accidents, it 1s necessary for instruments
for measuring deformation of the structure, underground water pressure,
and so on be installed so that checks can be made continuously.

When two underground structure. having foundations with different
ngidinies are connected, discontinuity may be produced between the dis-
placements of the two at the joint and failure may occur in the vicinity.
For example, when there are two structures in soft ground, one having
sound foundation pdes and the other merely buried in the ground, the
former wil not settle durig an earthquake whereas the latter will settle
or float up. As a result, the joint bewween the two will be destroyed. In
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Fxoure 17.7 1nd1cates a sib-agueous tunnel prcv;ded for crossmg !he Tama
River ‘by.a raiiroad circling the outer side of Tokyo. Recently, because ofrlhe
demands of urban transportation, similar sub-aqueous tunnels have benun to be
laid atvarious places. At that case, when the ground is soft, the first thing that
must-be considered is ‘whether the ground will be liquefied during an ear[hquake
When there isarisk of. hquefamon the sub aqueous tunnel should be ahandoned
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Fig. 17.7. Tamagawa sub-aqueous railway tube.

“The second problem is béariflg capacity. Since the sub-aqueous tunnel is a
hollow structure, the load on the foundation ground will not be very much
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different from the load applied by the weight of the soil before the tube 1s laid.
Therefore, there 1s little fear of the insufficient capacity of the bearing of the
ground; rather, flotation should be watched for.

The third problem is member stress produced in the tube due to vibrations.
The major wave motion producing vibrations at the ground surface during an
earthquake are shear waves traveling vertically in the ground and surface waves
propagated over the ground surface. As shear waves are considered to rise verti-
cally, vibrations are more or less of the same phase over the entire length of the
tube and thus the bending produced in the tube will be small. However, at the
two end sections of the tube, huge structures of ventilation shafts will be built
and the movements at these portions will be different from the movement of
the middle portion. For this reason, it is thought comparatively great bending
moment or axial force will be produced at portions close to the two ends of the
tube. When the character of the ground is not uniform, for example when the
ground has a surface layer not of uniform thickness, the earthquake motion of
each point along the tube will differ considerably both in size and phase, causing
complexly distributed seismic force to be exerted on the sub-aqueous tube. When
the surface waves are incident parallel to the tube axis, since there are phase
differences between the seismic forces acting on the various parts of the tube,
strains are produced in the tube in the longitudinal direction.

There are few cases of earthquake motion having been observed in actual
submerged tubes. The Tamagawa Tunnel of the Keiyd Line has 6 submerged
tubes each 13 m wide, 7.35 m high and 80 m long. Tube No. 1 is on diluvial silt
while Tubes No. 4 to 6 are on alluvial silt of thickness of approximately 40 m
and Tubes No. 2 and No. 3 are on the transient zone between the two. Tubes No.
2 and No. 4 are each provided with accelerograms and strain gauges. The strain
gauges are installed at either sidewall of the cross sections 30 m apart and are set
to measure strain in the axial direction (see Fig. 17.8).

Earthquake records obtained are shown in Figs. 17.9~12. Figure 17.9 shows
records obtained at Tubc No. 2 due to a distant earthquake. Strains at either

No 4 Strain zauge No 1 Strain gauge

T
” No 2 TPA (Accelerograph’

bl IO t
. No 2 TAA \ccel rograph!
No 2 Stramn gauge No 3 Strain gauge

L 15m | I15m | !
.__-__...__.._.——-1 |
80 m |‘

No 2 ELEMENT

No 6 Strain gauge | No 7 Strain gauue
1 1 —
[ No 4 TPA ' \ucdlerograph)

. -y
No 4 TAA \ccdlerograph!
No 5 Strain gauge, No 8 Strain u.mnr_]

20m 20m I 30m l]Om

__80m ’
No 4 EFEAMENT

Fig. 17.8 Plan of No. 2 and No. 4 ¢lements of the tunnel.
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M=6.2 and Fig:"17:11 ‘dise 10"a Rear earthqualu. “of M=4. 8 both obtained at
Tube No. 2. In the former, the maximum acceleration-is 2.6 gal; ihe maximum
strain is‘'l.74 and the penod is lona, while in- lhe laltcr lhc nmmmum acceler atlon
is 12 gal; the maxinium strain is’T. 2/1 ‘and the period is very short.- Thus the maxn-
mum strain.of, the' tunnel per unit eal of the'maximum acceleration of the gxound
ranges from 0.10, 10 0.65. In both cases the strains-at-either sidewall of the cross
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section have the same sign, and this shows that the tube is stressed in the direction
of its axis.

In Fig. 17.12 accelerations observed at Tubes No. 2 and No. 4 are shown.
Many slow vibrations can be seen in the records of Tube No. 4 and this may be
caused by the fact that this tube is located on a thick alluvial layer.

No 2 ’

No 4

No. 5 o T (A

No.2 TAA ’,;\F'L{\ﬂ\fav%ﬁhw*ﬁw

No.4 TAA ] ’ '.Aacvm»%v:\:&w%ﬁww

No.2 TPA : hf-N-'nfv_—w@‘ v:“ i A;v ‘ =

No4 TPA ; ﬁﬂwf“w }\/“TJ TVJ\T“ 4 v““;“uif‘w“ E‘I e ]Au:A |
— I I ——— : l

Fig. 17.12 Earthquake records observed at Tamaga\va sub-aqueous tunnel (carthquake of Oct 30,
1670, A/ =349, 139 9E, 36 ON, H=60 km)

Based on the model tests and earthquake observations of subaqueous ele-
ments carried out, a mathematical model has been proposed, in corporating the
consideration below:

1. The ground 1s to be represented as a concentrated mass system.

2. The ground masses are mutually spring-connected in the longitudinal

direction of the sub-aqueous tunnel.

3. The earthquake motion of the ground will not be affected by the existence

of a sub-aqueous tunnel.

4. The sub-aqueous tunne!l is connected to the ground by springs.

5. A sub-aqueous tunnel ¢lement will deform in bending as well as axially.

Figure 17.13 is an illustration of the mathematical model.

_tongwn (slope) 3pagm_{chenael

|
!

20qou land) — !

T-08%¢ ‘ TeoaRcoau T-0 e

Fig. 17.13  Simulation mode! of a sub-aqueous tunne!
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The earthque motion of the ground is computcd by thc, ﬁmte element
method, taking the depth and the mechanical propertics of the surface layer of
the ground into account The spring in the direction perpendicular to the aais
connecting the sub- -aqueous tunricl to the ground is cumpuud by the finite eIeant
method assuming plane deformation as a two dimensional elastic body, while the
spring in the axal direction is computed considering that there \n}l be shear
d;f‘omiauon of the ground in the direction of the tube axis.
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Fig. 17.14 Maximum displacement and maximum acceleration on the ground surface (Input mxaxmum
accelerauon and dampmg constant are assumed to be 100 gal and 107, ‘Tespectively).

C. Tamura used this model to calculate the movémer}t of ground and stresses
of a sub-aqueous tunnel to be provided at the channel as shown in Fig. 17.13.
Figures 17.14 (a) and (b) are the maximum displacements and maximum accelera-
tions in the direction of the tube axis and in that orthogonal to the tube axis at the
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ground surface under the conditions of Tokyo No. 101 earthquake and four
other earthquakes with maximum accelerations adjusted to 100 gal, while Fig.
17.15 shows the maximum axial forces, maximum bending moments and maxi-
mum shearing forces of the tube caused by these earthquake motions.
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(b) Maximum bending moment and maximum shearing farce.
Fig. 17.15  Maximum axial force, manimum bending moment and mawumum shearing force of the
subaqueous tunnel (Input manimum acceeleration and damping constant are assumed to be 100 gal and

1094 respectnnely)

From these figures, the following properties become known:
1. The earthquake motion at the ground surface 1s considerably different
accordmg to the place.
2. The earthquake motion at the ground surface 1s considerably different
according to the seismic waveform.
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. Bending moments and shearing forces are large at joints between ventili-

tion towers and submerged- tube.

. Bending mioment is relatively large at the connccuon betwcen the sloped

section and the channel section,

. Bending moment and shearing force are extremely small at the middle of

“the channel section.
. Axial forces are large at joints between sub-agueous tube and ventilation

towcers.

. The size of stress of a sub-aqucous tube differs fairly greatly depending on

the seismic waveform.

. The distributions of the maximum deflection, maximum shear and maxi-

mum bending moment along the tunnel axis are similar for all carth-
quake waves mentioned above though they are diffcrent in size with one
another.

It has been confirmed that these results are in good agreement with the results of
model experiments.
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D}namlc Stresses of Jn”derground Pxpe Lmes Durmg Earthquakcs

2
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ented, which were observed on three kinds®of’ pipe lines ‘during the Matsu-
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tion with the observed deformations of ground the wave character .of ground
and the phase of seismic vaves. Wit T

v A N R PP S SR T
The principal strain of ground,ﬁre also cal?ulated from the strain
records which were observed by ihe new—de51gned carth-strain meters. The
observed results are compared with theiresults of vibrdtion:tests-and many
kind of Soundlngs anﬁmg9!§§$im&3ivgfprquss to the pipe, stress are pres-
‘x‘nt d - 3 « ‘a e e FonoL e [ ¥ N

[ r},‘w DRSS b
RV XL VIE S D ST < SO L Llf’t of, 4837“}’_9}:?:1: Yeoonaiv. T
,«aos» vy amplrtudezofﬁground”movement UL T T e
cre fadada Sl GoE e cixereavs 203 mer . LERARN eIt L 5T e
By “ﬂuﬁ_gqqe;erat1on,of earthquaneyﬁ~n(%u”{L P R N S R
o fAgk rf”SOCtlonil’areauof plpnj Fad L ofostadensg U6 e T oo
sr et A g onle priinoles L teann’ o ond cwer TS iEg oL s el Jen :
0. l‘?<.,:lo.x_‘: T Lfrlct)on pcr an ]-'t' 1p8s le ngth STad ATt v A .
BN o T constant relating ‘to plpe strain® © - - - & T TemTET o
R DN TR SRR TE TR T o KRS 'U o byad st O i no o “ ROSNCAEFE L
b diameter of pipe or tunnel S
E Young s modulus of pipe material ) . ,
O B . o S A A S IR R - ) )
P S consirﬁlnt ofuground agalnstvplpe\llne TN o 5
?
K Sprnng con“tant of qurround:nw ground )
R Y x/‘_ PEet DR, uw' x’.\:\_i ', -
@i . -8 half 1cngth~of‘ﬁq;sm1cnwavo Loboee 5,
L léngth of seismic wave o
. 4 .. .
72y Py v ocifcular fre1uoncy‘n£“ground movement='*-1%r. rofon. ot
ST AR GRET G e & N S AP I S ST LR
: ‘radlus of plpe or tunne] . .- . c e s
L an Dosn i - : - T
' -, “ s e b P R
t co-ord:natg of time N PRI .
T,T" period of . ground movement . .- . .
oM pogmoielative: dlsplacnmont between pipe and ground
:‘9"" c‘:;:-g’ Ly ‘iCE‘T o 3 ’\'A : N e co PR T ! .

Toe-eiy s NunSento ““ﬁoscbrch Engineer, anihquuho Fngineering- Section),
"=‘Structure Dipty; Teéhnienl Laboratory, Centrdl Research Inst1tute of
Flectric Power Industiy, 3,229 Ivato, Komae-cho, Kitutama-=gan, Tokyo.

Preysxa¢ o Fellow Research Inpineer, S:iservisor, Farthqueke Engincering

‘Svctxouﬁ ditia,

i . N

| B-4 B




o yield point of ground's consiraint

v apparent velocity of seismic wave incident to pipe line
Va velocity of longitudinal wave propagating in pipe line;
E 1
p
Vo velocity of pure shear wave propagating along the surface
if exist.
v velocity of seismic wave
X co-ordinate of distance
y movement of pipe line
Y movement of ground

€,€m,€m strain of pipe line or ground

2 a distance between anchors
p density of pipe material
Wy natural circular frequency of rigid pipe line; = 7%;

1. Introdﬁction

Dynamic behaviours of Underground pipe lines during earthquakes re-
main unknown, while the structures in weask ground have suffered damages
from large earthquakes. From the aseismic point of view, the problems
lie . in the fact that the dynamic behaviours of the structures have little
relations to ground acceleration, but to ground deformation, and in the
fact thatl such struciures have two dimensional extension elong the surface
of ground. As many investigations of the earthquake engineering treated
ground acceleration such as the one at a point, they give litile informa-
tions for ground deformation or distribution of ground displacement elong
the surface.

The Matsushiro Successive Earthquakes offered a lot of earthquakes
and many chances to carthquake engineers in a brief period of time., The
Earthquakes enabled us to research iwo or three dimensional properties of
seismic wave propagation in ground, and to test dynamic responses of
full sized models due to real earthquakes regarding a ground as a large
shalkking table.

In this paper & consideration on eseismic design of underground pipe
lines is presented, based on the observed records of the wave propagative
properties, ground strain, and pipe strain for three kinds of pipe lines
during the Matsushiro Earthquakes.

2. On the Matsushiro Earthquakes

The Matsushiro Earthquakes occured at Aup. 3, 1965 and counted the
number of earthiquake frequencies up'653,908 unt1ll March 31, 1967, The
carthquakes are dinactive, but do nol end in present. The maximum magni-
tude vas 5.3 in the past. The activity of earthquakes is shown in Fig.
2. 1 and Table 2. 1.

The focuses of earthquakes were beneath Mt, Minakami in the Maisushi-
/
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ro town, the Nagano provingg, at first, and the region' enlarged ‘40 the
Borth-east’ and to the, south-west. . In Jan. 1967, the nev focusés appenred e
beneath Mt Kamur1k1 and Mt.‘Azumaya.w<The term of. this researches ™ '**
contained’ the thlrd porlod of.strong activities in Aug.~and‘Sep.‘1966 and

AN R Y] PRI

theforth” in Jah. and Feb. 1967 (Pig. 2.2). K

3. The Experim
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5%,
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The fo]low1ngs vere researched relatlng to the above .observations;
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Other seismopraphs distribuled on tho plnkiglncs.and in the ground parallel
v:th pipe lines in order to compare e differcnce of dynamic behaviours
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principal stirain of ground, ‘ .

.
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-n.the Matsushiro Earthquakes, comparably large earthquakes appeared
in a brief period of time. That was able to measure pipe line stress by
usual method. The electric wire strainmeters and Carlson's strainmeters
vere used in the experiments, Usual number of measurements was counted up
more than 120 points. '

4, The Results

The number of earthquake records reached to several hundreds and
pipe strain r -.cords were counted up to about one hundred. The earth-
quake 03:04, Oct. 26, 1966 was the maximum one experienced in the term of
pipe .strain measurements. The Magnitude was 5.3 and its maximum accel-
eration observed at the test field was 83 gal. Through the observed per-
iod of the project which contained this pipe line experiments, the maxi-
mum acceleration observed in the test field reached 196 gal in the earth-
quake 13:09, Aug. 28, 1966 of which magnitude was 5.3.

The observed records concerning the stresses of underground pipe
Zines showed that '

(A) On the dvnamic behaviours

(1) No difference of pipe lines and ground deformation was observed.

(2) On the ground deformation, the axial deformation was nearly
equal to the transverse defo.mation.

(B) On the pipe strain

(1) At the straight part of pipe line, the axial strain was predom-
inant. .

(2) At the part of bend, the strain due to bending moment was observ-
ed. The strain of the bend did not large compared with the
straight part. '

(3) The maximum strain of pipe lines did not appear at the time when
the acceleration of ground reached maximum, The maximum strain
appeared at ithe after phase of seismic waves.

(4) The strain al the connecting part of pipes and man hole did not
large compared with another part for 250A pipe, but large stress
concentration was observed in the concrete pipe. The bending
strain al the connection was predominant, but at brief distance
from the part the axial strain beceme predominant. At the after
vhase of seismic waves the axial strain at the connection became
predominant. )

5. Considerations

In order to investigate pipe line stresses during earthquakes, ihe
next problems should he decided: (1) Are there something to differ between
“ipe line and ground deformation? (2) Which of pipe stress predominate,
bending stress or axial stress? (3) VWhich phase of seismic waves cause
ithe moximum pipe stress?

On the problem (1), the observed records showed that ihe pipe line
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defurmation was equal to the ground deformation, and the natural frcqucn—

cies or the increase of amplitude of pipe deformation did not recognized.

Let this probloms inspect to further details. Suppose the ground movement
as

Y ( x,t)vf ap-Sin p(t-xv) (51)
and f. as constraint of ground
f:—.;k_{\-—.l;’—o = keu (0 < u<=up) ’ .(;"2)
= Co (v < u) - (527)
wvhere
u=Y =y

In the range of u<lug, the vibrational equation of pipe lines
in the axial direction {ef. Fig. 5. 1), :

2'g 2
02y EA, ¥x

pf“",px\ﬂ - ax + ky ="k-ao Sin p(t = %/~) | .65"3)
The solation of the eq. £5.3) is ) -
R - ,1 . N . - .
y(x;t) = L Y(x,t) v(55.4)
144" (P - @Dt '

The 1mpact test shovied that @, wanabout 100 c/s for 250A pipe without
cable. If rn the CQSP‘Of pipe with cables, (g/bo) may ‘be negllglble
compared w1th un1t.< Then nealectlng +he 1nertla effect the decrease
of pipe llne deformatlon compared wlthsground is shown in Flg. (S 2)
The same 51tuat10n was presented in' the tranaverse Vlbratlon. 1he trans-
verse vibration tests on 250A pipe:showed that the dynamlc sprlng con-‘
siant surrounding pipe was: larger than 30Kn/cm/cm, -evern, thounh sund
surrounding plpo ‘became the state‘of loqulfactlon. '‘The natural frequency
of 2504 p1pe with cableq \LS 1arger thqn 20 C/S Cons1der1ng/the cycle
range of seismic waves 1n weak ground 'and the’ damplng(due to surroundlng
ground,;dynnmlc effects of transverse v1brat:on for' many pipe l1nes¢ar
nogilglble.“ Yig: 5. 3 show» theldecreabe of plpe ]1neadeformat10n for
transverse- deformatlon. : : o

The conclu51on on‘itle problem (1) is that the deformatlons of plpe
lines used in ilié ‘experiment can be 1egarded as ihe same of ground "In the
comparabley large earthquakes, axial deformation is not -equal to ground
Thas will be discussed latter.

\

Though the axial deformation ¢f pipes wa$S nearly .equal to the
transverse:defo1mat10n, the axlal strain of &1l pipe dines in all eathquakes
was.predomlnant,. 1he fact was expla:ncd by lhe dlfference of stress sensi-
t1v1ty between ahlal and tlansver§e'deformatlon. ‘Supposing ground’ delor-
mation as eg. (5”1) and lottlng the saine amplitude wnd the Same wave length,
ithe’ calculatcd ratlo Axial ‘straih ‘o bending -strain “of spipe lines is shown
in Plg. (5:4). For example, the ratio for 2504 pipe 'is mboui 30, supposing
the %clsmlc wave velocily v=100 m/sec perlod T=0.5 sec - or. if ground strain
is 30 x, 107¢ sivain, .axial sirain of p)ye lines is' 30 x 107° strain while
bending strain is 1 x 107° strain., As the diamelers of pipe 1lines ‘become
larper the ratio become smaller, then the bending 'strain should 'be supper-
posed~ for pipe Vines such as subway tunnels (See Appendix).

. ‘ 3

The cdnélusive notes of the problem (1) and (2) above imentioned in-
duce the rélation for pipe line siresses during carthqudkes as follows.

As records of carthquakes abound with acceleration rccord§, let obtain
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the relation between strain and acceleration, Supposing pipe line strain
equal to ground strain and assuming ground deformation as eq. (5.1), axial

strain of pipe line is given as .

€ = —aoo-%-cos p(t—x4) (5.5)
and acceleration of ground as

A =-ag:p? sin p(t—x~) (56)
The maximum strain is (

. . Aq° P _ 1 T-A

P Tagpr T AT 3wy (57)

The relation (5.7) is supported by the observed records of pipe strain as
shown in Fig. (5.5).

Following this relation (5.7), the strain concerns with not only
acceleration and period or deformation velocity of ground (T-A), but also
{1hr apparenl velocity v of seismic waves incident Lo pipe lines. Also
the apparent velocity concerns with the kind of seismic waves and sofiness
of ground. For example, if the seismic waves incident to pipe lines pro-
pagate with the normal to them, the apparent velocity v become infinity
and no strain of pipe lines induce. The observed records of seismic waves
in a direction of depth and along the surface showed that the phase of S
wave — especially the first part of S waves - produce no strain cf pipe
lines layed parallel 1o the surface. This demonstrated by the fact that
{ihe strain of ilhe pipe lines appeared at the time when the maximum accel-
eration had appeared already.

Do shearing waves propagate along the surface during earthquakes?
If shearing waves appear, such a strain as follows will induce., Assuming
such seismic wave as pure shear wave, the expansional wave is induced in a
direction of 45 degrees to ithat direction of propagation and the amplitude
of induced wave is one half 1o the orlglnal vave. Even in this case, the
axial strain will observe in piﬁe lines, because the strain sensitivity
above considered is much larger than 2. The strain induced by pure shear
wave is given as
S S .S
42 V,

for the incidence of 45 degrees direction to pipe lines.

& =

For the evaluation of pipe line stresses during earthquakes, it is
most importani which phase of seismic waves cause the maximum pipe stress.
I1 was thought that the principal strain of ground would give good infor-
malions for the problem, so the observations of ground stirain were con-
ductied in this experiments.

An example of the principal strain calculated by the strain records
in three directions is shown in Fig. 5.6. The some of the resulis was as
follows:

(1) The principal strain of ground surface &S same as pipe strain did
not reach the maximum when acceleration or displacement of ground

became maximum,

(2) The pure shear wave along the surface was not apparent, because tihe
calculated waves of both principal strain were the same in phase,

{3) The variatlion of the principal angle with time duration have some
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<:> " " character at ‘the boundary of P-wave, S-wave and after phase's wave
" in seismic waves.  An-example in Fig. 5.5 shows the suddeén variation
at the boundary of P-wave and S-wave. After the next variation
_which is not so sudden as at the P-S boundary, the surface-wave be-
‘come to appear which ‘can be dlstlngu1shed by the observed records of
seismic waves under the ground. )

Considering the results of ground’ strazin in connection with, results
of experimental studies for elastic waves and on‘propagative charact91
obtained by the observed seismic waves,_ the effectlve vave for aseismic de-
sign of underground pipe lines may not be S-wave but surface wave especlaly
in homogeneous ground.

As the strain of pipe lines concerns with the periocd of acceleration,
the microtremour measurements were concucted and were compared with the
pcrlods of strain waves and seismic waves. The results of the measurements
at the. surface and in the ground gave good agreement with the one of earth~
‘quakés. The perlods wvhich were 0.10 sec, 0.25 sec and 0.36 sec at the sur-
‘face correspond to the predomlnant periods of -earthquakes which were O. 15
secy 0:25 sec and 0, 40 .sec, whlle both perloas differed slightly. from point
to'point. in-the test. yard The period when the maximum’ accelerat;op
appeareafls -uncertain, relatlng to tHe maonltude of earthquakes, the period
of 'seismic activity énd etc..> The periods; O, 15 sec-and 0.25 sec,. appeared
mostly at the time- when acceleratlon bepame maximum, while. the predominant

(:) period of pipe line straln was 0.40 sec¢ which 001n01ded with the, Perlod
sbtained by the after phaSe of seismic records. Even though-there was a
"certain case of which the predomlnant porlod in after phase was greater
than 0.4 sec, it may be said that the predominant period obtained. by
microtremour offers good informations .to the predomlnant period of pipe
line stress.

! \":;5.,%\%’

R éfifAdditfbnal<Con51derat10n
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¢

The relation (5 7) is in the case of whlch relatlve dlsplacement
between pipe lines and surrounding ground is negligible, Vhen earthquake
becomes a certain extent, the relative dlsplacement occurs 1n axial dlrec—
{tion., The exlent is given as follows:

=Y -y = uo - L (61)
or
2
‘:}:2 = we {1+ — 1 ~ b (6.2)
T ) (- \
Wy
= Up ’ - (6-2)

0f course, .we assume the wave length of earihquake is contalned in extent
of pipe 1Jnes.r By quasn-d)namlc test on 250 A pipe .placed 1.5 metre
bene&th the surfncL, and surrounded by sand, uo was less than one mili-
,metren ASSumlhg the.relntlve displaccient utta1n to the extent at large
. arthquake and* uniform frictiona) force occurs all over pipe line, the
“upper ‘bound-of-strain for straight pipe line is
O L LS JA 4\ (6.3)
4['.A0 4[‘.-!\0
During large carthquakes, the movement of man hole, hend and branch
contained in pape line can be reparded as the same as ground movement,
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We denote 4 as a distance between man hole and branch or so on. VWhen the
relative displacement occurs all over pipe line, the mean strain of pipe
line in the distance 2 1s .

a . T .
cmzz—ig- {an p(t—~ ") — Sin p{t—‘}-(l‘*'ﬁr}—)}J (64)
The maximum €m with time duration is
oot oarf oam L ad
fm =50 5T Ty ll-—Sln 2 (1+ L )J (&5)
¥hen 2i=yvT or 21=1,
, 1 AT (65)

fm = "2 v

Fip. 4.1 and Fig, 4.2 show comparably large strain of pipe lines at
the plhase of S—waves. This strain was induced by the non-homogenity of the
test field. Fig. 6.1 is a record of ground displacement which was observed
by the seismographs distributed on the surface and placed ecach other apart
30 metres in axial direction. Fig. 6.2 shows the seismic displacement in
30 meires underground which was calculated from the record shown in Fig.,
6.3 by the elastic wave theory (13}. The calculated waves at S phase re-
semble each other alihough the observed record at the surface comparably
differ each other. The mean strain of ground calculated from the observ-
¢d displacementi shown in Fig, 6.1 is prescented.in Fig, 6.3, It is compa~
rably lgrge compared with at after phasec.

’

7. Conclusion

The above considerations enablé\us to evaluate dynamic stresses of un-
derground pipe lines during earthquakes,

(1) The axial strain of pipe line become predominant and is presented by

the next relation,
E.—:C.-—\i/‘\— (7.1)
Folléwing Lthis, the strain concerns with
(a) the phase of seismic waves (C,V)
(b)Y the softness of ground (V)

(¢} the deformatlion velocity of ground (T-A).

{2) The process Lo evaluate the stress are as follows:

(a) To measure the velocity of elastic waves in the ground of
which construction of pipe lines is planed.

(b)Y 7o decide the deformation velocity of the ground. For the
ascismic design, acceleration for pipe line need not to adopt
the same value for struciures consiructed on ihe surfaoce of

ground,

(1) E. Shima "Modafications of Seismic Waves in Superficial Soil lLayers as
Verified by Comparative Observations on and beneatll the Surface" Bull,

-of Earth. Res. Inst. Vol 40, 1962
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(i) (3) The after phase of seismic waves or surface waves may induce large

stresses for pipe lines in homogeneous ground, but it is noted that

the comparably large stresses will appear in ‘non-homogeneous ground
at the S-phase, B '

Flg. 7.1 shows the relation (7.1) assumzng Cc=1/2% , By Fig, 7.1, the

strain become large when V is:less than 300 m/sec. In generaly, the vn10c1~
ty- “of effective selsmlcawaves‘1s less than’ 150 in/sec.in weak greound,. then
large strain in weak ground will occur during 1arge earthquakqo, For
exarple, -assuming that V ='140 m/Sec, T = 1.35 'séc ard' A = 100 gal ‘the
strain become:about: Iy SOO><1O strain, ThlS, ground. . straln, muy explaln
some of cracks which occur in weak ground during large 9axt§quaﬂe$a h

%
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For pipe lines with large,dlameter, the bending™~ qtresq must be Superpose-

ed to the aixiel siress. Assum:ng tho ‘ground movémehit as Y= ao-Sln[xt-X/%L

the

O

bending strainéf pipe is glvon a’s the next relation, S
e ambast e ow Vo :
o
= = (O;J‘q ity
3 ;

v
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__Fig. 7.1
_Strain of underground
pipe lines
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Por el Profesor Rafl Flores Berrones

CAPITULO 1V

«3 -7 -

.. COMPORTAMIENTO DINAMICO DE:LOS -SUELOS .

I) Introducgién

En esta parte se estudia el comportamiento de ‘los “suelos cuanﬁo
sel les sujeta 'a cargas.o movimientos :din&micos, tales ‘como los
originadbs‘por'siédbs:p*lés*piovgdadoéjpof“él&ﬁié% m&quinas,’
Primeramente se explica la naturaleza general del comportamierto
dindmico’ de los suelos y los modelos matemdticos due'méé se uti
lizan para représentar al suelo’‘asf’como-la determinacién de
los parémetros que intervienen en el’ gobierno del modeld viscoe

lést;co.‘ Sq proporcionan también_algunas f6rmulas gmpi;;ggs',

[N

que permlten estlmar a estos parémetros y se 1ndican los proce-

L\vv‘ e =t -

dlmlentos de campo y laboratorio que m&s se util*zan para deter

.«/ & -

mlnar las propledades din&micas de los suelos. F;ndlm@ptg se

-

dan las conclu51ones y recomendaciones rererentes a la determi

nac16n de esas propiedades.




IT) Naturaleza general del comportamiento dindmico de los suelos

En términos generales, se ha observado experimentalmente que un
suelo presenta efectos de endurecimiento cuando los esfuerzos apli
cados en pruebas unidimensionales estdn por arriba de 13 a 14 kg/cm
Por el contrario, a niveles bajos de esfuerzo (<3 kg/cm?), el suelo
presenta un efecto de ablandamiento (fig 3.1). Este dltimo tipo
de efecto es el que sucede en la mayoria de loé problemas rela-

cionados en dindmica de suelos.

Ahora bien, cuando a un suelo se le sujeta a cargas del tipo cor
tantes ciclicas, tal como las producidas en algunas cimentaciones
de maquinaria y desde luego por las ondas de cortante sismicas,
tas curvas tipicas de esfuerzo deformacidén son como las mostra-
das por la fig 3.2. Definiendo comc mddulfo secante cortante a

la pendiente de la recta que une a cada uno de los lazos de his
téresis alli formados, y considerando gue el &rea dentro de di-
chos lazos representa la energla disipada (debido fundamental-
mente a los efectos no lineales de friccibn entre las particulas
de suelo), de esta figura se puede ver que ambas cantidades va-

rian con el nivel de las deformaciones.

Asi pues, la figura 3.2 senala gque un suelo (sea cohesivo o no),
cuando se le sujeta a cargas cortantes ciclicas, tiene un compor
tamiento claramente no lineal. De manera similar se chtiene
este tipo de comportamiento cuando a un suelo se le somete a car
gas de compresién ciclicas, como los que se producen, por ejem-

plo, en una prueba triaxial dindmica.

2
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Puesto que en general- los movimientos de un sismo estén caracte-
, . ) L \. ) ».'

’
1 ' ot

riéadds por ‘esfuerzos cortantes revercibles que varian en ampli-

réﬁmﬁa"y;f£é§ﬁénbiéfkéigF3°3)y puéde decirse que péra“ééda;EEbio de
ééfwgvy'dégéaféa,ée téndrd una curva de ésfueizd"déforﬁ%&ién del
tiﬁo‘seﬁélaéo por la fig 3.2. Depéﬁdfehdo del nivel déAesfuer—
zos ‘en cada ciclo se tendrd un cierto valor del médulo cartapte

y un cierto valor del amortiguamiento o pérdida de energfa.

B -

Tomando en cuenta que la velociddd de aplicacién de las cargas

% ¢ !

. ‘:,:\.m,,‘ -y . . . - . B R . N e T C e
gue se producen durante sismos y en varios probleias de cimen-
, . A, oL L . ’.“- ..«": - - . - ",vw,— o P «ﬁ"uxu.
tacidén de maquinaria, es relativamente répida en comparacién

o e : e L. ’ oo N S ey e . “t -\\‘: - ' : Ty, 1""‘7“7‘:’ ) )
con '1a’ velocidad con que puede fluir ‘el agua entre las partfculas

de” suelo- (de manera que no exista presién de poro), puede consi

i

A A A . e
derarse que las condiciones de drenaje durante cargas dindmicas
corresponde ‘a situdciones no drenadas. (Obvidmente este ‘puede

incluso pueden haber circunstancias intermediag). =

Del andlisis en pruebas de laborato;ip ge/ha obsgryado‘Que la re
sistencia de un suelo puede disminu;;”con‘el nﬁmg;g ae repeti-
ciones. La Eiq 3.4, obtenida de una/se;ie‘de,p;uebas, ;@dica el
nimero de ciclos fequeridos para alcanzar una defbrﬁ§giQﬁ del
20%, contra el esfuerzo axial dindmico mdximo normalizado &on res
pecto’ a la. resistencia est&tica; obsérvese en esta figura que
degpnués de I% ciclos la resistencia del sueloc empieza a‘&iéﬁinuir

I. - 1
considerablemente.




I11} Modelos empleados para el estudio del comportamiento

Una vez conocidc el Zipo de comportfamiento que el suelo tiene ba
jo cargas diné@micas; o lo que es igual, las curvas de esfuerzo-
deformacibn correspondientes, es posible seleccionar un modelo
matemdtico que reproduzca a dicho comportamiento y que permita
un andlisis simple del mismo. FEste andlisis se realiza emplean

do las soluciones matemdticas que se obtienen para cada modelo,

Existen en general dos criterios para seleccionar el modelo re-
guerido. El primerc de ellos consiste en seleccionar un nodelo
gue reproduzca o involucre todas las modalidades gque el suelo
representado puede tener, tales como la no linearidad y el efec
to viscoso. El otro criterio es el de seleccionar un modelo sim
ple, con caracteristicas de esfuerzo-deformacién lineales, pero
que proporcione los aspectos claves de un problema especifico y
tenga sus parémetros ajustados al nivel de deformaciones espe-
rado. Con este segundo criterio generalmente se requiere un
proceso iterativo; es decir, se estiman primeramente los paré@me
tros y se calculan las deformaciones, se revisan después los pa
rédmetros y el proceso se repite hasta gque exista compatibilidad

entre el valor de los pardmetros vy el nivel de deformaciones.

Mcdelo de Ramberg=0Osgood. Un modelo representativo del primer

criterio es el llamado de Ramberg-Osgood ilustrado en la fig 3.5;
dicho modelo se caracteriza por el punto de fluencia (Ty,Yy) gue
define el limite del comportamiento lineal, el valor inicial del

médulo al cortante (Gma ), v los parédmetros a y R. Las ecuacig

X
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niente deé que su empleo es costoso. 3
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Modelo viscoeldstico lineal. Entre los modelos correspondientes

al segundo ckiteério, el que mis se empléa por sus ventajas que
ofrece y su buena representatividad a la respuesta del suelo bajo
cargas dicliéas, es el modelo viscoeldstico lineal, ilustrado

en la fig 3.7. Los par&metros principales que gobiernan a este
modelo son el médulo Lineal equivalente y el amortiguamiento

Lineal equivatlente. E1 bajo costo gue resulta el emplear este

st
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modelo y la buena aproximacidn que con el se obtiene en la mayo-
ria de los problemas comunes de dindmica de suelos, ha hecho que

sea el que en realidad se use en la préctica.

Por lo anterior, en lo que resta de este capitulo se hard énfasis
en la determinacidén de estos dos parimetros que gobiernan al mo-
delo viscoeldstico, Dado que ambos pardmetros dependen del nivel
de deformaciones, primeramente se indicarén los procedimientos
mds comunes para su obtencidn junto con los correspondientes ran
gos de deformacibn que en dichos procedimientos se producen; pos
teriormente se indicard la manera de estimar los valores de estos

par@metros a niveles diferentes a los obtenidos directamente.

Antes de continuar conviene hacer la siguiente aclaracién. Cuan
do la deformacibn se indica por un simple nGmero, como 10-3, 10_6,
etc, quiere decir que la deformacibn esti expresada en cm/cm O

en pulg/pulg, segln sean las unidades con las que se estd traba

jando; sin embargo, cuando va seguida del signo %, guiere decir

que la deformacidn est& exrresada en porciento. Asi, 10_4% es

igual a 10-6.
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IV) Determ1nac15n de los parémetros que gobiernan el comporta-
mlento ael modelo v1scoel&stico

P T RS ¥ ("»."5;] T £ B . ey
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a) MODULO EQUIVALENTE
En;la mayorfa de la§ teorfas empleaééé»@p la dindmica de suelos
se utiliza el m6dulo al cortante G o el llamado mbédulo de\Young E.

Ambos mbédulos estdn relacionados mediante la expresidn.

R B £ : . ‘
€= Iy | B

donde u ec la relacibn de Poigson:
“ ° ) © : . “ b ot

El médulo G estd reldcidnado con la velocidad de las ondas al

corte mediante la ecuacibn x

S DU ) PRI L K IS .- . , . .
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o v o= = (3.2)
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3, ) > 0 .
. . . S e . C s
e R Ny on L, K

Ve es la veloc1dad de propaga016n de las ondas cortantes y

p es la densidad de masa del suelo (= =£ES0 volumétrico del guelo

aceleracibn de la gravedad

E, por otro lado, estd relacionado con.la velocidad de ondas lon
gitudinales en muestras cilindricas del suelo, mediante la expre

sién siguiente 7 L

v. = \E/p (3.3)

donde

v ‘es la velocidad de propagaciéh de las ondas longitudina

L

° les en barras

)




Ambos médulos est8n también relaciocn.dos con la velocilidad de las
ondas compresionales de cuerpo N mediante las siguientes ecua-

ciones

= B 1-u - & |20-w)
Vo o \!(l-2u)(l+u) \Jp \)1-2u (3.4)

Sin embargo, dado gue en suelos saturados las ondas compresiona-
les viajan primordialmente a través del agua y por tanto las velo
cidades de propagacidn de esas ondas no estdn relacionadas con

la estructura del suelo, en dindmica de suelos se utiliza relati
vamente poco esta clase de ondas para determinar el valor de los

mébdulos equivalentes.

En este capfitulo se hard énfasis en la determinacién del médulo
zquivalente al corte, ya que dicho médulo es el que méds intervie
ne en la formulacién matem&tica de los problemas manejados en

la dindmica de suelos.

Existen tres formas bdsicas de hacer la determinacibén del médu-
lo G; a) pruebas de laboratorio, b) pruebas de campo y c¢) £6r
mulas empiricas. Los procedimientos mds comunes dentro de

cada una de estas formas se describen a continuacidn.

Pruebas de laboratorio

Los procedimientos més conocidos para determinar el valor de G

en el laboratorio, son:
Pruebas .

1) Aplicacidn de a) triaxial ciclica
cargas ciclicas b) cortante simple
c) cortante por torsidén



2) Vibraciones )Prueba de la
forzadas .- ,)columna resonante

" o a) columna resonante
3). Vibraciones./b) cortante con torsibn:
libres c) cortante simple
d) mesas vibradoras

4) Té&cnica
pulsativa .

El rango de deformaciones que se puede lograr a través de estas
pruebas, y su comparacién con el rango que se tiene durante tem
blores de mediana y alta intensidad,: se indica en la- fig.3.8,
La Gnica prueba(que,en,dicha figura no:aparece es la de la Téc-
nica pulsativa; . por 1b;generalﬁe;,r§ggo de- deformacibén en el

que se trabaja en esta prueba es < }029.

Prueba triaxial ciclica

La prueba triaxial ciclica consiste en aplicar esfuerzos longi-
tudinales de compresidén y extensién a una probeta cilindrica de
suelo, montada dentro de una cé@mara triaxial del tipo convencio

nal. . ) : ' |

La fig 3.9 indica los esfuerzos a lbé que queda sujeta la muestra
duraﬁEe la aplléabiéh de carga axial ciclica. En este éaso el
vaiéfadé E se determina a través de las mediciones directaé de
las caracteristicas de esfuerzo deformacibn, y para obtener el
valor de G es necesario utilizar la relacibén indicada en la
ecuacién 3.1. Esta prueba tiene la ventaja de variar el nivel

3 .
de deformaciones a través de un control adecuado de los esfuerzos
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aplicados y la de utilizar un equipc que f&cilmente se puede con
sequir en el mercado. Sin embargo, presenta los serios inconve-
nientes de no reproducir las condiciones de consolidacién y de
carga que suceden en la realidad. (En el campo los estratos de
suelo se consolidan anisotrépicamente y el estado de esfuerzos
durante las cargas gque se tienen, para el caso de sismos, es muy
diferente al producido en el laboratorio; ademds, las restriccio
nes impuestas por los aparatos en los extremos de la probeta, in

ducen concentraciones de esfuerzos en esos lugares).

Prueba cortante simple ciclica

Esta clase de pruebas se han efectuado tanto en probetas peque-
nas cilindricas y cuadradas, como en probetas de tamano relati-
‘vamente grande. En el caso de probetas pequefias, los esfuerzos
cortantes ciclicos se aplican directamente a través de las pare
dés de los aparatos que las contienen (fig 3.10); el médulo al
corte se obtiene directamente al determinar los esfuerzos y las
correspondientes deformaciones cortantes. Un inconveniente de
esta clase de pruebas es el efecto de las fronteras que inducen
concentraciones de esfuerzos cerca de las esquinas o extremos
de las probetas, asf como condiciones no uniformes de deforma-
cién; todo éstb conduce a que el valor del m6dulo determinado

sea menor que el que en realidad se tiene en el campo para mis-

mos niveles de deformacibn.

Sin embargo, son este tipo de pruebas las que mejor reproducen

las condiciones del campo cuando a un suelo se le sujeta a movi-

mientos intensos de sismo.
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En cuanto a pruebas a mayor escéla, éé ﬁtiliz; un mecanismo que
pérmite determinar-el -valor del médulo al cortante a través de

la'sViBracionés ‘libres o de vibraciores ‘forzadas en la muestra de
i'suelo.. Las -vibraciones libres se obtiénen apiidanddlp;ihero una
fuerza Horizontal én la parte superior de la muestra (fig 3.11)

y ¥elaj&ndola rdpidamente para medir el deéremento de los despla

zamientos o las aceleraciones en funcién del tiempo; el valor

del médulo en este caso se obtiene a través de la siguiehte ex-

presién (Ref 14)

24YH?
9T

G = (en libras/pie?) (3.5)

R o .
5 ,,T LA et g 25

’ - [
donde ‘ .
W g T4 “aa R L - R -

) Y = peso volumétrico del §ue;9ﬁw}b[p;§f{'
H = altura de la muestra de suelo, pies
g - ééﬁsﬁante gravitacional, 32.2 pies/seg?
T = perfodo de las vibraciones libres, seg

P

Las vib¥acione§ f&;zadas se obtienen aplicando una carga horizon
tal ciclica en la‘parte superiquQe ;a muestra; de‘;a medicién
de la fuerza apliéada ? los déspiézamientos producidos se puede
obtener la curva de esfuerzo-deformacibn, 'y a partir de ella se

determina ‘directamente el médulo al cortante.

M S
Esta prueba cortante ciclica se utiliza s6lo en trabajos de in-
vestigadién Yy generalmente estd limitada a muestras alteradas o

(:> remoldeadas de suelo (por la dificultad de obtener muestras inal

teradas a distintas profundidades con las dimensiones sehaladas

en la fig 3.11).




Pruebas cortantes torsionales ciclicas

Existen dos tipos de pruebas de torsién ciclica que son conocidas
y =mpleadas para determinar el m&8dulo al cortante. La primera de
ellas es la desarrollada por Hardin y Drenevich (Ref 5) y consis-
te en aplicar cargas torsionales ciclicas a una probeta cilindri-
ca de suelo que puede ser s6lida o hueca (fig 3.12). La ventaja
de la probeta hueca es la disminucién de la variacién de las defox
maciones cortantes en la seccibén transversal que se analiza (En

la probeta s6lida la deformacién en el centro es nula mientras que

en la orilla es ma&xima).

De la determinacién de la carga aplicada y las deformaciones resul
tantes se pueden dibujar las curvas histeréticas; el valor del mé
dulo se obtiene entonces calculando la pendiente de la linea que

une los extremos de los lazos hister&ticos correspondientes.

La ventaja de esta prueba es la posibilidad de determinar el va-
lor del médulo cortante en un rango muy amplio de deformaciones;
sin embargo, cuando se usan probetas huecas, existe el inconveniein

te de no poder emplear muestras inalteradas de suelo.

La otra prueba de torsibén ciclica es la desarrollada por el Prof.
Zeevaert (Ref "16) y es quizd la m&s sencilla y préctica para de-
terminar el médulo cortante en cualquier tipo de suelo. El proce
dimiento consiste en aplicar un par torsionante en el extremo su-
perior de uﬁa muestra cilindrica (fig 3.13), para posteriormente
soltarla v provocar vibraciones libres gue son registradas median

te un instrumento eléctrico.
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Despuép de que el aparato es calibrado .y .determinada su frecuen-

-.icia natural jamortiguada de vibracibn,.de .la-observacién de las vi
ﬂbggqioneé;libnqs del -sistema-se- obtiene :la:frecuencia gircular
qapggalwamqrtiguada<delhmismo,f-Elmvalor-de"zG se obtiene enton-

.ces- de la siguiente -expresibn - .- ;7. .

. 2 - .
G = - na - " K¥an (3.6)
: - Vg, 2 w2 I )
(1-D2) = (1-p2) (=) - @ P
‘ | Sag
donde . . o SRR

[ es la frecuencia circular;natural amortiguada del sistema

nd -
(aparato-suelo) e Lw st 30T

D es la relacibn de amortiguamiento del sistema (que se ob-

~

tiene a partir de la detefﬁin&cién“ael.decremento logarit

mico de las vibraciones) -

7, L et T - T Ty m Y R TN TR L L .
"D_* es’ld relacibn de amortiguamiento del aparato
es la frecuencia circular natural amortiguada del aparato

il o e

e

w es la frecuencia circular natural

ERS AN

k es la rigidez del aparato (tanto Da' wog ¥ ka se obtienen

S 341 mrm 2 _ .2 N2
dgllép?rato [ma = wad/(l Da)]

a partir de la calibréqi@ﬁ‘é&l”apérato)

i ~
S

h "es la altura de“la'proﬁétgg*i

Ip = 9d/32, es el momento polar de inercia de la probeta

N
AR

Cuando el instrumento se disefia de manera que el término
. © )
(l-D;)(EEQ) sea despreciable, el valor de G se obtiene con ia
ad '

siguiente expresibn

€
~

2
nd

1-D

G = (3.7)

m%:h,
HES

2
S p

Para mayores detalles de este procedimiento, véase la Ref 16.
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Prueba de columna resonante

Esta prueba consiste en someter a una probeta cilindrica de suelo
(similar a la sefialada para pruebas de torsién ciclica) a vibra-
ciones que bien pueden ser longitudinales, si lo que se desea me-
dir es el médulo E, o torsionales (cortantes) si lo gue se busca
es el m8dulo G (fig 3.14). La frecuencia de excitacién se hace
variar hasta alcanzar una de las frecuencias de resonancia y poder
asf determinar la correspondiente velocidad de propagacién de
ondas. Por ejemplo, en el caso de que la probeta de suelo este
fija en su base y libre en su parte superior, las frecuencias de

resonancia estan dadas por la siguierite expresién

= -1) Y.
fn = (2n-1) T (3.8)

+ donde

n es un nmero entero (igual a 1 para la frecuencia fundamen

tal)
H es la altura de la columna

v es la velocidad de onda

Teniendo la velocidad de propagacién de las ondas, sean cortan-
tes o longitudinales, el m6dulo correspondiente se ¢btiene a par

tir de la expresibn
M = pv? (3.9)

donde
M es el m6dulo (G o E, segfin sea el caso) y

p es la densidad de masa del suelc
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<:> Comblnando entonces las dos expre51ones anterlores se obtiene
-} P —‘—:,“ \L) 4’ 7
2 g2 A
P l') L}i&.’ - *".,« ! WL eed .hM"ﬁ: -];-G_QE———f:z., e e N (3;\10)
(2n-1)

- . . Te t ot
e R > ERIEN N e FEA +

En esta prueba, donde el nlvel de deformaciones con el que se tra

N - - R LT ' ~*,_.a.
PR o PRV 1 A doa T oty i 4

baja es relatlvamente pequeno (del orden de 10 %), 1as principa-

s
" i *

les ventajas son 1a 31mp11c1dad de su ejecucién y la posibilidad
de apllcarla en varios tipos de suelos. Es ademds una de las
prd%bas que mis cominmente se usan en los laboratorios de diné-~

mica de .suelos. -

Mesas wvibradoras

E1 empleo de las mesas vibradoras tiene como fin primordial el de
<:> estudiar Y determinar las ﬁropiedaéesqdin&micas de los suelos a

través de especimenes més grandes, y,por.tanto mds representati-

vps’de lo que se tiene en. la realidad...Su uso,se ha extendido

considerablementp en los centroq5Qe,iqvgstigaqién, y hoy en dfa

existen varias que ofrecen una gran variedad de modalidades.

El procedimientq‘mégagomﬁn pa;g}Q$Eg;miqggsq;:m6dulo al cortante

en, esta clase de,prggpas,,copﬁigygﬁgniggg;tgrfla\base dg;-espé—
cimen a través de desplazamientos. horizontales en la base (£ig 3.15)
Y mgdirw;an;gsbugsga‘de vibréc;gn }ibrgupuandp.ge suspen@e\dICha

excitacidn. El valor del m6dulo al cortante se obtiene entonces

a través de las mismas expresiones sefialadas en la prueba de la

¥

columna resonante, para el primer modo. de vibracién, o sea

<:> G = 16pH? f2.(En la estimacibn de G, usando este procedimiento,
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se estd suponiendo que la frecuencia fundamental es aproximada-

mente igual a la frecuencia natural de vibracidn amortiguada) .

La ejecucibn de esta prueba es sumamente laboriosa y résulta su-
mamente cara. Ademés se presentan varios problemas del tipo préc
tico, tales como la dificultad de preparacién de la muestra, su
saturacidén y lo diffcil que resulta aplicar altas presiones de

confinamiento.

Todo elloc conduce a que esta prueba sea de uso exclusivo para tra

bajos de investigacién.

Técnica pulsativa

La técnica pulsativa consiste en colocar unos cristales piezoeléc
tricos en cada extremo de una probeta de suelo, y aplicar un pul-
so eléctrico en los cristales de unc de los extremos. Cuando lo
que se quilere medir es la velocidad de ondas al corte, la dispo-

sicibn de los cristales es en forma radial (fig 3.16).

Los cristales son manufacturados en forma tal que, cuando se apli
ca un pulso eléctrico, se produce una distorsién cortante; dicha
distorsibén origina una onda transversal que pasa a través de la
probeta y es registrada por los cristales del otro extremo. La
fig 3.17 muestra el tipo de registro que se obtiene en un osci-
loscopio, en el cual se puede determinar el tiempo que tarda la

onda en llegar al otro extremo.

La velocidad se determina simplemente de dividir la longitud de

la probeta entre el tiempo que tardd la onda en pasar de un
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extremo al otro. Con dicha velocidad el m6dulo buscado se obtie

ne en la forma seflalada por la ec.3.9.

: -
El nivel de deformaciones al cual corresponde el valor del médulo
obtenido a través de esta pruebalés{UCOmo”yé se indicé antes,

menor o igual a 1076 L ' '

e e
PR %

Pruebas de cahpo

Préctlcamente existen tres pruebas de campo empleadas para deter

P

minar el médulo Qel sue10° a) pruebau geofi31cas, b) empleo de

un vibrador Yy c) Druebas de placa. Una gesprlpcién breve de cada

P

una de ellas se hace a contlnua016n,

. ! ;o [ RTINS
Pruebas geof151cas ) )
3 - L Lo

Sy e 2ty e e it

T, - - K] a0
e T~ s o R I ' KEN

El procedlmlento que se emplea para calcular el m6dulo del suelo

s
RSP B VRLT LENTTE Ut EG Fat, -

con51ste en determlnar las veloc1dades de propagac16n de las on- .

- 5 M i .
i P Ex F i 4( t ’/')‘ |,”*‘ \i DT - R S

das que son generadas en un c1erto punto v xeglstradas en otro.

. ot o S

Dentro de las técnlcas geof151cas 1as m&s empleadas para deter—

R VRS

N

mlnar el m6dulo dlnémlco son las que hacen ‘uso de hoyos para re-

N

glstrar y/o generar las ondas cuya veloc1dad de propagacién se

‘trata de detprmlnar a dlstlntas profundidadea. Dependiendo del

t1p9 de ondas que se analice, se puede determinar el mSdulo E o G,

a través de las siguientes expresiones ) .

o tx

. (1+p) (1=2y) |
E = pvi LZHHE BREREEY

G = pvé o (3.12)
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donde
\% es la veloucidad de propagacidén de las ondas compresionales
o0 dilatantes

\'4 es la de las ondas cortantes

p es la densidad de masa del suelo, y

U es la relacién de Poisson

€in embargo, cabe aqui recordar que las ondas compresionales,
cuando se propagan por medios saturados, no resultan de utilidad
en la determinacifn de las propiedades del esqueleto de suelo, ya

que ellas viajan fundamentalmente a través del agua.

Las técnicas que m4s se emplean son las sefaladas en la fig 3.18,
El principio usado es el mismo en todas ellas, aunque existen des
de luego ventajas de unas sobre otras, dependiendo de las carac-
terfsticas del suelo en sf y del equipo empleado. Dicho princi-
pio consiste en determinar las velocidades de las ondas que van
de la fuente de energia a la fuente receptiva, mediante el uso

de osciloscopios que registran el tiempo de salida y el de llega
da de cada onda. El principal rroblema surge al tratar de distin
guir las clases de ondas que corresponden a cada sehal; &sto se
debe a que geqeralmente existen otras fuentes de energia (vibra-
ciones de vehfculos, ruidos, etc) v a que los distintos tipos de
ondas que se generan, pueden seguir diferentes trayectorias en
suelos muy estratificados. Todo esto hace que las senales de
llegada sean muy complejas y dificiles de interpretar. Para eli

minar este problema, se han ideado varios procedimientos especia
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les, entre los que se encuentra el sugerido por Richart (Ref 7),

{
el cual consiste en aplicar un impacto en el punto de excitacién
[ VEIEE SR ol 4 '

e 1nvert1r el sentldo del mlsmo a fln .de que las trazas generadab

PR I e - 1oy

divergan en el momento de que las_onqag qorganpes llegan gflg 3.19) .

La principal ventajd dé las t&cnicas géofisicis; como eé de hecho
la mayorfa ‘de las pruebas de campo, €s-la dé trabajar con un ma-
terial 4n ALtu. Ademds, segln ya se indicb, se -puede determinar
el valor del m6dulo din&mico a diferentes profundidades. Entre
1as desventajas se encuentra el hecho de que laq técnicas geofi-
sicas’ generalmente emplean, como fuente de energia, un solo im—
pyl§o! 1o cual hace que el paoroo de ondas generado sea dificil
de ooplﬁcar. Para,e%;migar estq”degyeopaj%\soﬁhaqdqsarrollégo
un v1broempacador que puede usarse con la técnlca de hoyos para-

\ AP - ES T

lelog a on el cual se, 1nducen contlnuamente ondas polarlzadas de

v 4
< i e LA B Sk ] PR S

1

compresién o de con;ante (Ref<1).
[ 3 Y RS (N ";"‘M_ Sy P - ‘<,

b e . b
I R B . a T A .J

Empleo de un vibrador superficial

P N

Esta técnica estriba en medirlla longitud de onda superficial
que genera‘un vibradof, tfabajando a una aeteEMinadé’fféouencia,
en 1a'supofflgio del terreno. éomo se muestra en la fig 3.20,
la ioﬁéifud de- onda se détéfﬁina moﬁiohdb'unlfébégtor a lo lar-
go de una lineo ?édlal al eje del v1brador y 1oca11zando los pun
tos que estén en fase. El valor de la velocidad de ondas cortan

i

tes se obtiene mediante la ekpresién

v_= £\
s

" donde

f es la frecuencia de excitacién en ciclos/seg
A es la longitud de onda
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Por tanto, el valor de G se obtiene median»q la expresi6n

G = pv;, ya senalada anteriormente. Una regla semiempirica es
suponer que el médulo calculado mediante este procedimiento,
corresponde al valor que dicho médulo tiene a una profundidad
igual a un medio de la longitud de onda (A/2). Por lo tanto, al

cambiar la frecuencia de excitacidn, se puede variar la longitud

de onda, y con ello la profundidad de inspeccifn.

Debe aclararse que mediante este procedimiento se estd suponien-

do que la velocidad de las ondas Rayleigh, que viajan a través

de la superficie, son iguales a las ondas cortantes; dicha supo-
sicién es v&lida en la mayorfa de los problemas prdcticos (Ref 15).
Cuando se tiene un medio estratificado, existen teorfas que permi
ten, a través de las matemé&ticas, determinar los médulos de cada
capa (Ref 3); sin embargo, faltan datos experimentales para cono
cer la validez de dichas teorias y su aplicacién desde el punto

de vista préctico.

El mds serio inconveniente de esta té&cnica es el de disponer de
un vibrador que puede trabajar i« bajas frecuencias de operacién,
de manera que la profundidad de inspeccién no se limite a valores
pequenos. En'general la prueba resulta cara y se requiere exXpe-
riencia y antecedentes tefricos bien fundamentados para hacer

una interpretacién correcta de los datos.

O
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Pruebas de placa-

Estas -pruebas consisten en aplicar cargas rcpetidas sobre una pla
ca de un pie de difmetro (o de lado si es cuadrada), la cual se
encuentra apoyada sobre la supéfficié\dél terreno o & una Eierta
profundidad (fig 3,21)° Determinando la pendiente de la cufva
desplazamiento carga (fig 3.22), se obtiene la rigidez k del
suelc que se félaciona con el médulo G,‘meﬁiaﬁte la siguiente

expresibn

donde
R es el radio de la placa

U es la relacién de Poisson

5

Para extrapolar las rigideces obtenidas usando las placas de pe-

quﬁas éreas,aﬁlas(reéles del prototipo, se. pueden utilizar las
recomendaciones dadas por Terzaghi (Ref 13) para cargas estdti-

cas; O sea

suelo cohesivo; - kp;otbéipdﬁ%'klﬁzdiém C
' 2
.., 4 -~ N . i‘ :I,”> 1‘ _,sL-;,:' i ’ 2 C+1.) !
suelo no cohesivo; kprototipo kl' diam 9

clonde
C es la relacibén de la dimensién menor de la cimentacién

real a ia dimensién menor de la.placa

:Existe también una prueba de placa consistente en colocar un pe-~
quefio vibrador sobre una placa de 12 a 30 ‘pulgadas de di&metro,

y variar la frecuencia de excitacién del vibrador hasta alcanzar




la condicibn de resonancia (fig 3.23) En este caso el valor de
la rigidez k del suelo se obtiene medlante la sigulente expre-

3i6n

donde
M es la masa del vibrador junto con la de la placa, y

£, es la frecuencia de resonancia en ciclos/seg

La desventaja mds importante que se presenta en el empleo de prue
bas de placa (sea usando cargas repetidas o el pequeno vibrador),
es la correcta interpretacibn de los resultados y la multitud de
variantes que en ella entran. Por otro ladc el procedimiento se

limita a determinar valores superficiales del mSdulo del suelo.

Zetos inconvenientes han hecho que las pruebas de placa sean poco

ucadas en la solucibn pré&ctica de problemas de dinfmica de suelos.

c) Fb8rmulas semiempiricas

Existen f6rmulas semiempiricas que dan el valor mé&ximo de G, es
decir, el valor de G correspondiente a niveles de deformacidn
bajos. (Ya se habfa mencionado que se considera como nivel de

5

deformacién bajo el que es menor o igual a 10 °), La férmula

mis conocida y empleada es la de Hardin y Drnevich (Ref 3), que
proporciona muy buenos resultados para valores pequenos de la re
lacién de vacios (e £ 2.0), v es adem8s v&lida tanto para suelos

cohesivos como no cohesivos; dicha férmula queda representada

por la siguiente expresibn

2
G = 1200 3281 (sery? (5 ) V2
1+e o
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(6,, 0, y o, son, respectivamente, los esfuerzos efectivos

normales mayor, intermedio y‘mqnor)

OCR es la relacidn de preconsolidacién, y

"a" depende del findice de plasticidad (fig 3.24)

Pard el caso de arenas, Seed v Idriss (Ref 12) emplean la expre

GO ' o Sa

316n

. . - f507 LY - = S
O KG=1000k(0)1/2_ .

donde . - ’ o - )
.,kz( depende de la densidad relativa (o'de:la relacib6n de va

cios), en la forma senhalada por la fig (3.25)

i

Puestokque G es funci6n de los esfuerzos efectivos que se tie

o1

nen en el 91t10, y la re51stenc1a no drenada de ]os suelos nor-
‘3
malmente conso11dados (S ) tamb:én lo es, se puPde normallzar

r .

G con respecto a S Yy expresar G/S versus Y La flg 3 26, a

través de la curva llena, se puede usar para fines estlmatlvos

de G. Whitﬁan (Ref 15) recomienda emplear

: G = 1600 S
u

<:> ; -5 10-6

para valores de deformacién angular entre 10 Y
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En estas fSrmulas se indica muy claramente que &l médulo es prin
cipalmente funcién de la relacidn de vacios del suelo y de los
esfuerzos efectivos que se tienen (n 44fu. Existen alqgunos otros
factores de los cuales depende G, como es desde luego el nivel

de deformaciones y algunos otros que Richart (Ref 7) senala.

Por ejemplo, estd el efacto de la duracidn de La carga {(time effect)
que se refiere al aumento de v, en la probeta de la columna reso-
nante, a medida que tiene una mayor duracibén la aplicacién de

los esfuerzos de confinamiento,

Otro efecto es el de la historda de esfuenzos que se refiere al
cambio de los esfuerzos en el suelo y el cual es diferente en el
caso de las arenas en comparacibncon los suelos arcillosos; dicho
,efecto es solco importante despu&s de ciertos niveles de deforma-
cidn (10"4 en el caso de arenas y lOm5 en el caso de arcillas):
si lo que se tiene son arenas,; el efecto de la historia de es-
fuerzos origina un aumento en Ve (por el cambio de e), pero si
son arcillas se produce una disminucién del médulo G y un au-~
mento en el amortiguamiento. (Cabe senalar que cuando un sismo
origina grandes cambios de esfue-zo aparejados con grandes defor
maciones, el valor de G disminuye en ese momento, pero si se
deja en reposo.a ese suelo, el valor de G vuelve a su valor
original después de cierto tiempo; este hecho ha sido comprobado
experimentalmente). Estd también el llamado efecto de la tempe
ratura el cual es de relativa poca importancia; experimentalmente
se ha observado que la velocidad de onda es ligeramente mayor

a menores temperaturas. Todos estos Gltimos efectos aquf sefia-

O

O
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O

1ados deben observarse cuando se hacen pruebas de laboratorio y
A .

es;udlos de 1nvestlgac16n.

ot -y

5
hea JY0 5 N

Un ejemplo de perfil de suelos correspondiente a un deb@sito pro
fundo de arena, donde se determinaron los vélores de la Qelocidad
de onda a diferentes pfofﬁndidadés, se muestra en la fig 3,27.

En ella se pueden ver las velocidades determinadas en el labora-
torio mediante prﬁebas de columna resonante, las determinadas en
el campo a travé€s de técnicas geofisicas y las calculadas con la
férmula de Hardin y Drnevich para niveles pequefios de deformav
ci6n. Los resultados no c01nc1den totalmente, pero desde el punto

e

de vista préctico, se puede dec1r que las cqrrelaciones son acep
L N
tables. En esta flgura se puede observar que la tendencia del
h,iﬁdulo es aumentar con la.profundidad, lo cual es 1l6gico si se
considera que los esfuerzos efectivos -{n 4{ti crecen con la pro

fundidad.

La fig 3.28 muestra dos comparaciones entre el m6dulo medido 4in
situ con pfuébas geoffsicas y el mSdulo medido en el laboratorio
con la técnica de la columna resonante., La fig (3,28a)(se réfig

re a un limo arcilloso y la (3.28b) ‘a una arena; en-ambos cases

se observan buenas correlaciones.

b) AMORTIGUAMIE:TO
El otro parémetro que goblerna el modelo v1scoel&stico llneal

es el que se refiere a la pérdida de energia causada prlmordiaA

‘mente por el efecto de histéresis, es decir, el amortiguamiento.




b
N

Una de las formas mé&s comunes de expresar esta pérdida de energia
es mediante la llamada capacidad de amortiguamiento, ¢, definida

mediante

p = Energia perdida en cada ciclo de carga
Mé&xima enzrgia de deformac.idén producida
en el ciclo de carga

Haciendo referencia a la fig 3.29, el valor de } seria

_ AW
L

donde

AW es el 4rea del tri&ngulo azurado, Yy

W es el area dentro del lazo histerético
Otra forma de indicar el amortiguamiento es mediante la llamada
"relacibn de amortiguamiento", D, definida como sigue

Coceficiente de amortiguamiento viscoso actual
Coeficiente critico

D =

El coeficiente critico es el qgue se requiere para suprimir las
vibracicones libres, y de acuerdc con los principios de dinémica

(Ref 2), dicho coeficiente critico vale

Ccrit =2 \ku

donde
k es la rigidez, y

M la masa del modelo equivalente

Esta relacibén de amortiguamiento es quiza la manera mis comln de

- expresar la pérdida o disipacién de energia que ocurre en los

sistemas reales,

O

o
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Existe otra forma mis de expresar .el -amortiguamientc y ella es

......
2 i
,‘.‘ :,3.. ’Aw R

.
’
%

» . Zi ‘ . .
L 4 - M o PAS em - . > [0 L P AT FOR )
A L& ‘..,1«. - = e e - Zn T:___ . . -
i+l l
RRRNE ¥ R ) . : R -
donde
b ' 5 - - [ S -
‘ zi es la amplitud iésima, y ‘ _ N
Zi+1 es la amplitud i+1 de la vibracién

En la préctica, la determinaci6n de A se hace con ayuda de un

osciloscopio donde se registra el decaimlento de las vibr ciones

2 o

. Ahxi:-.”"‘«!”‘ TZ»_,V‘ ‘

libres. La f1g 3. .30a muestra una fotoqxafia de un reglstro tipico;
el dibujo de una lfnea rectacomd 14 méstfada por la fig 3.30b,

<:> puede auxiliar a determinar f501Lmente el valor de A.
o -
TR ; . . ,

oTL I R G Y S T S . [EE R ko

- :?*1

En.dinémica b&sica -se;demuestra:que ,estas:stres cantidades iestén

.relacionadas entre; si jpor .la siguiente expresién.

p=200=% '

Se verd ahora la forma de determinar ffsicamente el valor del

amortiguamiento.

Pruekas.de campo - , S Coe e e ’

Tébricamenté existen tres maneras de determinar el amortiguamien
to a través de pruebas de campo.

<:> 1) Mediante la observacién de la disminucibn de l=2s amplitudes

de vibracidén que ocurren durante un temblor
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2) A través de la observaciféin de la disminucién de la amplitud de

vibraciones producidas por explosiones

3) Mediante el uso de generadores u otras fuentes de energfa que
producen microtemblores en el suelo; en este caso se hace
variar la frecuencia de excitacifn y se mide las amplitudes de
vibracifn, hasta obtener la frecuencia de resonancia; el valor

del amortiguamientc se obtiene mediante la sigulente expresidn

A

_ Af
D= 5%
m
donde

Af = £, - £, (£, y £, estdn definidos en la fig 3.31)

fm es la frecuencia de resonancia

Hasta ahora, la experiencia que se tiene en la determinacién del
amortiguamiento mediante pruebas de campo es muy poca, y puede
afirmarse que solo a través de pruebas de laboratorio es como se
ha podido determinar el amortiguamiento para fines précticos.
Las mayores dificultades que se presentan, al querer determinar

el amortiguamiento a través de pruebas de campc, son

a) resultan muy caras

b) el amortiguamiento interno es por lo general muy pequeno y es
muy diffcil de medirse {n s.{fu porque se ve opacado por el
amortiguamiento radial; éste iltimo, como se verd en el Cap IV,
se debe a la disipacién de energia a través de ondas que via-

jan alejdndose de la fuente de excitacibn.
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Pruebas de iaboratorio

Elxéﬁoffiéuéﬁiéﬁto de un suelo se puede obtener a partir de la-
eﬁgéﬁgiéﬁ d€71$ mayorfa de las pruebas de laboratorio sefaladas.
En efécto} ﬁara~el caso de pruebas dqnde se aplican cargas cicli
cas (triakiales, cortante simple o por tdrsién), el amortiguamiég
to se puede obtener a partir de la determinacifn del &drea dentro
del lazo histerético; en el\caso de vibraciones libres (columna
resonante, cortante simple o por toréién’y mesas vibradoras), el
amortiguamiento se obtiene observando la disminucién de la ampli
tud en las vibraciones y calculando el 11amado‘decremento logarit

mico.

Los resultados del amortiguamienco obtenidos mediante las diver-
sas pruebas, son mésyppmenqs consistentes para un mismo nivel de

defq;magiqges (Ref 14).

c) DETERMINACION DE G Y D A NIVELES DE DEFORMACION DIFERENTES A
LOS OBTENIDOS EXPERIMENTALMENTE O ESTIMADOS A NIVELES BAJOS

DE DEFORMACION

'Ya se mencioné en un principio que el suelo, cuandc es sujeto a
7 - . P

I

fuerzas dinémicas qué’originéﬁ nivgléé‘ae defbfmﬁcién muy peque
npS’%menbf:de:lO75)ﬁ"sé‘comportafpractibamente,comb_un'material
eldstico- lineal; ‘es decir, a esos niveles de deformacién, tanto
el' médulc ‘comdo el amortiguamiento se pueden considerar constan-
tes. Sin embargo, a medida que se incrementa el nivel de defar
macién, el amortiguamiento aumenta mientras gque el m6édulo dismi
nuye. En este dltimo caso lo gue se hace en la préctica es ha-

blar de un médulo lineal v de un amortiguamiento equivalente;
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el m6dulo equivalente se define, seglin se mencioné anteriorme:te,
como la pendiente de la linea’ que conecta los valores extremos
del lazo de histéresis, y el amortiguamiento equivalente se rela

ziona directamente al 4rea dentro de ese lazo histerético.

En estas circunstancias, si se desea referirse a un mé6dulo G a
niveles altos de deformacidn, se podré hacerlo en términos del
médulo determinado a pequefias deformaciones, simplemente afectan
do este @ltimo por un factor de reduccién. Andlogamente se puede
hacer lo mismo con el amortiguamiento, s6lo que al factor por

aplicar serd de amplificacién en vez de reduccién.

La fig 3.32 presenta una banda donde caen loq factores de reduc-
cién de la mayorfa de los suelos, basados precisamente en la de-
£inicién de médulo equivalente y a partir de resultados obteni-
dos en pruebas de labératorio (principalmente de columna resonan
te) . Varios resultados experimentales de campo han demostrado la
buena validez de esta grdfica, Whitman (Ref 15) recomienda uti-
lizar una curva promedio de esta banda, para aplicarla en traba-

jos précticos que involucren cualgquier suelo.

Para el caso del amortiguamiento, la fig 3.33 nos muestra una
curva andloga -a la (3.32); dicha figura fue dibujada a partir de
una gran variedad de informacién. A pesar de tener una gran disg
persidad de valores, puede observarse que en general el amorti-
guamiento crece a medida que el nivel de las deformaciones aumen
ta. En este caso la curva gue se recomienda es la inferior, a

fin de estar del lado de la seguridad.
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Ccaviene recordar que para emplear estos conceptos de médulo y

amortiguamiento equivalente, es necesario aplicar el proceso ite

rativo sefalado al principio de este cépitu;o.

En el caso de ingenieria sismica, donde se tienen cargés tran%ir
torias que involucran varios ciclos''y cado ufio induce un nivel de
deformacién diferenté, resulta complicada la definicién de un mé
dulo y un amortiguamiento equivalenté° Una manara de manejar
este caso consiste en determinar el valor maximo de lasxdefo}ma-
ciones y tomar el valor correspondiente a 2/3 del mé&ximo cbmoAvé

lor promedio o representativo de las deformaciones.

La determinacibén del amortiguamiento D y el:mSdulc al cortante
G a distintos niveles de deformaciln XJ se pueden obtener a tra-
vés de la fdrmula de Hardin y Drnevich meaiante las siguientes

expresiones

G max -
i+ Y/Yr
Tmax
donde Yr =3
max
1+k : C 1=k
= o = — L A -2 T "o = 2.1/2
Thax = U 35— Oy Sen ¢ + C cos ¢) (-5—=.0,) }
ko = coeficiente de los esfuerzos horizonta;es (%%)
5& = esfuerzos efectivos verticales

Yy Cy ¢ son los paré&metros de resistencia estéticos

en términos de los esfuerzos efectivos
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Para e’ amortiguamiento la expresidn resultante es la siguiente

.
Dhnax ¥~
r

D = ———————
1 + Y/Yr

donde D _ . es el amortiguamiento mdximo correspondiente a defor

maciones muy grandes. Para el caso de arenas limpias

30 - 1.5 log N (N = nfimero de ciclos) y para suelos cohe-
1/2

D
max

sivos saturados D___ = 31-(3 + 0.03£) (.02 + 1,562 - 1.5 log Ny
max o
en esta Gltima expresién £ es la frecuencia con que se aplica

la carga ciclica (dada en revoluciones/segundo) .

d) RELACION DE POISSON

La relacibén de Poisson ¥, para la mayorfa de los suelos, varia (j
por lo general en un rango relativamente estrecho. En el caso
de suelos secos o con bajo grado de saturacifén el valor de p al-
rededor de 0.35; para suelos saturados m anda cerca de 0.5. Un

valor promedio de la relacibn de Poisson, en la mayorfia de los

suelos se puede considerar que se encuentra entre 0.4 a 0.5.

Cuando se qulere estimar en forma mis precisa esta relacibén, ted
ricamente puede hacerse mediante la determinacidn dé dos de las
velocidades de propagacién de ondas. Sin embargo, los pequeiios
errores que puede haber en la estimacién de pu, no afecta de ma-
nera significativa los resultados que se obtienen en problemas
prdcticos de dindmica de suelos y basta hacer la estimacién en

O

forma aproximada.
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V) Conclusiones

N ; o .
Y N : .

Las principales conclusiones que se pueden extraer de lo senalado

en este capitulo son:

1) El1 comportamiento del suelo cuando se le sujeta a cargas din§
micas es muy complejo, caracterizéndose particularmente poar

la no linearidad a deformaciones grandes como las que gcurren

an temblores fuertes.

2) La presibn que se crea en el agua localizada dentro de los
poros de un suelo, como consecuencia de las cargas rédpidas
gue se aplican durante sismos o fuerzas de maquinaria, Qesem
pena un papel importante en el comportamiento din&mico de

dicho éuelo.

3) Para fines précticos, se puede utilizar el modelo matemitico
viscoel&stico para analizar el comportamientc del suelo en la

mayorfa de los problemas de din&dmica de suelos.

~ 4) La determinacidn del médulo dindmico cortante G, a niveles'

5), se puede

pequenios de deformacidédn {(menos o iguales a 10~
determinar satisfactoriamente tanto en el campo {(por ejemplo,.
a través de pruebas geofisicas) como en el laboratorio (me-
diante la prueba de la columna resonante). B8in embargo, se

puede estimar el mSdulo eguivalente a niveles grandes de de-

formacién mediante procedimientos confiables,

5) E1l amortiguamiento interno del suelo s8lo se puede determinar

pPracticamente mediante pruebas de laboratorio. Cuando se

e s e = =
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. 4 [
RRAE

desea” determinar el amortiguamiento a distintos niveles de de

formacibn a partir de los datos obtenidos en pruebas de labo-

ratorio, ésto se puede realizar satisfactoriamente utilizando
curvas empiricas.

6) Las pruebas de laboratorio que mds se utilizan para la deter-
mlna01on de las propledades dindmlcas de los suelos son la

tr1ax1al Cicllca Yy 1a de 1a columna reqonante, Sin embargo,

la prueba torsional cfclica con v1brac10nes libres es quizé

~

la gue presenta més ventajas (51mp1101dad, niveles de defor-
macidn . 1guales a los que .se - tienen duraﬁiéméiémos, etc), Por
lo :que es muy factible que en un futpro préximo-sea la mis

empleada.

O
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ABSTRACT

: Y -
The general approach for studying the vibrations of machine foundations, together with '
the methods for computing the jbehaviour of their equivalent lumped systers, is
presented in this work. The elastic half-space theory for rigid bodies vibrating on the
surface is summarized and formulae for obtaining the equivalent parameters on different
modes of vibrations, and for different foundation shapes, are given. The most important
factors that affect the numerical values of these parameéters are found to be (besides the
type of soil), the stress distribution at the contact area/-the depth of embeddment into
the soil, and the depth to bedrock. : ’

Severes methods for computing the elastic shear’ modulus are given, and the use of the
suggested crizeria is iliustrated through =1 example.
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RESUMEN

Se presenta ¢l enfoque general del andlisis de las vibraciones de mdquinas y se hace un
repaso de los fundamentos que gobicrnan el comportamiento de sistemas equivalentes
constituidos por una masa, uno © varios resortes, y uno o varios amortiguadores. Se
explica brevemente la teoria de cuerpos rigidos en un medio eldstico seminfinito, y la
forma cémo a pamr de.dicha teoria se obtienen los pardmetros que rigen a los pistemas
equwa]entes. :Se presentan las formulas con que se calculan estos pardmetros en los
distintos modos de vibracién de zapatas urculares, cuadradas o rectangulares,’ y se
mencionan los factores que influyen en sus valores numéricos. Entre dichos factores los
mas importantes son, ademas de la clase .de suelo, el tipo de distribucién de esfuerzos en
el area de contacto, la profundidad de encajonamiento de la cimentacion dentro del
terreno, y la profundidad a la cual se encuentra la roca.

Finalmente, se incluyen varias formas para estimar el médulo elistico al cortants del
suelo; dicho modulo constituye el factor méas importante en la determinacidn de la
constante, k, del resorte equivalente, y en forma'de Apéndice se da un ejemplo donde se
aplican varios de los conceptos expuestos en este trabajo.







O NOTACION®

a exponente empleado en la ec 13
a, SZR/CS; re{aciégn de frecuencias
b M/pR?; relacion de masas

B ancho de cimentacién

B ,B,, B, coeficientes para zépatas rectangulares (fig 11)

v'h' T

c coeficiente de amortiguamiento

Cerftico Z\/—EE;

C, : @ velocidad de propagacién ce las ondas transversales

Cy VE/p; velocidad de ondas dilata'ntes longitudinales
O D didametro de la cimentacién

D, c/Z\[k_M} relacién de amortiguamiento

T A R

E moédulo de‘Young del suelo

f,, £, funciones empleadas en la teoria del semiespacio

£, frecuencia de rescnancia

F(t) fuerza que se aplica en la cimeptacién

FDC factor dindmico de carga

G E/2 (1 + v); médulo al cortante

h profundidad equivalente

H altura de prébeta

I momeanto d—e inercia

O .

®  Se inciuyen todos los simbolos utilizados en este trabsjo, excepto aguellos que sa especifican en ol twxto







k

k

X,

X,

Tm

constante del resorte

4GR/1-v

largo de la cimentacion (en el plano de cabeceo)

4
v

masa ec;uivalente
fuerza aplicada djrect«;;\mente por la maquina a la cimentacién
fuerza aplicada por la cime;ltacién al suelo

radio de la cimentacién o radio equivalente‘

lresistencia no drenada del suelr

Zn/\/km; periodo natural

desplazar;nent;) vexjtic;l del suelo

desplazamiento del sistema e‘q'uivalente_

amplitud de desplazamiento

[ .

b

4 f} + f:
1-v f2/ao
4 ff + f:

s'qngulo de desfmﬁento
peso volumétrico dei suelo
longitud de onda |
relacion de Poisson

masa especifica del suelo
esfuerzos de confinamiento

esfuerzos verticales normales
+/k/M; frecuencia circular natural

frecuencia circular de excitacion







1. INTROBDUCCIORN

Muchios ingenieros especializados en mecanica de suelos se han encontrado alguna vez con
el problema de disenar o dar recomendaciones-para ¢imentar adecuadamente cierto, tipo
de maquinaria. Cuando el profesicnal no es experte en solucionar esta clase de problemas,
al pasar a la literatura encontrard que generalmenie la respucsta de sistemas reales se hace
a través de sistemas simplificados equivalentes; los cuales estin constituidos por masas
concentradas, 'resortés y amortiguadores, gue representan las 1nasas, rigidcces y
amortiguamientos de los sistemas renles, respectivarments, -

Al tratar de pasar de un sistemareal a uno equivalentéd, necesariamente se debe responder
a dos preqguntas:

v

‘

1. ;Cual es el sistema equivalente mds adecuade para representar al sistema
verdadero?

2. ;Qué valor se debe aplicar a los parametros del sistema equivalente para que la
respuesta sea congruente con la realidad?

Mientras que la primera.pregunta se pueds contestar directamente en funcion del sentido
en que se aplican las fuerzas y los desplazarniéntos que tienden a producirse (eef 1), la
sequnda involucra muchos factores que reguierén de un cuidadoso estvdio. Sin embargo,
un analisis completo dinamico de cimentaciones debord comprender ostos dos aspactos y







sus objetivos estardn encaminados-a: 1) establecer claramente las partes involucradas en
el problema; 2) estudiar las.alternativas que permitan cumplir con las especificaciones de
comportamiento, -y" 3) dar las recomendaciones de cimentacién.

El objeto del presente trabajo se limita a proporcionar un resumen de los procedimiciitos
mas comunes en la determinacién de los pardmetros,mencionados, con el enfoque
principal dirigido hacia la evaluacién mis racional que actualmente se emplea. Para miayor
informacion sobre el analisis general de las cimentaciones de maquinaria se recomiendan
las refs 2 y 3. r

2. SISTECMAS EQUIVALENTES

La intencion de representar un sistema real de maquina-cimentacién-suelo mediante un
sistema matematico equivalente, es obtener con cierta facilidad la respuesta del primero,
para lo cual se emplean las curvas de amplificacion y las ecuaciones que rigen el
movimiento de los sistemas equivalentes.

La mayor parte de los sistemas reales que constituyen los problemas de cimentacion, se
pucden analizar mediante sistemas de un grado de libertad. En efecto, aun en los
formados por més de un grado de libertad, generalmente se obtiene suficiente
aproximacion al anahzar y superponer cada uno de sus modos de vibracién mediante el

llamado método de superposxczén ‘modal (ref 4). La fxg 1 muestra algunos de los sistemas
mds comunes en la practica.

Por lo anterior, conviene hacer un breve repaso de los conceptos fundamentales sobre
comportamiento de sistemas de un grado de libertad.

3. SISTEMAS DE UN GRADO DE LIBERTAD

La ecuacion de equilibrio que gobierna el movimiento dindmico de estos sistemas es

Mit+ cx+ kx= F(t) (1)

donde
M masa del sistema
c coeficiente de amcrtiguamiento

k constante del resorte
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1"(1) fuerza exterior aplicada a la masa (fig 2)

Y

¥, X, x accleracion, velocidad v desplazamiento del sistema, respectivamente -

;o -
te, m i e e - C e e

L derivacion de ’la's\oltéi'éﬁ' Héli «ecl, se encuentra en cualquier texto de dindmpica
bisica (1efs 4 y 5). DlChu so‘ucwn estd corrpue°ta por dos tdrminos: el f*orreopond'cnu- a
las vibraciones libres que cesaparucen de.,pués de cierto tiempo (como ¢o naccuencm del
amol Uguam‘cnio),ay ¢l de.las yibraciones. forzadus que permanecen, en_el, szste-na mienlas
1a fucrza, F actia, Som su aaléﬁezaran B,aa vzbzaqcmes fo rzadas por snr }as que rea]rm-me
interesan para el disefio. T i

La. c.:pms“cn que da respussta a lasy. mbmucneu forzadas, cuando existe excita’ 16n
armomca es i )

J woa s ¥ (2)
Ay !::'f DI a 4 B
TEAE Y Lo dal -
‘‘‘‘‘ Ty oLF N
) ‘:1.&’:T A 7E i
YT LY S L
Fo amplitud de la fuerza aplicada
: " 2 Dp wS2 e e g 2 LT
‘ T N’ ————— P e .
())2, "“Qz 5 ":_“[t =
[ 1
PR O (Ifrecuen,cm c;rcular de excntacgén, en Tad/seg ) i
TooRlE et & R IR AN <Y A S ;M:’rF [ ST T S
2 me T AT ATl VRS I NSENSE
f e frecuencia de exc;tauon en r'lclos/seg
T
Dy /e ritico = /2 w./ 1c elamon de amomguam;entos
Coritico amortiguamiento que suprim'e las vibraciones libres
Gt sb ey Bl v e iedoe Lo e 7 uhe 3
w J%/M, frecuencia circulsy natural €n rad/seg
‘ WML G Dy I T N
T 2w/, periodo natural, en 32
t tiempo wansturtido . - STNIE e
w
, f —, frecuencm natural, en ciclos/seg _ .
Dol B N 4 T T P I A S 1 ST e S ST

AP - g - -
Foloriwmee2oeoag pam e re g




i {factor

FDCo )

Q7
I )

se denomina factor dinamico de carga o de amplificacién; representa la relacién de ia
respuesta dinamica maxima respecio a la respuesta estdtica, es decir

F B
Xg = ";22 FDC (4)

donde X, es la amplitud de ia respuesta dindmica, y Fy/k la respuesta estatica.

Si se dibuja este factor como funcion de la relacién de frecuencias £2/w, el tipc de
graficas que se obtiene es el de la fig 3, en la que se puede observar que el FDC es
méximo para valores de {2/w {o f/f ) cercanos a 1, mientras que cuando $2/wo, el
FDC-0. Si no hay amortiguamiento, o en general si 3/2 < §2/w<2/3, el FDC es
aproximadamente igual a

En caso de tener maquinaria con masas excéntricas, ia amplitud de la fuerza aplicada
varia con el cuadrado de la frecuencia de excitacién, o sea

F(t)= Melﬂzsen £t

donde M, es la masa excéntrica v ! el brazo de palanca.
La ec 4 quedaria entonces:

Melﬁz MEI n 2
FDC=— (=) FDC
M «

x°=

Para este caso, la curva de FDC vs £2/w es también véilida, pero resulta de mayor utilidad
emplear curvas como las de la fig 4.

O
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O Conocicndo la forma .como responde un sistema. de un grado-de libertad a una-excitacién
dmamxca,(ea problema. se; reduce a.la determinacién correcta de Jlos pardmetros quc o
-constituyen.-‘Quiza 'la_forma .més s adecuada de. efectuar .esta determinacién ‘es mmediante la
‘teoria-descuerpos rigidos que wibran sobre un medio elésteo seminfinito.

4.1 ﬂﬁﬁeqeﬁ?h tes o _

1

Lcs pnmeros eotudms sobre vesta teonu fuerm cahzados por Reissner (ref 6), en 1936,
guien analizd Ja’ ‘respueata dinatmida de Yina igpata vxbnmdo sobre vna masa de suclo
representada por un seniespacio ‘homogéneo, ‘isdtropo y .elstico; da .zapata estaba
ropresentada jpor «una imasa coscilatoria que p**oducra' nna presién  vertical peno\iwu.
_ distribuida -uniformemente, -:sobre--un. jdrea. circular .en_la superficie, «del- semlegpduo
Reissner .obtuvo el desplazamiento -vertical dmamxco -en €l geniro del drea - cxrcular
integrando Ja sclucién «dada por Lamb {vef 7);- quien determin® 81~ -desplazamiento- debxdo
a una Afuverza .cscilatoria o pilsativa ;actuando scbre win punto en ‘la superficie o dentro del
gemiespacio.n . < sl syt Tt o o e M ci e e T g ‘

En 1953 Quinlan (ref .8) y .Sung ‘(re\f '9) .extendieron, 'simultaneamente, la ‘solucién -de
O Reissner -para. ;analizar "¢l efecto .del -cambiocen la presion. de- contacto ;sobre sl idrea

cargada; ambos consideraron ‘la respuesta corresponchente a las distribucionesparabolica,

uniforme y'la que se preduce en una base rigida ‘bajo.condiciones ‘estaticas.

*Mas .adelante, ‘en 1956, Bycroft '(re'f 10j trat6 .de mejorar dos résultados «de ‘Sung, .guien
supuso que [la distribucion :de ,presiones »permanece constante en €l -intervdlo de
frecue nuasxconszderaua «{En sreatidad, tla ~dlstr'bwlén de {bresiones :correspendiente .a una
base rigida -que ‘bajo .condiciones estaiicas nrcduce -un :desplazamierto wuniforme, baJo
condiciones dinamicas :no pproduce des plazamentc"uruforme Tefs 5. )'r'ara‘e?lo determind -el
promedzo pesado -de los desplazamientos ‘bajc:1a zapatay establocxo mewreswalores da das
runciones wue sintervienen.-en-é! wileulo .de los Hesplazamientos: Dé acuerdo.con Bycroft,
este promedio constituye el dimite ‘inferior :dél despia?anuento real .que e tiene «en un

i

dis congldo.\_;_ se 0 S L T S T J S e

- 3 i

- . -'~., e . N A . ‘, 5. N . < < )
Tt v ¢ 4 . [T LRI ~ .

Tree

Solucmncs postenoaes 'conmderaron AB pmblama nmtematxco dai valcr fmnf@ra rmxso
mostrado :en da fig 5. ‘Ejemplo de .ezas scluciones *son los rpr‘,sentadas alery fﬁwombu y
Grootenhuis {(ref A1) 'y Robertson (ref 12), quienes utiizaron mBiedos imatemiiicos
e¢xactos ‘pero aproximaciones en el :calenlo ,(‘iej&'inéggralés. Al scomparar Yos resultados
obtenidos ‘empleando dichos 'métodos -exactas .wen Ios aproximados prerentadoes por Sung
y Bycroft, se -observé que las diferencias eran practicamente .despreciables. :
o g = - S

O Trabdjos mds recientes de Veletsos v Wei {(ref 13} v e Luco v Mestmann Yref 14)
permiten obtener, para un amplio intervalc de frecuenciss, da respuesta :dindmiica «de una
\ zapata-circular rigida para‘los modos vertical, horizontal, torsienal w e cabeceo.
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Actualmente existen estudios mas practicos que consideran el medio espacio como un
medio viscoclastico {ref 15) o un medio estratificado (ref 16); en ambos casos se ol'icne
ia respursta de cimentaciones circulares rigidas, para los modos vertical, horizontal y de

cabeceo.

En esta seccion se explica primeramente, en términos generales, en qué consiste la t-oria
de un cuerpo circular rigido vibrando en la superficie de un medio elastico seminfiniwo, y
se prescenta la evaluacion de los pardmetros equivalentes en los modos vertical, horizuatal
y de cabeceo. Posteriormente, se muestran los efectos de la estratificacion y ei
encajonamiento, asi como la respuesta de cimentaciones en un medio viscoeldstico.
Finalmente, se analizan las cimentaciones de forma cuadrada o rectangular.

4.2 Teoria de cuerpos rigidos en un medio eldstico seminfinito

Las suposiciones originales de esta teoria son:

1. La cimentacién se apoya en la superficie de un medio seminfinito y es rigida,
de radio R.y masa M.

2. El medio elistico es homogéneo, de profundidad infinita, y estd caracterizado
por las sigquientes propicdades:

p densidad de masa

G modulo elastico al cortante, o E (médulo de Young)= 2G (1 + v)

v relacién de Poisson

C velocidad de propagacion de las ondas cortantes, funcion de Gy v

S

%ajo estas condiciones, el andlisis se hace en dos partes. En la primera se obtiene la
relacion de la fuerza vertical Q, aplicada directamente en la superficie del medio espacio
(figs 6a y b), v el desplazamiento vertical w. Dicha relacion estéd dada por

Qo eiﬂt
W= ——————

cR {fy -ify) {5)

donde Q, es la amplitud de la carga, vy £, y {, son funcicnes de:



O

1. ap= QR/C,
2. De la relacién de Poisson

3. De la forma como los csfuerzos se dxstrwuycn en cl drea t.mgad.), sila
cimentacién es rigida la distnbumén queda dada por los otros parametros

La fig 7 muestra la forma en que varian f; y f, en funcién de ag, para una distriburon
dada de esfuerzos sobre un drea circular.

La seqgunda parte consiste en considerar la ecuacién que establece el equilibrio de la masa
M de la cimentacion | .

:
ts

Mivs Q= P (6)

A continuacién se vera como puede expresarse el desplazarmeuto w dlri:ctameme en
términos de la fuerza P, mediante la combinacién de las ecs 5y 6. Para ello, despejese Q
de la ec 5 e mcluyase en la ec 6 consxderandose ademas de que we -2%w; es decn‘

[

. . MO w4 we P

. [ - .
by i ' Lok L

Ahora, al despejar de esta expres:bn W se obtJene

q“’
I B a8 Ly

£, -if, P f, -ifs
w=P o — ’
T TTTMRE . MSE
(GR- M"21, )+ iM*,  GR (1 e b f)+15x f
puesto que ( -
Mo 2R% MM
4 I YA @ — s aazt s > o e
. ey GR G pR> pR?

y lamando

b=

pR?




el valor del desplazamiento se puede escribir también como

P f| "lfz

Wa —

GR (1 -ag bi, ) - ia; bf,

Si se considera que P= P, eln‘t, la anterior ecuacién puede escribirse

(-
PeilOtal /g g

GR a/(1-al bf,)* + {al bf,)?

W

f2

£, -al b (2+12)

donde tan o=

Finalmente, el valor del desplazamiento se puede expresar de la siguiente manera

P (1- 4 f fl
we o (1) o ' cl(S2t - @)
4GR l-va/ (1- a2 bf + (a2 bf, )?
e > I
I I IH

{7)

La ec 7 relaciona directamente a w y P; en ella se aprecian tres componentes: el térinino
I representa el desplazamiento estatico, el II la amplificacién dinamica, y el 111 el angulo

de desfase entre la fuerza aplicada y el desplazamiento w.

Al dibujar el factor de amplificacién para diferentes valores de ap y b, se obtienen las
curvas de la fig 8a, muy parecidas a las de la fig 3; es decir, en ambos casos se tiene un
solo peak o valor maximo, y la forma general de las curvas es la misma. Mas aun, el
semiespacio, aunque es totalmente eldstico, se comporta como si fuera amortiguadc
debido a la energia que por radiacién es disipada; esta pérdida de energia es lo que se

conoce como amortiguamiento radial del sistema.

Si se hace P) = M_IQ2?, la ec 7 se puede escribir .

[ 1

M, 24 2
We — agz/ 11 S (Q2e-a)
M (1-a2 bf, ) + (a2 bf, )?

(8)
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Las curvas de amplificacidn correspondientes se muestran en la fig 8b, las cuales son muy
similarcs a las obtenidas en la fig 4.

4.3. Evaluacidrn: de. pardmetros para el modo vertical

Al combinar nucvamente: las: ecs 5y 6, se: obtienc

TR - S :
) S MWT - GRW+ ram— GRw= P . {6
f~3+§2 £ i

o .
|

Del anahsxs de csta ccuacmn se observa que €s, muy; svmllar a la wrrespond)ente a un
sistema de un grado de libertad compuesto por unz masa,, un resorte y un amomguador

la que se: puede tambicn excribir como | - : !
;
) ,
Mw+cXW¢kVX we P {10)
Y [ ""\;“; " 1 ¢t
donde P T RS T ’
4 A ' - ;
& —{ o~ 2 - = ', 0 B - H",v ‘ . “l"’.",“'j\ C B o
cv“l-’u\/:pR. 2 AP v . ,
s Y 77 Coeficientesrelacionados conel amortiguamiento
X l'V ﬁz:’éo
2 4 f2 + fz i
17 %2
- .
- )
4GR
o ———-I . . A .
' : -V 7‘4:“ '1.‘"‘ o : - - .
. Coeficientes relacionados con la rigidez del
sistema
1 f .
"X, = — | i X
14 ff + £2

)
i

Los valores de kv y ¢, son independientes de la frecuencia de excitacidn, en cambio X , ¥

X, si dependen de ella, segun se observa en la fig 9.

A fin dc tener valores constantes de los coeficientes de w y w, y obterer la equivalencia
con sistema de wmasa-amortiguamiento-resorte de un grado de libertad, es necesario
establecer el intervalo de frecuencias de interés y seleccionar en €l los valores de estos
coeficientes que, al usarse como constantes den resultados aprommados a lcs gue se
obtendrian con los coeficientes reales.

NI




Uno de los procedimientos mas simplista y rocional para efectuar esta seleccion de
valores, es ¢l propuesto por Lysmer {ref 18), con las siguicntes sugerencias

a)  Yuara bajas frecuencias, Xl =1

b) Para frecuencias altas, se considera solamente como masa equivalente la masa

£

M, y sc desprecia la llamada masa efectiva de suelo (concepto que se estudiara
mas adelante).

c) Para frecuencias intermedias, usar un valor de X, = 0.85 (fig 9), o sea emplear
una relacion de amortiguamiento igual a .

c Xz Cy 0'85CV 0.85

ccn’tnco" 2\/kvM —-z—\-/kvM _\/E(I'V)

Dy =

El error maximo con el procedimiento simplificado por Lysmer es de 30 por ciento, aun
cuando en general es del orden de 10 por ciento. Sin embargo, la frecuencia ce
resonancia que se obtiene en el sistema de un grado de libertad equivalente es siempre
menor que la obtenida directamente con la teoria del semiespacio.

A fin de mejorar la aproximacion del método de Lysmer, Whitman (ref 19) sugier=
introducir una masa adicional al sistema; el efecto de esta es hacer coincidir la frecuenc::
de resonancia del sistema equivalente con la que se obtiene directamente con la teoria de;
semiespacio. Para ello, se aproxima la curva de la funciéon X, a la de una pardbola de

ecuacion
2
X)1 = l-an (11)

Al sustituir la ec 11 en la 10, se obtiene

¢ pR®) Wi+ cX, W4k w=P (12)

M
M+ 1-v

O sea, que el valor de la masa adicional estd dado por

4t
—2pR3
1-p P

Dicha masa es la que se conoce come masa efectiva de suelo.



11

O N R C e

4.4'-‘.Parém:'etro"s para difq‘r’er’ates" ’r’nodos a‘e yibrécién*

.

Para modos de vibracién diferentes del’ vertxcal el procedimiento que S‘évsxguc ‘en la
oluvncmn de los parumclros equivalentes es similar al ya senalado. La tabla 1 contmne 50
resumen de los valeres gue se obuenen cuando la dxstrxbucxén “de es{uerzos &5 la de u.xa

' 5 e ’ PRI ,»«

placa rxgnda en un medio eldstivo..- ¢ - . . IR L ! I P
Dado' que k y Dy dependen de la distribucidén de esfuerzos {fig 10), la tabla 1 debe
usarse con cierta precaucion, por ejempio, si se*expresa el valor de kv en términos de un
- GR
coeficiente K, es decir, k,

-

tabla 2. ’ . .

segun mueaua la

N SR
. A _ : e . o
L I ! st . s g ter 3o

5. EFECTOS DE' LNES#RA#&HC“ACHGN Y DEL ;ENGAJCNAM:ENTO'

Entre los efectos que influyen en el pardmetro k estdn el del encajonarmento y el de la
prommidad de'ls’ roca basal con el nivel de despiante. Al respecto, en la fxg 11 H, es la
d;stancxa de la base de"la cimentacion a la roca, y H,; la.profundidad de encajonarmento

en todos los casos el coeficiente k esté normalizado al k corresponchente ‘a’ unaj
profunchdad mﬁmta de la roca. En dxcna figura se pueden hacer‘ las =1gu1emes

AS S

observacxones. I p o R,

" N PR s - - s h
aqih . oo 13 PV . P 2, &

T T e Nt L A e Ve o

“l. Para ‘el mcdo vemcal ei valor de k es, fuertemente mﬂmdo por la presenc1a de'
la roca (H, R<4) y por la profunghdad del encajonamlehto

2

:‘ - - - -
L e

2. Para el modo honzontal el efecto del’ encajonamxemo es muyor que en el caso
vertical, y el efecto-de la proxnrmdad de la roca. és un poco ménor

‘f" .

‘‘‘‘‘

que en los demés’ tipos de movxmlento, la mﬂuenma de la plomdad do la
roca es, sin embargo, pequex‘ia '

4, Para la torsion, los coeflcxentes de ngldez son tambwn influidos nomblamente
por efecto del encajonamiento, y muy poco por la proximidad de la roca. z:,n la
ref 20 se presenta un procedimiento para tomar en cuenta el caso de vanos

(

estratos en el cilculode k. < 7 0 -

Dos de los investigadores que mds han analizado el. caso de una masa sobre un esirato son

Kobori (ref 21) y Luco (ref 16). De acuerdo con este tltimo, los efectos principales de la

estratificacion, cuando'el estrato superficial que se ‘analiza es relativamente- poco profundo

y existe un contraste fuerte entre las velocidades de propagacion de ondass de diche
§

N




estrato’'y ta roca basal, son un aumento del coeficente e rigidez y una dismmucién en -
cocliciente de amortiguamiento. Las grdficas que Luco presenta indican que amobos
cocficicntes son altamente dependientes de ia frecuencia de excitacién. La fig 12 dusua
esta dependicncia para el casc del modo horizontal.

Kobori sefala que para el caso de una zapata cuadrada de ancho B, sujeta a una fuerza

horizontal periddica P = P, e‘Qt, la relacién entre el desplazamiento u y la fuerza P es la
raisma que para el caso del medio espacio, esto es:

ue L (f, - ify)

solo que las funciones f; y f, dependen ahora de la relacion H/B. La fig 13 presen.c
valores tipicos de las dos funciones; las singularidades que se observan se deben a los
frecuencias correspondientes a las vibraciones libres del estrato donde f, y f, tienden al

infinito.

El encajonamiento de las cimentaciones dentro del suelo, ademds de un incremento en la
rigidez (y por tanto en la frecuencia de resonancia) produce otro en el amortiguamiento.
Desde el punto de vista de amortiguamiento, el criterio tradicional de despreciar el efecto
del encajonamiento es siempre conservador; sin embargo, desde el punto de vista de la
rigidez, esto no es cierto cuando la frecuencia de operacidén es mayor que la de resonancia
calculada despreciando dicho efecto. Experimentalmente, se ha observado que el aumento
del amortiguamiento varia en la misma proporcién en que la frecuencia de resonancia se
incrementa, por ejemplo, si kv aumenta dos veces por efecto del encajonamienio, fr y D
lo hacen aproximadamente /2 veces (ref 19). Gtra forma de estimar la variacién del
amortiguannento con la profundidad de encajonamiento, es a través de la grafica que
Stoke y Kichart presentan en uno de sus trabajos y que fue obtemida a partir de
resultados experimentales realizados en modelos de zapatas (fig 14).

Girard y Picard (ref 22) sugieren el uso de las siguientes formulas empiricas, deducidas a
partir de resultados experimentales obtenidos e.: zapatas cuadradas.

keaky V14 (4h/D)

D-D, ¥ 11+ (4h/D)

donde

D Ancho o didmetro de la cimentacién
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Dy constante del amortiguamiento para una cimentacién superficial
h profundidad de encajonamiento

ke constante del resorte pora una cimentacion superficial

Ve - .
Lo 0 . o

4 o PR " PR

Con_base .en_un trabajo reah?ado por Novak y Beredugo, ‘Whitman {ref 23) obtuvo la

fszgumnte tab?a, que da las relacxones de k/ko y D/Do en }os modm vertical, honzomal y

de cabecec Posxblemrﬂnte ﬁas relacwnes de la tama 3 proporcmnen los mejores valores de
la ng;dez y el amortxgudmrento conespondmn te a zapatas enca;onadas

El empleo de elementcs finitos sirve tambien de gran auxiliar en .el estudio del
compﬁfta}hlento dmanpco de las mmentaéxones y de los efectav producxdos po. la
eqtraufxcamon y el encajbnémwento, algunos trabajos al’ respncto son Hos de Lqug,r (rof
17), y. Kausel (refs 24 a Zé) Este ul*zmo medxante un moddamdxmenswnal axmmntr'co
sometido a cargas dmamlcas o desplazamxentos no ammmetncos, obtuve . para el casr: de
cimentaciones circulares apoyadas en. la saperfzcre ‘de un medio eldstice’ de profundulad
infiniza, valores de la ngic‘ez v.del amortiguamiento muy similares a los que se ob ticiien
en el SE"I]]C‘SPI]CIO elasnco En su anahaxs del efecto de’la’ proxnmxdad dela roca, Kaousel
encuentra que las ngldeces cstaucas para les modos honzcntal  de cabnceo {los_unicos
que anahzo) se: pueden actener medxante h

- N . . ver -, e - PN -
B S o L A T N S AR S e T e,

a) Movimiento horizontal .
e S T VT A S N

- e e, s, s ‘
PRI - -

&.:R iR
ky, o —— el
e oo B0 R)
"paraR/H < 1/2
b) Movimiéri\t:o'hdé"p'ﬁa'b'epéo‘ S
A kS ey 0
e "‘f'zu.-u}‘.,‘fén)
‘ o Pura R/’H 1/2

La limitacion de R/H < 1/2 se debe a que para valores mayores que esta relacién, las
expresiones sobrestiman las rigideces estaticas.

En cuanto al estudio tridimensional de! efecto de encajonamiento a través del elemento
s . ., ! ) . .
“inite, Kausel presentdé aigunos resultados aunque no los suficientes para sacar

B
¢

A
)]
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conchisiones practicas. Sin embargo, es muy factible que en un futuro proéximo sea el
método de elementos finitos el que permita estudiar mas convenientemente las distuntas
modaidades que existen en los casos reales,

6. RESPUESTA DE CIMENTACIONES EN UN MEDIO VISCCELASTICO

Para fines de disefic, es importante tomar en cuenta el amortiquamiento interno del
sistema, ¢s decir, el amortiguamiento histerético o viscoso. Para ello se pueden emplear
los resultados de Veletsos vy Varbic {ref 15) en su estudio sobre cimentaciones vibrando

en un medio viscoelastico.,

Una forma mas simple de considerar el amortiguamiento interno, aunque desde luego
menoes aproximado, es aplicar el criterio sugerido por Whitman y Richart (ref 27); dicho
crilerio consiste en determinar los efectos combinados de los amortiguamientos radial e
intcrno, suponiendo un valor tipico de amortiquamiento interno de 0.05 y sumar cste
valor al amortiguamiento radial obtenido con la teoria eldstica.

Iste procedimiento simplificado de sumar directamente los amortiguamicentos estda basado
en ¢l estudio de los resultados obtenidos por Lee (ref 28) en su trabajo sobre
ciinentaciones en un medio viscoelastico, v en la comparacion de los resultados que se
obticnen, en las respuestas maximas, entre los valores exactos y los obtenidos de sumar
los dos amortiguamientos; ambos valores resultaron muy parecidos (ref 23).

Para los modos vertical y horizontal, el amortiguamiento interno resulta relativamente
poco importante con respecto al amortiguamiento radial; sin embargo, para los modcs
torsional y de cabeceo, el amortiguamiento radial es muy pequefio y el interno resulta
importante. La tabla 4 presenta un resumen de algunos datos disponibles relacionados con
el amortijuamiento interno en suelos al nivel de los esfuerzos que ocurren en
cimentaciones de maquinaria.

Una forma de estudiar directamente el efecto del amortiguamiento interno es a través de!
método de elementos finitos. En uno de los trabajos de Kausel y Roesset (ref 26}, se
indica que el efecto principal de dicho amortiguamiento es la suavizacion de las curvas
que senalan la variacidbn que ea realidad tienen los coeficientes de rigidez vy
amortiguamiento con la frecuencia de excitacidn; la fig 15 ilustra este efecto para los
modos horizontal y cabeceo, y en ella se puede ver la gran dependencia que pueden tener
estos coeficientes en el amortiguamiento interne, cuando la proximidad de la roca es
relativamente pequeria.

/. CIMENTACIONES CUADRADAS O RECTANGULARES

Si la forma de la cimentacién es cuadrada o rectangular, el valor de k se puede obtener
en forma aproximada con la tabla 5 y la grifica de la fig 16. Los valores con este método



.,umcmpmco son practxcamenie iguales a los calculados con la tecria exacta de Elorduy
(refs 29 y 30) Existen - tamblen sstudios de cxmpntacxones rectangula:es. sobre un-medip
viscociastico (ref 31), aunque los resuitedoo obtnmdc\a no se han prescme_do en fcuua
practica.’ - R o O A NTIN T A

L . < P s -
AUl RV N N I S P (SRR ™ .t o] 0t

En cuanto a los valores de amortiguamiento, Dy, v la masa efectiva, M;f‘,de cimieatos
cuadrados o rectangulares, estos se obtienen mediante una cimentacién circular
quivalenteq la que debe tener la misma area (cuando los movimientos son verticales u
homomtﬂes) o ol .niismo mamento de-inercid {en el caso de cabeceo) que la cimentacion
rectzpguiar; €l radic de una »bage circular equivelente serd

BL . :
R= —— para movimiento herizontal o vertical :

BL’
—_— pa*‘a cdbeceo o
NS O

~

Una vez establecida la cimentacion equivalente, se podrdn emplear las tablas dispeniblés '
para bases circulares, por ejemplo, la tabla 1, ‘1_‘

8. DETERMINACION DEL MODULOC G L o

“.

La rigidez k mﬂuye directamente en la determmacxon de la frecuencia de rescnanma v la»
magnitud de los mowmventos a. fre*uenmas relat.wamente ba;as y/o 1guales a la de
resonanma Estas y algunas otras razones hacen que sea el parametro m 1mpo tante én
el diseiio de cimentacidon de maquinas. " Dos de las caracterlvt.ca.s “del sn_e 0 que mﬂuyen (
directamente en su valor, son G y v. : o

En la mayoria de los sueleos, el valor de v varia en un intervalo relativamente estrecho: "

0.35 y 0.4 en arenas, v cerca de 0.5 en arcillas: saturadas; en cambio, el valor de G

depende del nivel de deformaciones y es funcion f,undaméntalmente dee y Gg. (Existen

algunos otros factores que mﬂuyén en el valor de G, tales como los efectos de duracion "
de la carga aplicada y el de la historia de esfuerzosque Rmhart (ref 32) mencama en uno

de sus trabajos; sin embargo, dichos efectos son secundanm en comparacion cone y dy. )

La determinacién de G se puede hacer meadiante los procedimientos que a continuacidn se
indican:




I

Fit

0o o formutas

b oon formulas semiernpiricas gue dan el valor de G para niveles de deformacion
penores de 1077 cm/em {en dichos niveles el comportamiento del suclo s
oracticamente elastuicolineal). Quizéd la formula mas comun es la de Hardin y Drnevich
aefl 33), que proporciona muy buenos resultados para valores pequefios de la relacion
do vacios {e<2.0), y es, ademds, véalida tanto para suelos cohesivos como no cohesives.

Y 1
G 1200 (15«2-)@ (OCR)? (ao)” (13)
+

donde ¢ ¥ G deben estar en 1b/pulg?

6R+62+63

Jp =

OCR es la relacion de preconsolidacion (0,:,/00) y a depende del indice de
plasticidad (fig 17). '

Para el caso de arenas, Seed (ref 34) emplea la expresion
_
G= 1 000K, (d,)

donde K, depende de la densidad relativa (tabla 6).

Puesto que G es funcidén de los esfuerzos efectivos que se tienen en el sitio, y la
resistencia no drenada de suelos normalmente consolidados, S, también lo es, debe
suponerse que G se puede obtener a partir de S5 ; al respecto, Whitman (ref 19)

recomienda emplear

G=16008,

para valores de deformacién angular entre 107 y 107,
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Prgebas.doelaboratorio

"Rekonandia_en 'una®columna de suelo. Este. procedimiento consiste -en aplicar uvi

‘meinento torsionanteen ia - parte “superior de "una p:obmta cilindrica de suelu, v
‘" obtener les frecuencias en las gue ‘ccurren los valores ide respuesta max;mc.», £s
. decir, las frecuencias de resonancia. Para el caso eén -que la probeta esté, ija en su
" ‘base y libre-en su.parte superior, las frecuencias de resonancia-estan dadas por.’

~ oy - - &
“ e . T 2 . [ s,
- v - - - s

C,

DRI 14
(Zﬁ 1) e 4}4 (“ )

iy M A L

wEae

n.: numero cntsw e 1 f ;aara ea madg ‘umdamentd)

z i
I ~ - P o

H altura dela probeta

C_  velorcidad ‘de onda:al cortante

L
<

De la ec.14 se obtiene C, ¥ elvalorde G meédiante

"G=JDC: {15)

R St -

chmca pulsatwa Cons.lste o en colccaa vanos cnstales splezoelccmcos -en Cuda
cxtremo de *una ‘probeta de "uelo y aplicar un pulso eléctrico en los cristalds de
uno :de dos extremos {ref 19). Dichos cristales -2stdn manufacturados en forma ial
‘que producen una. distorsién «al cortinte cnando se aplica un pulso eléctrico, con
Jo _que:se origina una 'onda transversal de esfuerzos ‘que, pasa a traves de la probem
de quelo. La. <onda ‘€8 xreglstmda en Iel «ctro >extremo v su velemdadx e determa
dlrectampn te mediants, L S

ERPRE r ot . . ,
P R . B . IREEEN] . vy

»4'1 ! <
. A . Shena

B ' ot , v P " > Lys
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S o H e
C o
ar T : : e
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‘Donde At es el tlempo gue tardéf,lva‘o‘x'ljd‘a en ir de un ~ext§ezﬁb al otro.
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Yrucbas da carmpo

Fiaploo de un pequerio vibrador. Esta técnca estriba en medir la longitud de onda
v;._xpc_x:fu:_i:ﬂ que genera un vibrador, trabajando a una determinada frecuencia, en la
supcriicie del terreno (fig 18). La longitud de onda se determina moviendo un
rcceptor a lo largo de una linea radial al eje del vibrador, y localizando los puntos
gue estan en fase (refs 1 y 35). Al cambiar la frecuencia de excitacion, se puecde
variar la longitud de onda y, por tanto, la. profundidad de inspeccién. Una regla
semicmpirica es suponer que el mdédulo calculado mediante este procedimiento,
corresponde al valor que dicho médulo tiene a una profundidad del suelo igual a
M2 (X, longitud de onda)

Mdétodos geofisicos. Se pueden utilizar en forma indirecta para calcular G. En
efecto, mediante los procedimientos que se emplean para determinar las
velocidades de propagacion de ondas dilatantes, se puede hacer uso de las
relaciones que existen entre C;; (velocidad de ondas dilatantes) y C,. La relacion

esta dada por

C 1-2v c
s~/ 2(1-v) D

Teniendo Cs, el valor de G se cbtiene mediaante la ec 15.

Como se puede observar, la relacién de Poisson, v, debe conocerse para el emplec
de esta técnica. Detalles de la forma como se realiza la mediciéon de Cj; mediante
este procedimiento, pueden verse en las refs 5 y 36.

[

Método de hoyos en paralelo (cross-hcle method). Este método (fig 19) consiste
en determinar las velocidades de las ondas cortantes que se propagan y se detectan
a diferentes profundidades en perforaciones hechas ex ' profeso. Cuando el
trasductor que capta la sefial de salida se encuentra en la parte superior de la
varilla de impulso (fig 19a), se debe hacer una correccion al 'tiempo de llegada a
fin de considerar el tiempo que las ondas tardaron, en viajar por dicha varilla. El
proceso puede facilitarse en el osciloscopio si la direccién del '\mpacto se cambia
en cl sentido opucsto; ello se debe a que las trazas generadis divercen en el
momento en que las ondas cortantes llegan (fig 19b). Mayores. detalles de este
procedimiento, que es uno de los mas empleados para determina' el médulo G a
niveles pequeiios de deformacién, se pueden encontrar en las refs 5y 37.




Mhora “bien, }tomando .n cuenta gque en general Tos esfuerzos efectivos'y Jas caracieris;.cus
de} suclo varian -con la proﬁmdldad ¥, por tanto, el valor dei; médulo Grtambién cam};m
ss¢ presenta ‘el problema de determinar la profundidad a la'cual debera escogerse el v“]r\f
e 3 que se va -a -emplear :en 6l cdlenio «de k. Ep general no existe Ui -.nte,noumco Dara
ta_solucion de -este problema s, han propuesto varios p'of‘edumemo'; C’TﬂD]l‘leS a]quru

de Jos Cud}CS 5¢ menmonan a connnuacmn. . S B
- - SN . P [

\

Cuando e «conoce ‘G, con da profu ldidad ‘Whitman {ref 19) recomienda usar>ila
jprofundidad- correspond.;ente al punto medio -del ‘bulbo de presiones; dicha mprofundidad
e5td Cdada por T

gonde -
e )T'A. R L

D d:.ameta‘o (red! o eqmvalente) de la.cimentacion

-

' ' \ - &
@, ‘0,42 veces los esfuerzos estdticos .aplicadosven 'la superficie (o .sea el
esfuerzo vertical -efectivo -ala profundidad de 374 ‘D, originado :por -l
;peso de la.cimentacion y.la maguinaria).
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Si-se emplec, Jas formuiu .de “Hardin y Drnevzch ,)ara el calcmo ader <G fes recomnndable
también -determinar dos esfuerzos efectivos a a :mitad :del bulbo ‘de ‘presiones {374 D), es
decir, 0, se calcula en funcién de

A RN
> B L

1. G,y Gy, ‘debidas -al sobrepeso «del: suélo a-esa;profundidad

2. @,y producidaspor el:peso della-cimentacion. . .

Richart ct al |(ref 5) propone que la-profundidad equivalente sea-aquella donde:&lwalorsde
Gq , calculado a la orﬂla .de lu ‘cxmentucmn -sea minimo {fig,20).
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3. ALGUNAS FORMAS PARA ESTIVIAR DERECTAMENTE k

Pruebas de placa

La estimacién de k mediante pruebas de placa, se-hace -aplicando scargas repnetidas
(flg '21). La magnitud de das cargas estdticas y .dindmiicas :lébz ser ssimilar . %la
esperada. - : e




A

paikan vef 38) regqstra excelentes correlaciones entre los valores estimados de la
frecuencis de resonancia (caleulados con los resultados de pruebas de placa) y los

3

deierminados experimentalmente,

Para extiapolar las rigideces obtenidas usando las placas de areas pequefas a las dreas
reales del prototipe, se pueden utlizar las recomendaciones de Terzaghi (ref 39) para

cargas estaticas; es decir
Srelo cohesivo kprototipo" Ky giamC

. C+ly2
Suelo no cohesivo iﬁnototipo = kl'diém(T)

donde

tamarfio menor de la cimentacién

tamano menor de la placa

Pruebas a base de un vibrador

La prueba consiste en colocar un pequeifio vibrador sobre una placa de 12 a 30 pulg
de diametro. La frecuencia de excitacion se varia hasta alcanzar la condicién de

resonancia, y el valor de k se obtiene mediante

k= (f 27)* M

donde

M masa del vibrador y placa + la masa efectiva del suelo

1

Los resultados que se obtienen con este procedimiento son wuy similares a los dec la
prueba de placa, solo que la interpretacion correcta de los datos'resulta mds complicada y

dificil. «
Correlaciones con el moédulo de reaccion

Para analisis preliminares de disefio, pueden emplearse las corraciones que exisien
entre las constantes de resorte y el Llamado modulo de reacc™sn eldstico. Dichas

correlaciones son:



movimiento vertical k, = ¢ A
movimiento horizontal k, = ¢, A

movimiento de cabeceo  k, = crl’

i

T _‘ o mcxﬁnﬁientb;iog:}sionagieﬁ k{s; c,\[;I'"'T
N area de zontacto enlre la cimentacion y el suelo I ,
r segund%; mornento del area de con tgacté alred?dorde]e]e hO‘l-‘i‘ZhOl’lt&l (';uc pasa

por el centroice del drea v es normal al plano de cabeceo

1" sequndo momenic del drea de contacto alrededor del eje vertical que pasa
por e} cantroide del drea T ‘

Los coeficientes ¢, ¢, ¢, y ¢ sonjos moduolos de reaccidn que dependen del tipo de suelo,
asi como del itamaiio v gecmetrm de la cimentacién, Existen, sin ernbargo, tablas que
relacionan dichos cceficientes solo an fumxén del: txpo de suelo; al respectw, Barkan (ret 38)

proporciona la tabla 7.

9.1 Cimentaciones piloteadas ‘ Lo

Desafortunadamente, e«;ta'pgrtn de la dindmica de suelos no se ha desarrollade 1o suficiente
cémo para ofrecer métodos racionales aplicabies 2 toda clase de problemas practicos. « .
Dentro de lIos métodos mas simples y més prééticos estd el propuesto por Méhwell et al {ref
40) ¢l icual se basa en losresultados que se obuanen -a partir de pruebas dindmicas reah?adas
en pxlotes pro tch;ec sobre los cuales se coloca un oscilador en el Gue varia la i‘mf*uencna de
excitacion (fig 22)." Lcs +parémetros del sistema equivalente de un grado .de hbcnad
obtenidos a partir-de los datos obsermdas y recomendados por estcs mvmsngadores p\lra ‘el
modo vertical (el Gnico que estudiaron), son: ’

~
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donde o o, L Ce . -

“k . * - constante del resorte

4 - . - Sty A Twta

.6 . coeficiente de amortiguamiente et e e




M masa sobre el terreno, que incluye la del oscilador, el cabezal ylacarga e: dtica
) fuerza de excitecion periddica

Q, amplitud de la fuerza de excitacion

t tempo

w  desplazamiento periddice

W amplitud del desplazamiento

a  angulo de fase entre Q, y W

§2  irecuencia circular,en rad/seg

En la resonancia « es aproximadamente 90° y la expresién anterior de la rigidez se reduce
a la siguiente ‘

ko = M2

donde Qo es la frecuencia observada de resonancia.,

Considerando que el amortiguamiento critico ¢, vale 2M£2,, la relacion de amortiguamiento

, ¥ el desplazamiento maximo por W = @
c 2koD

se obtiene mediante D =

olo

En pruebas experimentales realizadas por Maxwell et al en pilotes circulares de concreto v
de acero con seccion H, se encontrd que los, amortigua{mientos a la frecuencia de
resonancia eran relativamente pequefios (del orden de Dy = 0.06) y que la rigidez
dindmica aumentaba considerablemente si el cabezal se encontraba en contacto con el
terreno natural, y ligeramente con el aumento de la carga estatica.

Al considerar la variaciéon de las frecuencias de excitacion y definir como relacién de
rigideces a k/ko y de frecuencias a  §2/£%,, los resultados experimentales de estos
investigadores sefialaron que, en generil,la relacidon de rigideces disminuye y la del
amortiguamiento se incrementa cuando la relaciéon de frecuencias aumenta (fig 23). En lo
que se refiere al grupo de pilotes, concluyen que se estd del lado conservador si se
considera como amortiguamiento para el grupo el obtenido a partir de pruebas en pilotes
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individuales, y que “la rigidez se puede wnsnderar sxmplememe como la suma de las

rige d?ce., de cada p ie,

B

3o well y Saxema {ref 41) ieccmmnr"ﬂn, para 2l caso de pdotss de punta, utilizar .
szslemn de do.s graaos de hbertad mwﬁm&a en la fig 24 dond

“ ‘

~
4 N \

m; masa ,'tota,l del sisterna cimentacion-magquina
nd ’ 3 SE e et . ‘r caT ! ! N 2 ] i

.

kf figidez™ de cada pilote; se obtiene mediante la teoria simple de colurnnas;
s . P TP o A o i
e pcr eJempﬂo Dara ael mcdoverucg} kps-T—; donde L, Ap y E,/§en
S N 1o \i Ve ; 4! ? - p .
re’sbécﬁva}:fémé l'c“mgistud; érea g médulo de slasticidad del pilote
Ky rigidez del grupo, es 1guai a ia rigidez de cada pilote multiplicada pof el
= FETES ‘, . .'nﬁmﬁ'{.’) Kuta}»dﬁ::‘ pﬂﬁtﬁf P .‘.“_'h"_:rn';n', ooty »:; B T L
" e 'amortxguamlento del sr'tema mmentacxén-maquma obtenido a traves de
B ,:wbracxones ubres S o ;

R cw i
£ T et LT L . . e .

m, ¢, v k¢ son los parametros del suelo sobre el cual se apoyan los pilotes, y se obncne
medlante la teoria deeA\sem1e¢pac1o.‘e1a'=two (tabla 1). El problema principal. en este
procedlmxento sugendo por Boutwell y Sayema estriba, precmamente en la correcta
determinacién de estos ultimos pardmetros. . o R N

L.

.o Vo . v S [ PR A\”'»\!?lr ' -
¥ PR . 4<-~kxh'. PR e

‘ S .
P:ara el mommxento vertu‘al la mﬂuencma qup -tiene la carga axial .y la.fongitud delpilote

sobre la frecuenc;a de: resonanma en. pilotes de punta -se_ilustra-en la fic 25 obtemda por
Richart (ref 43) L;cha figura muestra gue 2 medida que' lz carga. ama.i se incrementa y/c
la longitud . del ,.-ﬂote aumenta, la_ freuuencm de, resonancia- disminuye: ‘El mismo autor

sefiala, en otro de sus: nabajos (ref 5}, que la contribucmn dc un pﬂote 2 la mgzdez connau

la' torsion de una zapata, esta daaa pm‘
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b . ' . e ,_:l’;_k - i
.. d * diametro del pilote N
, V. - v . o ‘o . W
XKy méduio de reaccidn del suelo ¢ e

N

iy a7




1 longitud del pilote
r radio de la zapata

(EF),, factor de eficiencia para un pilote rigido que considera el efecto del
movimiento del suelo

(EF)p factor de cficiencia que considerala flexibilidad del pilote

Trabajos recientes realizados por Novak y Beredugo (refs 42,44 y 45) ofrecen resultados
mas realistas y por tanto mas confiables. La tabla 8 sefiala los valores correspondientes a
los cocficienies de rigidez y amortiguamiento para los distintos modos de vibracién.

las funciones f;; 4, f;1.2 ; etc, dependen de las caracteristicas del suelo y del pilote v se
obtienen a través de la tabla 9 y la fig 26. ‘

De acuerdo con los resultados teéricos de Novak (ref 42), las cimentaciones piloteadas, en
comparacion con las cimentaciones por superficie, pueden tener mayores frecuencias
naturales, menores amortiguamientos y mayores amplitudes en la resonancia. Como
consccuencia de estos resultados, Novak establece que ‘“los pilotes pueden eliminar o
reducir asentamientos permanentes, pero” no pueden eliminar vibraciones”. -

10. CONCLUSIONES

La respuesta de cimentaciones superficiales de maquinaria se puede obtener a través de
sistemas equivalentes de un grado de libertad, ljos que estan constituidos por una masa
;oncentrada que representa la masa de la maquinaria y la de la cimentacién, uno o varios
-gsortes que simulan la rigidez del suelo, y uno o varios amortiguadores que representan
ia pérdida de energia que ocurre en el sistema maquina-cimentacién-suelo.

Los wabajos teoricos sobre la teoria del semiespacio eldstico y viscoeldstico que hasta la
‘echa se han desarrollado, permiten, desde el punto de vista matematico, evaluar
correctamente los parametros de disefio que rigen los sistemas equivalentes. Faltan, sin
embargo, datos experimentales que permitan determinar la influencia que puedan tener
otros factores en el verdadero comportamiento de los sistemas reales.

Para el caso de cimentaciones pilotead»s, existen procedimientos que utilizan sistemas de
uno o mas grados de libertad; sin s:aixu40, el método sugerido por Novak es el que hasta
ahora ofrece mejores bases y es por tarto el més recor.endable. El empleo de programas
de elementos finitos puede ofrecer, en un futuro proximo, considerable auxilio en ol
analisis de esta clase de cimentaciones profundas. L
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)

Los' efectos- principales del encajonamiiento .de la cnme"nfucu‘)n es aumentar Ia ngldaz v el
amortiguamiente. En lo que se refiere a la-estratificacitn, los efectcs que se pueden tener
por el hecho de permanecer la roca basal a relatwa poca profundidad, es un aumentc @n
el.coeficiente de rigidez v una disminucién en el coeficiente ds amortiguar rniento; mchm
efectos resultan pricticamente despreciables cuando la re?acxén H/R (pmﬁmdrcidd du‘ la
roca/radio de la cjmentacién) es mayor de'S. -

N “ i .
En compar.,cron con las' cimentacicnes por supe.ficie, las cimentaciones nﬂoteadas pueden
tenér’ mayores freclencias natureles {como consecuencia del aumento en ln ngvdeza,

menocres amortiguamientos v mayores amplitudes en la resonancia.

o
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TACLA T,

5

YALORES DE LOS PARAME ' ROS EQUIVALENTES EN CIMENTACIONES
CIRCULARES® APOVYAIAS EN UN SEMIESPACIO ELASTICO (ref 19)

i RELACIONES DE ?
‘ TIPOC OE MASAS K Do Mef ‘
; EXCITACION MODIFICADAS i
1-» 4GR 0.425 M t
Vertical B =—Db —— 0.27 — !
Vo4 1-v \ /Bv B, !
o 2 8GR n.29 M '!
Horizontal By = -— b - 0.095 —
8 ety +/ Bh Bh i
|
3(1-v) 1 8GR? 0.15 1
Cabecen B e e e — | 0.24 —
i 8 R 3(1-v) {1+ B,WB, B,
° L_os volores se obtuvieron de \gupler tas amplitudes méximas..iaterminedas con la teor(a del semiespacio, con .5
determinadas con los sistemas equivalentos
I momento de inercia de o mesa con 7especto el 8je de giro

TABLA 2. VALORES DE K PARA DISTINTOS TiPOS DE DISTRIBUCION N7 FSFUERZQOS

{ref 19)
aw) i
DISTRIBUCION DE K _ , parav=1/4 g
ESFUERZOS ' l
’ T m‘
Base rigida 4 0.188 ;
Uniforme T 0.239 ;
§
Parabolica (3/4)m 0.319

O
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~ ENCAJONAMIENTO

- TABLA 3. EXPRESIONES APROXIMADAS PARA CGNSIDERAR: 5L EFECTO DE

MODO

-

kiko™ -

i

D/D,

Vertical

“ T 140.6 (1) —
B G

14 1.9.(i-9) h/R

: ‘0;2‘.(glb)(%)’

Vk/ke

. g ik .
o I S h 1419 2-)h/R  °
Horizontal 1+0.55 (2-v) =
e o, R: . Vk/kg ] .
| -: 't Ty A , 0 . h ) - /} \3 :
Cabesso [N Ee1z0age 1070 geos@g) |

~

/TABLA 4. AMORTIGUAMIENTO :TERNO EN SUELOS (ref 27}

t
H

AMORTIGUAMIENTO

TIPO DE SUELO EQUIVALENTE
Arenas y gravas secas 0.03.a 0.07

Arena saturada o seca

0.0120.03

Arenas y gravas satvradas

. 0.05a0.06 .

Arcilla

0.022.0.05-

Arena limosa

~0.03a70:10 -

% o
EAE N
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TABLA G, CONSTANTES DE RESORTE PARA (INA BASE RECTANGULAR RIGIDA
APOYADA EN EL SEMIESPACIO
CONSTANTE DE
MOVIMIENTO RESORTE*¥
Vertical
Horizontal kK, =2(1+v) G,’ihx/ﬁ—lj
-G
2
Cabeceo k "1 BB
e Los valoras de ﬁv, ﬁh Y 5', estén dados por e fig 16
b 8= ancho de is cimentacidn y L= iongitud de lg cimentac.we. w4 plano de rotacion en coso de cabeceo) Q

TABLA 6. VALORES DE K, V5 DENSIDAD RELATIVA

| DENSIDAD RELATIVA K,
? 30 34
40 40
1 60 .52
75 62
90 7o




TABLA 7. VALORES DE DISENO RECOMENDADGS POR BARIKAN PARA‘CV*

! - |CAPACIDAD DE CARGA ESTATICA ! COEFICIENTE o,
3. - TIPODESUELO - |~ PERMISIBLE, en kglem® -~ . E en kg/cm3
e N M

‘ ' ‘ \ i
= Suelos blandos =~ -+ S ~~<,l'5' ‘ ; <3
. Suclos de resistencia media |’ L ;;'1.5 -85 i - 3-8
1j"S‘1eibs:aiesistgnt¢s {avcillas’ T &5-,-5 N 5-10
~""duras o agehaS'cognﬁactas} ( .
Rosas - N ST S (¢
K TN T VL IV -

Los vaicw* di, €y &, G yc,ce puedun esnmar cov las relumones

o “oL

s P , ch=\cv/2'" cr= ch;‘r_;éu %cv

TABLA 8. coes caemes DE RIGIDEZ Y AMOF’.TaGUAm!EN”O EN LA TEORIA
.DE !\,OVAK (refd2) .o L T

Do, MODO . ko D g
g TN { . RS oy o . Py ',’.’. a4 . Al i - N .
g \\ ¢ o b ) ‘
: - . . BLA co e e, BOA
: Vertxcal P P
! T hea , v f1s.2
' - e e nmnd v APk B ¥k e L o - i . 5"
[ S P ‘W“ 2 [ . ..E,_I s‘ - fm“m” wrad ws J o - . E I
. < P . ¢
Horizontal .. - e S VS TR e
‘ L 2 To L e fo Vs
; o - L EI ST -~ E I
S T ok 7 LU SR
P To Ao v, 2
P o o Ep I- BEoi )
i  Acopladas’(horizoutal. © gy o e - ; £
. r k
y de cabeceo) 9
A, érea de la seccibn transversal del pilote Ep midulo de Young del pilote
i momento de inercia de la seccién transversal r¢ radiodel pilote

vs velocidad de ondas cortantes en el suelo

.as funciones f! 1.0 f, 1o etc, dependan de las caracten’s‘icas dei é‘uelo y del piloie, v se obtienen 2 través
21a tabla Q y la fig 26,




TABLA &, PARAMETROS DE RIGIDEZ ¥ AMORTIGUAMIENTO f,, iy v f,, PARA
ILOTES DE MADERA Y DE CONCRETO CON I/ry>5 (ref 42)
5 v PARAMETROS DE RIGIDEZ JARAMETROS DE AMORTIGUAMIENTO §
4 o '{fj‘ t71 f9.1 frea t7.2 f5.2 17
0017|0202 | 00194 | 0.0056 | 0139 | -0.0280 | 0.0004 |
0.02 | 0.265 | -0.0388 | 00100 [ 0200 | -0.0566 | 00238 |
0.4 0.7 1005|0349 | -00582 | 00185 | 0243 | -00848 | 0.0433
(Concreto)| 0.04 | 0.403 | -0.0776 | 0.0284 | 0281 | -0.1130 | 0.0674 %
0.05 | 0.450 | -0.0970 | 0.0397 | 0314 | -0.1410 | 00942 |
|
0.01 | 0265 | -0.0336 | 0.0082 | 0176 | -0.0466 | 0.0183 1
0.02 | 0374 | -0.0673 | 00231 | 0249 | 00932 | 00516 |
0.4 20 |003 |0.459 | -0.1010 | 00425 | 0305 | -0.1400 | 0.0919 |
(Madera) | 0.04 | 0529 ' -01350 | 0.0654 | 0352 | -0.1860 | 01460 |
0.05 {0592 | -0.1680 | 0.0914 | 0394 | -02330 | 02040 |
: '
0.01 [0.195 | :0.0181 | 00032 | 0135 | -0.0262 | 0.0076
0.02 {0275 | -0.0362 | 00090 | 0192 | -0.0529 | 0.0215
0.25] 07 |0.03 {0337 | 00543 | 00166 | 0235 | -0.0793 | 0.0395
(Concreto) | 0.04 | 0.389 | -0.0724 | 0.0256 | 0.272 | -0.1057 | 0.0608
005 | 0435 | -00905 | 00358 | 0304 |-01321 | 00850 |
j
0.01 [0.256 | -0.0315 | 00074 | 0.169 | -0.043¢ | 0.0165 |
0.02 0362 | -0.0630 | 0.0209 | 0.240 |--0.0868 | 0.0465
025 20 [0.05 [0444 | -0.0945 [ 0.0385 | 0293 |-0.1301 | 0.0854 |
(Madera) |0.04 |0.512 | -0.1260 | 0.0593 | 0339 |-0.1735 | 01315 |
0.05 10573 | 31575 | 0.0828 | 0379 | -0.2168 | 0.1838

1
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Fig i 2. Coeficientes de rigidez y amortiguamicnto, seg&zi Luco (ref 16)
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1) .«ovimiento horizonial

Fig 15. Efecto del amortivuamiento ~ .erno.

b) Cabeceo

H,/R=2, v=0.33 (ref 26)
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G médulo al cortante = pC,

C}  velocidad de ondas transversales = fA
p densidad del suelo
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A longitud de onda

° Se desprecia la diferencis ontre las velocidade Je onda Ruyleigh y las tronsversales
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Fig 18. Determinacién del médulo al certante mediante el uso de pequencs vibraderes
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APENDICE. EJEMPLO DE APLICACION®

Se requiere determinar las dirmensiories’ de la cimeniacion «.adrada de una méquina que
pesa 2 700 kg, sujeta a una fuerza ‘diha'r’hicq de 680 kg, que opera con una frecuencia de
10 cps. Los requisitos que debe cumplir la“cimentacién son: 1) la maquina necesita
quedar 3 2 m sobre el nivel natural del terrena Y 2) la veiochad de las partlculas debe
ser ‘menor de 0.075 cm/seg. L o \

'\
‘v

Datos del terreno de cimentacidon. Se trata de un suelo hmo::rcmoarenoso duro, con un
peso volumétrico igual a 1.92 ton/m3 Los valcres de la veloc1dad de onda al cortante,
medldos in situ, estan dados por la fig Al )
. . Lo A
Los resu.ltados de una ‘prueba de plaf:a cuiadrada" de 1" x 1’, son los deila fig A.2.
e '
L

Célculo 'de G

El valor de k, con los datos de la‘praueba‘;dexplaca, es S
2000x 12 . N "
ST L 8x10° In/ple= 12x10° kg/m

0.003

* El ejemplo que s - esenta fue soaptado del original que sparece en la dei 12
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=N

De la tabla 5 y de la fig 16 para una cimentacién cuadrada, al asignar un valor de v= 0.75, s¢

g

k,{i-v) 8Bx10°(1-0.35) ,
; o = 2.4 x 10° lb/pie
2.16B 276x%1

0O sea

G- 1.187 x 10° kg/em? (A1)

'l sigraente paso es comprobar ¢l valor de G con las mediciones de C, ohtenidas in situ, ,.ara
le cus se determina el valor del esfuerzo a mitad del bulbo de presiones en la placa. Ly cuilio
cquivalente para este caso seria

r=/1/m= 0,564 pies
D= 1.12 pies

3/4 D= 0.85 pies
y los esfuerzos verlicales a la mitad del bulbo

a,+ 0.42* x 4000 lb/pie” + 0.85 x 120 Ib/pie’ = 1 782 Ih/pie?

0, = .8¢.5 kg/cm?

0.8910
=460cm-4.6m

Profundidad equivalente =
1.92 x 107?
Delafig A.l sededuce que C = 240 n/fseg, o sea

. 1970 S
G- pC. “ag X A0 - 13 % 107 kafem?

. 3
- Factor '« estuerzos cc -espondiente a una profuachiciad de ) G



(8]
(4]

10 que equivale a

Qe 113 % 10° kg/em’ / A.2)

. Como Jos vaicies de las ecs A.l y A.2 son prdcticamente iguales, se usaré el valor dado
por esta ultima en el disefio preliminar,

Disefio preliminar. T aforme la tabla 5, el valor de k para cimentaciones cuadradas. sta dado
jaloly 1

, | e =2 27168
i

por lo que al sustituir valores se obtiene ’ o

1.13x 1¢’ , e : :
= W x2.16xB=3.75x10"B (B, en'mewcs) (£.3)
Si se supone que la frecuencia de operacion es relativamente pequefia con respecto a la de
resonancia, s¢ puede aplicar la simplificacién: )

V QX ﬂ P0‘ 4 1 + Po
max =TT k| 1-(Q/w)? k
o sea que el vaior requerido de k serd
. P2 T . 680k (2.410)
~ velocidad de disefio/factor de seguridaa . 0.075/2 Farem
k=1.14 x 10? x

. Delasecs A3y A4 sechuene que B=3 m, por tanto, la cimentacion mostrada en la fig
A3 puede suponcrse como diseiio preliminar.




Rovision del discfio preliraaar

Para un andl'sis vas acialiado def disenno, se calculard la masa total del sisiema

a) Masa de la maquina (M)

2Tk
m" 98 """ mseg?

23 Masa de la cimentacidn M)

iy vol x Tconcreto 3x 5: 2.6x 2406 56 160
c” 9.8 i 9.8 "~ 9.8

M_ = 5 730 kg/m/sey”
¢} Masa efectiva de suelo (Mef)

Radio equivalente = v/9/n = 1.69m; R” = 4.85 m?

M 9730 + 278

PR’ 1920
g *485
- D.65x6
B ity 200X g c
Vo4 4
Dela tablab
M 0.27{ous8) kg
M =2 9_27 — = l 663
ef . 0.975 m/seg?

d} Masa total

Esta masa esta dada por

My, + M+ M, = 278+ 5730+ 1663 < 7671 kg/m/seq?



57

srofundidad equivalente
Se estima ahora el pumo medic del bulbo de presiones; para cllo primero se caicr ardn
los osfuerzos por peso propio al nivel de dcsplante

20 .
. 56160 1609* 272 9= 6.54 ton/m?

A la mitad del bulbo de presiones, los esfuerzos totales son
3 3 i
o, (@ @D)e 0.42 x 6.54+ 3" 338x%1.92 - 76

7.6
Profundidad equivalents = T@? =4 m

- De la grafiéa-de la fig .5 'se deduce un valcr de C 230 m/seg. Calculando el valor de G,

se tiene

t

e

‘1930 U
G ZSOZxTé-=103 10 kg/m -lOleO kg/em®
y
k- 1.03 x 10 x216x3 1.03x10° 9 kg
m

[Eap—.

olese que en el cdlculo de k se ha esfgdé despreciando la profundidad de encajunamaenio
rde 06 m; ello se debe a que dicha profundldad es relativaments pequens vy que al
dmproc:.ula se esta dentro del lado de la seguridad. Sin embargo, s se deseara utilizar la
influenca del e.;~~ionamiento en k, se podna uuhw sguno 7 .os criterios senddados en @

cap 5.

Por tanto, 'a frecuencia natural del sistemna es

1 /1.03x 10"
§oaem [T T 18403
n zﬂ/ TE7 " 184




N

Calevulo de la velocidad maxim:

V. ol L 68 680 b

max k 1-(S/w) 7 1.03x10° 5 10y
18.4

Y ay= 5.8x 107 m/seg= 0.058 cm/sey <0.075

Si se quies  tener un factor de sequridad mayor de 0.075/0.058 = 1.29, deberd procurarse
aumentar k sin que M aumente, lo que se consigue, por ejemplo, al amphar la base de la
cimentacion, pero reduciendo las dimensiones superiores Para la cime .acio. de la g
A.4, ‘'sresultados gue se ohtienen son:

M, = 278 ky/m/seg?

M, = 5 861 kg/m/seq? Q
Mg - 27504 kg/m/seq”

Mrap = 7 643 kqg/m/seg?

¢ = 250 m/seqg

G - 1.22 x 107 kg/m*

k = 1.42 x 10® kg/m

£, = 21.7 cps

Viax = 0.038 cm/seq

2

i
7]
&

Se recomienda al iector verificar. a mauera o jeroicio, estos resultados.



enm

]

Profundidad’

T T ——
.

Csr &1 m/seg
00 200 300
i 1

o
i

10 -

!
)
1000 2000 3000 406 50 Carga,en (b

¥ ; T

En el 10° cicio pro-
dujo un asentomienio
de 0.003 pulg

- \

¥

Asentomientos

Fig A.2. Datosde la prucha de palanca

TR




60

&
i 2m
- |
i
T ? VA
» (f O ‘6 i
ﬂ‘ N

S T

Fig .3, Jimensiones pr-liminares del disefio de cimentacion

e

p— N }
| / '
: v 1
| ;) ] 8
t / i
b < \
i‘ /’ o 2m
|
.

- % | 0.6m
| b
R R R R T™™™

| s -
‘ 2.05m
F
)
\

Fig A.4. C'mensjor . definitivas le la cimentacion

Teoa



©
D)
C
p
C
O
Q
C
‘O
O
®
O
D)
O
O
0
g
O
(.
-
C
O
Q

superiores

estudios

de

unam

ingenierfa,

de

facultad

ITT CURSO INTERNACIONAL DE INGENIERIA SISMICA

M
>0

o

ANALISIS DINAMICO DE ESTRUCTURAS ESPEGlALES

3

i

SGARONES

! > i T

N b N . 4 [

“fen i A F i W { i

[ R 1 o ok m i

@mm; e e e R
.,.me/vu‘:?ﬁ. D S R s o

Bt RN
f
e o ] o

DR, PORFIRIO BALLESTEROS BAROCIC

i

JULIO-AGOSTO, 77

521-40-20

Tel:

primer piso. México 1, D. F.

Calle de Tacuba 5,

Palacio de Minerla



-

l




O wisae i s OHLINEAR DYR M1L< B T
T mlsan zoar 4 "INCREMLNTAL STIFFNESS METHOD‘ " S TR e
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1. INTRODUCTION R

R N R P

, JMany advances have, b9°n made in finite’ e1eheﬂt3tha0?yWWchh account for

LI T |

< 1
potn. n0n11n 2r geoqetr1c and mdterial behav1or. These- advanccs have recenL]y

v et

bean SL:mar1z°d Jn th° 11L rauu*e [e g., T=- 3] This non11near theory is 1n

|.l'

principle, app11cab1 to prubaems 1n both the static “and dynam1c regime. The
research errort d1reatco LO 1pvesb1gat1ng the usc<0a ‘the f1n1te element method

in- the ana]ys1s of stru;t;rﬂs undPr dyn1m1c loads 'compares jrather unfavorab]y

with its rap1d deveTopmnnL 1n the atat1C F°g1me. Y T P
“'"f., foo

\_10110w1ng the davoﬁupnant of a non]1near static f)niue-e1ement program

a1}

.companion, . arogram was star ed to study non11n ar dynam1c|prcb1ems,‘iPara11e1

w gt
s

. - i
';rqq1 t ions. viere made fr *wu 1abter probl em, w1th onitz) mxpec at1ons thaL the

<3
'cl* \A v, »\:
b J

;
<:>,‘ dy nam1c ptgp]em uou1d y1g]d to a s1mi1ar apploach In theievent it turnnd out
that ,hg§§’\ ere SLf:iC““nu shp.tcomlngs in the“converoence properties of .the

,~sleﬁent:us§ n and Jin tne n?J°;{551 pnoccdures odopted for the integration of the

-equations-i .‘¢1m éha“spab;,”tqrcadge conswderab]o deldys in-thezprog es@bqf,

the. study. This, b?Pnf,?F?Ffjff ; synopsws ‘of thg ‘results .obtaihed tg-date-which

‘are described rore completely in {4] ' As in the:static problem; [2], the,writers

i, :

set out ;to develop a base or nh.ch K g wéra1‘pUrﬁéée“finite'e]ement“pgggram could

et ,’,h,?‘

bz built for anﬁ]yzung nonlwnear oyn n1c probleins - This procedure seamad the

TR

mos § expedient apnroach s1n & much comHth p)o r}3ﬂ1no‘cuu1d be utilized from the
L/T Tih Y i it . i -
static progran.- .. . i . bl L
Tl g . R & R R R , . P
1i. - REVIEW.OF LITERATURE S R
S 8y . T N ’:‘ Nt . . R . )

, It is 1nL°rest1no to fiote that ‘the on1gLQa1 oev“Top agn § f the f1n1te
\"yl“)r‘! . ' “"" _’E'}F‘i""ﬁr—
element ﬂ”LhOd Vs directed t67the 'Solution of dynamic profylems 15]1
&i- pnasws rap d‘y svitched 1o static.solutions:and, it.is only recen tly that its

4 Pt
R A T PUAY) B

puLén ial ‘Tor o]v1ng comulax dynamic problems is._being rea’lzedtd The ear11est
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examples in the literature of the solution of a dynamic problem us,.yg the finit,
elemant method are those given in [6] and [7] where the linear solution for a (:)
shallow shell cap under a step pressure load was given. A more recent and more
general application of the method to linear problems was illustreted in [8)

where 2 nuclear containment vessel, an earth dam, and other complex structures

are examined.

Although the geometrically nonlinear static problem was formulated usi
the finite element method by Turner et al. [9] over a decade ago, it was not
until one year ago that results were obtained for the cbrresponding elastic
dynamic problem by Stricklin et al. [10]. In [?] the ehdations were solved in
an incremental form where the behavior was assumed to be linear for each incre-
ment and the problem was reduced to a series of linear solutions. In this
method a new set of equations was formulated for each increment. The method
acopted in [10] used the total form of the governing equations and transformed
the nonlinear terms into pseudo forces which were then treated as additional
loads on the structure. The difficulty arises in that these forces depend on
the unknow current displacements and must then be found by extrapolation or
iteration techniques. In [10] it is concluded, after éomparisons with paraho?i{i)
and cubic extrapolation schemes, that a linzar procedure is sufficient for
determining these forces. The results given in [10] apply to a shell of revolu
tion only with certain asymmatries of the applied load allowed The approach
used in [10] has been extended by Klein [11] to include other asymmetric prop-
erties of the shell structure and the loading.

The other nonlinearity we wish to discuss is material nonlinearity dus
to nonlinear constitutive laws as used in modeling the behavior of an elastic-
plastic solid. Two general methods for incorporating this behavior into a
finite element analysis have been developed, based on the Prandt]-Reuss equati:
[12] for an elastic-plastic solid, viz. the initial strain method and the
tangent modulus method. The tangent mocdulus approach corresponds to the
incremental method adopted for nonlinear geometry and therefore is the most
convenient and direct manner of accounting for both the geometric and materia}l
nonlinearities. The only references known to the writers for dynamic finite
element analysis with nonlinear material behavior are [13,14] where elastic-

plastic wave problems were studied. (:>



&
~ The pauc1ty of nonlinear dynamic results is in contrast with those

o),cwned using tne f1n1te dlfference approach together with humerical 1n;egrat10n
in t1m_. There is a ]arge body of literature surveyed in [15] cover1ng the area
of nonlinear e]ast1c def01nau1ons, and “which 'is primarily 'directed to the so]u-
tion of- dynam1c e]astlc defornat1ons, and ‘which’ 1s pr1mar11y d1rected to the soju-

tion oOf dynam1f e]astwc she]] buck]1ng prob]ems. The ‘works c1ted in:.[15] are
conccrn°d w1th so]v1ng nun=r1ca]1y the - coup]ed ‘differential °quat10ns of motion
¢f thé structuré. However, a method which is closer to ‘the finite e]ement approxi-
mation was developed initially by Witmer et al. [16]: In this approach the .
erUCture is d1scret1zed 1n1t.a1]y and equ111br1um eouat1onf'are written for. each

esarate division résulting’ in an uncoup1ed system whvch may {be solved: d1rect]y
Solutibns which 1nc1ude 1argn dlSpTdC°m=nts and, p]astwc de.ormat1ens have been
obtainkd by th1s method for a variety of preblems. It has also been extended to
cover goneral sh°1] structures undergoing three-dimensional de10rmat1ons [17
iany erper1n;nié1\progrums have;been carried ‘out Vith the purposg cf valwdatlng
frus mcthod and rood aor‘ &fisnt has béen showun betieen. the thsoryland °xpamment
[15- ]8] Thn drcwbacP w th the above so1ut1ons is- thut'theyzare Spec 1a],pu1pose
SOlUL]OﬂS restr1cted to cértain’ geomnurac shapes ‘divided into a régulan grid
pz Lerr, wbereas the TiHite elemént approdch-allows' irregilar structura] shapes
and gr]ds Approx1mate techniques Tor solving dynamic problems which lnclude
1erge p]ast1c de.ormat1ons have be&n devélopaed ‘and” aré based on the assumbsgon
that e]ast1c deformations may be neglected. These mathods .are descr-bed 1n an
extensive review by Symonds [19] whnre Lhu relative accuracy and merit of the
various athoh1mat1ons are discussed. There are ‘4150 the mode approx1maL1on
wzthods [40] based on the bound theorems of Martin [21; 2°] A cr1ter1on adopted
for the purpose of d°c1d1n0 hben ‘these approx1mate méthods riay be usefu] s that
the ener05 app]ued by the external 1oad1ng on the structure should ‘be abouL ten
times thé amount of energy wﬁlch could b8 absorbed elastically: by the - st*ucuu e

[19]. »

I11. THEQRETICAL CONSIDERATIONS
The basic ®quations for nonlinear finite elemant analysis are well under-
stood and will not be derived here. Instead, we shall quote the equatiens as

our po%nt of departure. By the principle of virtual work we obtain in terms of

1nitial geometry: N
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where [N] is an interpolation function that transforms displacements at the (i)
nodes to displacement at any point within an element.
[B] is the transformation matrix that transforms displacement rates at
the nodes to strain rates at any point in an elemant.
{0} is the generalized stréess vector.
[p] is the density matrix (the density takeg on its matrix form in

problems of beams and shells).
{P} is the applied load.

We may now linearize the equation by writing it in incremsntal form:

(NTT [p] [NJdVOa{u) = -

5 f alBl{o3dv® - [ [Blalo}dV® + a{P} + O(I) + 0(t™
\’l , VO \H'(J !

In the above tquation A{P)} should be understood to include the effects
of fellowing loads. The itwo error terms O(tm) and 0(1) are also included to
show that the solution in incremental form contains a discretization error due
to the current increment as well as an inherited error due to all previous in- {:>
crements. The error due to discretization in tima2 is shown as a function of tire
reised to the power m.

We now make use of-the linearized incremental stress strain relatior.-

which are written as
a{c) = [D]a{e} (3)
This equation is apprcpriate for elastic plastic behavior and has been outlined

for small strain in [24] and for large strains in [25].
Substituting (3) in (2) results in a linearized incremental equation

(M) & {u) = - (K] a fu) + & {P} + O(t™) + O(1) (4)
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or the Teft. ln the static case convergence to the true sol. ion may-be achieved

ry app1y1ng th= 1oad 1n 1ncrea51ng]y smaller, increments. A parallel.procedure
g2t & fdf the dynan1c case where the rate ‘of .convergence with decrease

TrRis equaiion can be specialized to the static case by neeols..* g.the term

pidas e 45 ined. The results of this analysis are discussed, later.
nsi der the' error term O(1) which w111 :be called. the residyal

P

~~~~~

1oad cqr é fion’fZﬁj nd cons1sts of writing the reSWdual equation. for! (])
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It is noted that this error term consists of eva?ua*fng the terms at
the” state before ‘the current -ificrément 'and that if nc'num°r1ca1 errors’ had been
1ntrodgge¢‘b1 previous 1n;r§m¢ptsﬂﬁhe error would be equal .to zero. It was shown
in [4] thé{“‘ﬁy“HnCﬂUdihg the rPésidual “1oad ‘correction in the dynamic. eguations,
one may obtzin. convergent solutions using time increments rewatwwe?y 1arge in
comparfison w.th the so]ut1ons obtalned w1thout the correct1on

f 7 %
r\ : . . . v -
AR AL I
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i,

{_PROCERURE
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v, SOLUY I
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o ”fhé seléction ‘6f an’integraticn schemé fon thé‘solufion'of tre:jncremental
equ af 6ns 1n the:uma aoma1n qsicritical with respectatgicomputational-efficiency.
A sa1tab]e soiution scheme ywhich allows a large time step ,and.yet g1y§§ an ..
accurate solution is that developed by tloubolts [27]  The Houbolt scheme is baser
on the third order backwgrds,differéﬁ¢ﬁ e{p[essiqn
1

A,{U% = ——2— .(.zéun_gy;yn_]?.AAyn-z:Au 4

Applying this to the condition for incremental equilibrium (4), we have

- - o ¥ . At E e e
- . ot - ‘ LI G . g . ' ’

(2;1-1]‘3 at? CR IS UARPES A{Pn;]}AtZ S

.

. o y 2
I - : I
| j [M] (ﬁA{gn] aaful _4) + 6lu, 1) + 0(I )at
~iere'n 'i§7a' subscript denoting the time at which the increment is takep.

This equation is solved for the displacement increment A(un+]),at
each step except the first where a special starting procedure mu.i be employed

[27]




(=

) ROTE ON SOLUTION CORVERGENCE

Haisler et al. [23] have reported on studies of numerical integratic.
schemes and their convergenc properties in the nonlinear static case. It was
there shown that the incremental finite element formulation gave satisfactory
results when the load increments used were small as compared with those adopted
in the solutions using the residya] load correction term. The nature of the
correction procedure was illustrated in [4] ‘where the order of the error for the
corrected and uncorrected equations are examined. The result was given for a
cne-dimensional mocel and serves to-give an order of magnitude estimate of the
grror.

In the static case for the solution without the residual load correction
and a slowly varying stiffness K, the total discretization error is the sum of
the truncation errors for each increment of the incremental approximation. This

error may be expressed as
dK

- - 3
L —2L au? + o(au’) (6)
2

* 1

U TN T T2
n

i
ne~—=

*
where u, is the correct total displacement after N load increments and Uy is
the displacement obtained by the incremental approach. It is noted that the

error 1s O(Auz) in the displacement increment. When the residual load correr-

-~

tion is included we find that

N
¢ 1. 29, 3
Uy Uy = g Ky 2o oy v 0(eun) (7)
n=2
where for Neven 2 =m -1, k =m
Nodd £ =m, k=m+1,
m = 2(gﬂ~%—l-, and fractions are discarded in the computation of the indices,

Equation (7) may be described by stating that for even N only the terms involvino
even displacement increments remain in the series and likewise for odd N and

odd displacement increments. In comparing (6) and (7) we see that the inclusion
of the residual load correction reduces the number of terms in the series by a
half. One could state that, approximately speaking, the error is halved in the
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Lo.rected eﬁuataons except for the fact that ‘the st1ffness quant1ty 1s in-

r,1d=*the urmation«sign.in [6] The assump;won of a s]ow]y varylng stif f—
nozsiX in. (6] means.. ‘the-neglect of -errors caused by the 1nher1ted error
tormu . : ' .

Q

ation errors

- In the.dynamic:case the. expresswons for the 01scret1zat1on errors of
the uncorrected and .corrected. equat1ons at twme NAt are, respectively,

dK

2 n-1
- 1,* = ,..A_t_ ‘—] N 2 * |3 4 o \
Uy - Uy ~ M r R a5 bu_ o+ E‘} + ofau”) +,0(ét ) | (&)
) . n-¢ ) .
e-d - 1
’ SR | N
— 4+ '!
2 2 d¥
u, - u§ = - AL M“] R I —»——Au? + 4 Ecl + (uu3) + O(At4) (9)
N " 4 N-1 ~ k :
n=2 du ;]
. R At2 _'I N - ) ;cj i P
where'R_ = (1 - = M *»Kné.m In-the above equatinns:E and E- are the, trunc-

ihhéritéd from the- inertia*térms and, for,;the current integration

scheme in time; “do- not- appear: to'be expressible.in a: generai form. However, they

re of @ne same’ order as ‘the  first terms in the brackets in {8) and)(Q);_gnd it
is interesting to speculate that a similar reduction in the error occufs jﬁ E¢
as compared with'E? ; . , 4\
It has been demonstrated in [23] that: the statig solutions given by the
currected and uncorrected eguations tend to converge as, the number of Jozd
increments in the uncorrected case are increased. A partucu]ar examp]e g1ven
in [23] is a spherical shell cap under a point load at the apex wnere the uncor-
rected solution converged using an increment one eighth -that required for con-
vergenee in the corrected solution. One would expect fhat.judging from (8) and
(9))the convefgence rate in the dynamic case would be more rapid both for the
Eorrected and uncorrected solutions considering the presence of the factor

Atz, and the fact that the truncation errors for the static and dynamic solu-
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tions are approximately of the <ame order in the sample problens given late-
it is shown for the example of a beam under a half-sine wave impulse over the
span, that the uncorrected solution converges rapidly with the variation in-th
tie increment. On the other hand, the corrected solution changes very little
over a range of time increments. It appears that with the reduced truncation
error of the corrected equations the effect of At2 on the convergence of the
solution is diminished.

The advantage in using the corrected dynamic equations is that one may
obtain practically convergent results with large time increments. In the
numerical examples given later it is shown that convergent solutions to dynamic
problems using the corrected incremental equations may be obta.ned using time
increments an order of magnitude greater than those used by other investigalors.
The other solutions were obtained by using the Houbolt scheme and the total form
ot the finite element equations so the comparisons are direct. This fact has

important consequences in terms of doing nonlinear problems economically.
B i

Computer Program

The system of equations for the dynamic etastiic-plastic analysis witi:)
large displacement have been incorporated in a pilot program A program pre-
- viously developad at Brown University [2] was used as the basis. Figure 1 gives
a tlow diagram for the program. The various stiffness and the mass matrices are
assembled by the program from stored information which enables certain element
types to be generated. Presently, there are four such elements available in the
library, two for beams énd two for axisymmetric shells. Controls have been
introduced to avoid the generation of the stiffness matrix every time step znd
thus uncouple the physical modeling from ‘he small time steps required for

numerical accuracy

VI. CASE STUDIES

In the following section, examples have been selected from [4] in
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a) to make compar1sons with results 1n the T’terature, b) to 1nvest1—

gz hi 11m1ts of numerical approxwmat1ons in terms of the freqaency or,

rez ssemb]y and regidial’ load correct1on, and c) to observe the e fect of

(D

:efr?champerfect1ons in a dynam1ca11y 1oaded <phere The one- dimen51ona]
e] n.nt used in the fo]10w1ng eyamples 15 of the 1soparam5ir§c‘type and has

2 ap1d rate of r"onvergence even for sma]] numbers of e]ementsi_ fh1s 1s due
1nterpo1ated scr.ace wh1ch € arb1trar1iy c1ose to the actua] structura1 shape
It has proved ‘to be a' very accurate ‘and econom1c e]ement for use inp ana1y21ng
oynan1c prob]ems. ‘ATT the current results were obtavned on a cDC- 6600 us1ng

a 60- b1t word and the effeots of rotary 1nert1a have been included 1n the‘

ﬁquatfons a]thouoh the rcsponse 1s not changed noi1ceab1y by th1s teﬁn

o

. [
0 ..1',‘\- -“u}'v‘a

\

1. “Shallow' Soher1ca1 Cap Under A Step Pressure Load

P O T A TN R P e I R S
‘ - e .t B

— e s P PR .- - f

vy~

r A Yindar eramo]e 15 117ustraced 1n F1gure 2 for the case of 3, shallow

.
4

sp”erlca1 cap under a constanr dyn muc pressure. The soluL1on us1ng the 71n1te

’1‘1>x

emnnt method was first 91ven 1n [6] and 1ater 1n th} ‘ It is noted from

r1gure 2 that¥ai three so]uf10ns aqree Even chough d1fferent e]emencs dnd

Fal

d]frerent numhers of e]ements were used 1n each cas The cu.rent vaiuns shown
and thdse From” [10] agree Thoite’ close]y in that botn used curved e]ements whereas

A m-‘-".-

sr'

L6] approx1mated “fHe $helT by stra1ght segnents A so1ut1on [7] based on moda]

. a1a1ys1s 4156 fo]]ows the™ current resu1ts c1ose]y

Jo B0 enR Ly . ey : \

§

2. Non11near E1ast1c Ana]vs1s of a <1np1V—§upported Beam Under ;
LA A HaTrzSind Initial Ve]oc1tv Dlstr1but1on o
L e e o e En,; NOETE RN B P %Lt £ 3 zy*é“ thy 1 v,

The prob1em 1]1ustrated 1n Flgure 3 was ana1yzed 1n order to checP the

H
AA". rnx

elastic 1arge d1sp1acement port1on of the mechod Th1s prob]em has be X treated
- ‘e RN L. 3~I1»4:"a .

h°oret1caﬂy in [28] and 297 ‘where the’ differential equat1ons of motion for &
bzam under an 1n1t1a} displacement condition were solved using perturbat1on

techniques. 1In [28] more general equations were written which included the effects




©
of large strain, rotary inertia, and transverse shear, vihereas [29] neglects
thzse effects and solves sinpler equations which consider large rotations - <:>
cut small strains. The final solutions in terms df the variation of the
ratio of the nonlinear to the linear period of vibration of the beam with
a perturbation parameter are identical for both approaches.

A finite difference method is used in [Bd] to solve the same probiem
with the initial velocity distribution given in Figure 3. The numerical values
computed for detlections and generalized forces were found to agree with values
tound from expressions given in [29]. 1In this case a time step of one micro-
second was used and the beam was divided into twenty meshes. -

Since rather exact results are known for this problem, it was chosen
¢s an example for testing the various solution schemes available with the current
formulation of the finite element method. Five isoparametric elements were
usec and the most exact finite element solution is shown by Fhe small circles
in Figure 3. The equations were reassembled at each time increment and stresses
vwere conputed a2t three integration points per element. fhe period of vibration
2grees with the theoretical result as shown in Figure 3 and the value for the
maximum displecement agrees with that given in [30]. - (:)

Shown in Figure 3 are solutions which were obtained(using the cor-
rected and uncorrected equations for a series of time increments. In all cases
the equations were reassembled at each increment and corrected at “each increment
as required. As mentioned previously, the uncorrected equations .converge rapidiy
while the solutions for the corrected cases change very little with the change
in time step. A feature of the dynamic behavior is the convergence of all solu-
tions over the first half-period whereas in static non]ineaf solutions the
uncorrected solution diverges rapidly froin the corrected solution for reasonably
sized load increments. This phenoinenon bears out the conclusions of the error
analysis which indicated the more rapid convergence of the dynamic equations.

If we assumme that the corrected solution has converged at At = 2.5 X 10—6 sec.

we note that the uncorrected solution for the same time increment has converged
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ractically ail the response but still only compares with the cor-

3
<
n
~-
hel

rzcied solution for at = 1 x 10“5 sec.

A procedure which results in a great economy of solution time is
t0 reassemble the ecuations at certain multiples of the basic time stlep.
for thne example under ceonsideration, as illustrated -in Figure 3a, the re-
essembly operation was perforned at every increment, every tenth increment,
znd every twentieth increment with no apparent change in the response,
However, the load correction was aoplied at each step. The effect of Vary-
irg the latter parameier was also investigated and as shown in Figure 3a the
solution is much more sensitive te changes in corection frequency as com-
pered with cnenges in reassemly frequency.

. Er approximation which is used frequently in the static analysis
o7 structures is to consider lhe stress at tne center cf the e?ément as
peing tne average surzss in the ¢liasnent and to use this va?ué afone in
computing the stiffness matrix. The vesults are shown in Figure 3a where
it is noted that with the load correction, the response compére5 VETY
favorably yith the niost exact solution shown. This proceduré is very
aconomical with respect to storags requirements and soiution times and
5qu1d be usefully enpioyed as an economic first run designed to investigate
the probable response of the structure. It would appear unwisei however,
to use this approximation without the load correction as evidenced hy“the
resﬁonse shown in Figure 3a.

An attemot was made to rate the solution procedures just described

with respect to cost in computer time and accuracy as compared with the solution

which reguires the equations to be corrected and reassenmbled at cach step.
For the sake.of comparisen the accuracy 15 determined by the miniwmum dis-

placement value a2s a percentage of the abseclute minimum. The most efficient

solution scheme, judging from the table given in Figure 3a, z2ppears to be the

case where the equations are recssembled every tenth increment and corrected




every second increment. 11 will be oo _ostiatcd by other examples how
efvective and accurate this proceduce wmay be. <i>

3. HNonlinear Elastic Analysis of a Spherical Shell Cap Under a Point

Load at the Apex

In order to determine whether the solution scheme chosen as the most
efficient for the previous problem is of general use, it was applied to the
p}ob1em of an axisymretric spherical shell cap under a concentrated load of
infinite durations applied at the apex. The equations were assembled every tent
time increment and the correction terin was applied as indicated in Fig. 4. It
is noted that the form of the plot does not change but the maximum’deflection
begins to drop off with the decrease in frequency of applicetion of the correc-
tion term, ‘These results give an indication of how ovten the correction should
t= aoplied, but it may be deduced that for an accurate solution the éorrection
cnould be applied at every step. : |

The sersitivity of the solution to the correction term may be explained
55 t0llows. The correction is computed as an unBa]ancei force at the end of an <:>
incresient. Theoretically a correction to the current displacement should be
ccmnuted by using this force and the equztions applying at the beginning of the
increment. In the present formulation because of the computational difficulties
ard expense involved in doing this displacement correction, the unbalanced force
is added on as a load over the next increment. This in effect means that the
correction will be computed using the current equations rather than the-equation
at the beginning of the increment. Ve may assume that over one time increment
the equations governing the structure will not change appreciable and the inethod
just described for applying the correction will be suitable but it becomes less
accurate as the number of intervals between corrections is increased.

Also shown on Fig. 4 is the efrect of doubling the time increment where
tee equations are still reassembled every ten increments and corrected at every

increment. Finally a plot is shown of a result obtained with the parameters jus
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,wrﬂsu1t< shen Lhirty,elements were used.

_fo+a1 form of the equatlons which. necessitates extrapo]at1ng for d1sp|acements

dz ccr1bed but us1ng the element of [31].. It is noted that this element has one
1ess degree of freedom per node but 1in terms of computational eff|c1ency th° is0- "
eramntr.r e]ement takes only approximately 15 per cent more time for an:equal

nJmDar of. e1ements.. ‘The .element. in [31] gave good ‘comparisons wnth the current

- 7 The so?ut1on arr1ved at by reassemb]1n9 every tén steps and correcL1ng
cveny st°p with-a t1ne 1ncrenent of 1 x 10 -6 seconds is compared with the resu1ts
of;a f1n1te e]ew nt so]ut1on .given in [10]. This solution was obta1nod using the

n 1ncrem°nt .and;computing’ the nonlinear - ‘portion. of the equat1ons as pseudo

O
a
!
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o
~
Kgl
1]
- I_’ » :ﬁa L.:ln,fp._ma .

_on the -right-hand side of the equations. .The equations were solved using
erat

-t
ld

1on or Newton Raphson for.;the more nonlinear problems and the. time integra-

it

as performed using the- Houbo]t scheme. « . T f

ot
-Je
G
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- As shown inFig: 5 the presegnat so1ut1on using. fifteen elements agrees

ruastanma]]_y with the. results of ;[10] for. th1rty elements.: This.agreement is

1ntere4t1ng in, tham the approaches used to: solve. the probﬂem, shch‘as the element

tyne th° tlme increment (the present. 1ncrem nt. is e1gnt times. tha+ used in [10]),
he asseﬁb1y of the. non]1near terms,. and tbe,co]utwon schene (1ncrementa1 VEersus
total equat1ons), are quite different. in each.case. . =~ ' T
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4. Elastic-Plastic Beam Under a_ Uniform Initial_Veloéity Over, = .
& Portion of the Span

FE— PR S . . . Ot . - v - .- v

- .The essent1als of ;the example; are guven in Figw 6 where a beam of. span
io" 15 given an 1mpu1se of 2]72 in. /sec . over, the centra] 2" of the.span. The-
mater1%1 of the beam is e]ast1c p]ast1c work harden1ng and is mode]ed hy a p1ece-
w1se 11near Stress stra1n curve-as shown in Fig. 6 The resu’]tc for the f1n1te
e]ement case were obtained using ten 1soparametr1c jelements “wi th three 1nteg“at1on
po1nts,per e1eTent The reassembly of the equations and the corrert1on term were
computed every fifth -and every time increment respectively, and a time increment

of- 2.5 X 10«§ﬂsec. was used.

-
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vr2 results are compared in f1g. 6 with 2 finite difference solution and(:>
with experimenta] data given in [32]. The finite difference solution was computeg
L35ing twenth mesh points on the beam and a time increment of 1/3 micro-second,

which is 30 per cent of the step size necessary for the stability of the solutiop

The finite eiement sclution using Houbolt's scheme was unstable only for a time
increment greater than 2.5 micro-seconds. A check was made on the sclution by ,
runring th2 problem with a time step equal to ) micro-second, reassembling every |
ien steps, and correcting every step, but no signif%cant change occurred.

Since the elastic large-displacement results already presented are in
sertect agrezment with other finite difference and finite element results, the !
s1ight diszrepancy between the numerical results in Fig. 6 must be attributed to
tre elastic-plastic portion of the problem. A further check was made on the
Tinite ele~ent solution by using five Gaussian integration points per element
z5 opposed to the three used originally but no change was reflected in the result,
ard so it is assumed that the solution has converged. The differences between
‘ne pnumerical solutions may be accounted for by ilhe fact that in the current
solution scheme the elastic-plastic constitutive law is weighted for stress |
ctztes going from elastic to plastic over an increment. %he;discrepancy between <:>
£o-h nurerical results and the experimental valuec may be accounted for by the
Tact that the effect of sirain rate sensitivity on the yield stress of the steel
used in the experiments is neglected in the numerical solutions.

Results obtained by various investigators on the variatioﬁ.of the yield
siress of structural materials with increase in strain rate are reviewed-in [19]
end it is Tentioned there that for the steel used in the experiments in question
the increés2 in yield is about twenty per cent at a strain rate of 100 sec. —],
Tne inclusion in the nunerical analysis of this factor on the yield stress would

tend to irprove the agreement between theory and experiment.
°

5. Elastic-Plastic Buckling of an Imperfect Sphere Under a Uniform

Constant External Pressure

The geometry of the sphere is shown in Fig. 7 where the imperfection is
given as & flat section of the shell of radius R; » which is taken to be the
imp
rean radivs of the oblate portion of the sphere. For the more simple elements, <:>

where only cdisplacement continuity is required at the nodes, as in [31] and [6],
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‘hwgner order e]ements across the Junctlon is ach1eved by app1y1ng a constra1nt
:i‘rﬂd darca] [33] Pre11m1nar/ anaiys1s of a 11near hemispherical cheH suggested
: equ be surr1c1ent to: cover the response
4>and -he cr1t1ca] static bucP11wg pressure. P crit. for the sphere. " Also shown

is the mode] of "the stress: strain behavior of the she11 material which, corre-

wsponds to-that of an aluminum alloy (7075-T6).

‘rcsu]ts Tor the paranater A =2, ?2 are shown in Fig. '8, where the deflection )

,of the resr0nse h1st0ry a1so 1s qd1te d];ferent for each mater1a] idealization.
‘4Tn° structure 1s dee.ed to ha»e buck1ed vhen the defiectvon pro#11e increases

\‘ ”rast1ca1]y Tor a sma11 1ncrencnt 1n prescur -~ AS an ex :amnle of this, consdider
Lh° d1verg°nce betwoen the deflect1on prof17es for the elastic response to the
~rondm\ens {onal pressure vaTue: g1ven by /PCmt 0.575 'and P/PC ;t = 0.55 -

gcppears to b° JUSt b°1ow the bucn]1rq pressure threshold

’che,varwat1on of the paramerer x5 resu]ts are Shownsin Figl 9'for A = 3:42.

%onever tne overa]] response history is very different from that of Fig. 8 in

(5

tno Junctlon of tre 1mnerfect port1on with the rest of the shell presents no

) pec1a] prOulem But for the hwgher order 1soparawetr1c element, the dis p]ace—

LA

',.an S, and‘ eir f1rst der1vat1ves dre 1ncompat1b]e The conb1nat1on ‘of “these

-

re1at1ng the d1sp1acemencs at two hypothet1ca1 nodes ‘1n the manner of H1bb1tt

that a so1ut1on w1th twenty elements “and-a time increment of 0.1 micro- seconds

o€ e L

Inserted in Flg 8 are the exp.ess1ons for the geometric parameter )

The she]] was ana]yzed botn e]astwca]]y andg elastic- p1ast1ca|1y and the

et the apex 1s p]otced aga1rst t1me It is noted that there is a greet'differencegﬂ
L\?t/e n the eYastlc and the e1ast1c p1ast1c values for the’ ratwo of the pressure

requ1red to cause dynamwc buck]1ng to p in the imperfect sh°x1 The form

crit.

earTy all of the curves point to the fact that the response must'be ‘traced.over
a numoer of oscillations before it is decided whether bwckling will occur or not.
Th1s is e>p°c1a]1y true for the elastic examp]e with P/P rit. = 0.55 ‘which

To 111ustrate the d1fferent respon;e character1st1cs of this sHell with

li"

1N th1s case the response is ma1n1y elastic and this is’ reflected in the proximity

OT Lhe e1;<t1c and elastic- plastic bucklirng values for P/P crit .given in Fig. 9.

Lhat bucx]1ng occurs after the first maximum and not after a number of oscillations.

R
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The problem under discussion was first solved by Bushnell [34] for the(i)
static elastic case, and alsc by Marcal [2] for the elastic-plastic case. ‘These
results are now compared with the present elastic and elastic~-plastic dynamic
results in Fig. 10. Values of the pressure parameters P/Pcrit. which inititate
buckiing are plotted against the geometric parameter A. The main feature of
the results is the manner in which the dynamic elastic-plastic curve resembles
the form of the corresponding static result from [2]. In both the static and
dynemic cases, for A < 3, the buckling pressure is governed véry strongly by
the plastic flow of .the material.- For these values of X any analysis.neglect-
ing nonlinear material behavior would be meaningless. This problem is a good
example of a strong interaction between large displacements and nonlinear materia}
behavior,

As observed in Fig. 8 and 9, two different manners of collapse take place
for different shell paramaters, namely collapse on the first maximum displacement
and collapse on subsequent maxima. It is noted from Fig. 10 that, compared to

, the penalty due to the imperfection, dynamic loading does not impouse too large
/ a penalty. ! (:)

In computing the results just described the equations were reassembled
every ten increments and corrected every second increment. It was felt that
"these values were sufficiently accurate in that the time increment used of 1/10
micro-second was very small, and in that the final buckling value taken was com-

puted as the average of two close values, one of which caused buckling while the

other did not. : . N

VI1. DISCUSSION AND CONCLUSIONS
A numerical procedure has been developed whereby the finite element

method may be used to analyze large elastic-plastic deformations of structures
under a Qariety of dynamic loadings. It has been determined that the standard
incremental equations are not totally sufficient in the dynamic case and that a
correction should be applied to the system in the form of an equilibrium check.
The error in the simple incremental method is shown to be of the order of the
displacement increment squared coupled with a factor equal to the time increment
squared. It is this factor which causes the incremental method to converge <:>
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rapidly as the time increment is made smaller and smaller. On the - *ef~hahd,

‘It has ‘been found that the corrected incremental eguations give stable and

‘azdurate sclutions with uime increments approximately one order of magnitude

énéEféf fhéh1COrre$pondin§ time steps used in finite difference, and othe"
finite element work. In this case the reduction of the truncct1on error of the

“solution by the correction process favors the convergence of the so]utlon, and

mak?s‘fhe‘incnementa] appirvach competitive economically with other methods which
require ‘extrapolation, and therefore small time steps, in order to handle the

nionlinear “terms.

.. . Many approximate procedures, which are often employed in stati¢ finite
element analysis, were tested with the purpose of gauging their suiﬁabi]ity for
use in dynamic work. It was shown for the example in Fig. 3b that computing the

' erass at one representativé point only in the element gives results which agree

substantia]Yy Wwith the "analysis which includes all stress points.  This approxima-
L.o@ sdves time ‘dnd-storage 'in the computer, and -is useful as a f1r5t step in-

an analysis, but it should be used only with the corrected form of the incremantal
zjuations.: A point to remeniber abott nbn]inear‘ahﬁ?ysjs,asUch as ' demonstrated in
yhe«exanp1n aiven>‘or the elastic and elastic-plastic buck]ing ofla sphere, is
th tit is difficult to estimate the probab]e response in order to plarn a numer-
1ca] solutidn. An inexpansive way of’ 1nvest1gat1ng the problem, used frequent1y
in th1s research as a preliminary step, is to reassemble -the equat7ons at-very

wide intervals and likewise with respect to applying the.correction terms. Cases

in ppint are-the beam example in Fig. :3b and the shell example in Fig. 4 where
the reasseibly and correction operations were performed every tenth and eveny'
Tifth increment, respectively, without any great change in the frequency or
zmplitude. Since most of the solution time is used in the updating procedure,
the savings in execution time increase substantially with the frequency of the
updating. A word of caution is inserted here to the effect that, while the
reasSembly of the equations may be performed at will, the correction terms should
bz computed more frequently as pointed out in the example of tﬁe spherical cap
under a point load at the apex. This is especially true for the elastic-plastic
case wnere the so]ut%on tends to be unstable for too low a freguency of the
seplication of the correction terms. As an example, the solution of the elastic-

plastic buckling of the sphere was unstable when the correction was appTied every
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f n increment, but gave & stable solution wren the computation was made every
second increment. This is to be expected in a solution where the response varieg
videly and serves as a built-in indicator of sucn a response. An added advantage
ot the incremental method, as opposed to using the total form of the equations
and extrapolating for the nonlinear forces, is that the above approximate and
irexpensive solutions may be obtained.

A useful development of this research is the general purpose computer
program from which the results described here have been obtained. This forms
a versatile research tool due to its modular and flexible construction.
Espvecially impeortant is that any element may be used in this program, and con-
versely any improvements made in the solution scheme in the body of the program
apply to all elements. Thes capability Tor node-typing is also available and
would be suitable for probiems involving combined element analysis where linear
constraints must be imposec on the interfaces between the different element
types. The solution scheme used, the incremental method, also allows one to add
oither constitutive relations to the program directly. In using the total form
cf the equations it is not clear how one would separate the pseudo foirces due to

meterial and geometric behavior evern for the simplest nonlinear constitutive <:>

~
~

rejation. : | "
In suimmary, some progress has been made in the solution of nonlinear

.Qynamic problems. Useful approximalions have been found to yield economic

solution times. The effect of geometric imperfections on the dynamic buckling '
of an elastic-plastic shell has been observed. Future work will be concerned /
with exterding the analysis to other structure types and to the inclusion.of

\

visco-plastic behavior.
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STEP-BY-STEP SOI{11: | OF DYNAMIC EQUATIONS @

The solution of the dynamic finite element equations involve a
step-by-step integ{afibn~ T5-date workers-have only pursued the impiicit

. methods. The wr1ter thinks that th1s is due to interest in the structurai
dynamics reglme of behaw1or where there is less penalty for adapfnnq the

| implicit 1ntegrat1on schemes There is every evidence ‘that in the shock

regimes the exp]ic1t equatlons ww]? ‘prove‘useful. S1m11a? work by fwnjte

d¢ifferences (e.g.. the Pisce code) use explicit integration schemes to the

-

fullest.” ' .o S ;
In the use of the implicit schemes, the user should be aware of

Two p0551b]e types of- errors The 1ntegrat1on scheme introduces their
Lab171ty by averag1ng or “*damping’ with past values. ~This resu]ts_lp
a distorfion of the amplitude as well as the phase.

DIRECT. INTEGRATION OPERATORS , \
Two direct integration oberators are commonlys used:: The first is
the hnwﬂark g method, with y = 1/2 B =1/4 (trapezo1da1 ru'ﬁe;9 wh11e the second
C:}ﬁs the Foubo]t operator (d1sp7acement approx1nated over 3 time- steps by a cub1c)
Both of these operators are implicit (i.e., matrix solution is required to step the
solution forward) and both are unconditionally stable Wftﬁ'respect to time step size
fo; linear problems. The Houbo]t operator introduced art1f1c1a] damp1ng, the amount
of such damping increasing thh the ratioc of time step to per1od of the natural modes
of the system. Thus the Houbolt operator effect1ve]y removes higher mode _response
from the system The usual recommendation is to extrict the Eigen modes and fre-
quencies of the sysgem and then decide cn which modes are 1mportant to the response.
The time step should then be chosen as 1/15 to 1/30 of the per1od of the highest
such mode. IHowever, in nonlinear problems, the mode shapes and frequebéies are
sfrong functions of time, through plasticity and large displacement- effects, so that
the above gu1de11ne may be qu1te a coarse approx1mat1on A more general rule would
be to repeat a part of the ana]ys1s w1th a s1gn1f1cant1y d1f7erent time step (1/5 to
1/10 of the or1g1na1), and compare response. This is ea511y achieved through the
use of restart.
<:\ Both the Newmark and the Houbolt operators introéuce periodicity errors,
,H again reversing with the ratio of time step to period of the natural mode involved.
Yith the above guideline, minor errors would occur for the modes below that used for

time step estimates.




& cernvalions below show o ~so.tions used in MARC to solve <E5i)-
tne sys* .. based on the Hewmark and Houbolt operators:

LheWWMARK g OPCZRATOR <:>

The generalized form of the Newmark B operator 1is

WMoy s a4 (%—» 8) at? a" + g at? A"

n n+l

=y + (I-y) st a” + y at a

"~ The particular form corresponding to the trapezoidal rule is

-1 1.
hi -2) B g
n+} n n At2 n At2 n+1
u =y et v+ e a5 a (1)
ntl _ on At n At ntl
\ =y + 5 @ + 5
The equation of motion at time tn+1 is
TR RV AL L D N U (2) O

Rearranging (1) gives

n+l _ _5? un+1 _ 4 J" "K% U : \
Aot At . \
and
ntl _ 2 ntl 2 n _.n
v Tat at Y oV

Substituting in (2):

(_%2_ M + K% Cn"".i) un+1 + In+1 - Fn+] + M (an + K%\ln + _%2 un)
& A

_E_UH)

N
+C (v + it



“.How approximate IMl =f§n.+ K au . 153

4
- ~ - P
KA -4 N 2 NI -

1»'Can ?icn

and subtract

AR T
g = , . Lo b At$ ; :“"w ' ’
Trom both.sides, ;g give: -

A R ¥
o= .

nt+1

(*ﬁ- M+2C+ K) L R NG v+ C” (3)
’At ’ :
- Equation (3)-allows impiicit solution of the system: TULL P IR
and then (1) gives a1 and“vn+1°

Note that- (3) contains residual load correction jmplicitly. To remove

the corréct1on, vie use . : .
I SRR
~to remove I - -
<:> " so that (3) becomes EAN
4 E'Z SR L?‘4 ! ‘ SN - ;éﬁ n . n
(? M+ it C+ K) au = AF + M (23 = At~v‘) +‘2 Cv (4)
DAMPING | o \ )
- Making ﬁhe assumption
C= oM+ 8 K (a,B’ scalars)
gives (3) as
[+ 2 1+ (BE+1) K] au = UL LR (3a)

at

+ M (" + (g1 + a) V)

4

and (4) ag

O

(A ¢ 22y me BBy k| s = oF w0 (2" + (G + 2) V) (4a)

&t

+ 28K vn




HOUBOLT INTEGRATOR

The Houbolt operator is based on the use of a cubic fitted through
three previous points and the current (unknown) point in time. Let M he thg<:>
new time: then the operator is based on assuming:

(t-t™) (t ") (£-t""9)

- — u
u (tn+1 t ) (tn+1 n- ]) (tn+] n 2) n+l
1 - n-2
# (t-t"Y) (2" (t-t o
n . n+l n ,n-l n ﬁ%Z ) Un
(t'-t (t7-t7 ) (t7-t7 %) _
Po-t™h (1-t") (et !
(tn‘1_tn+]) (tn'-]_tn) (tn']_tn-Z) n‘]
1 n n-1
# (e-t") (-t") (22"
(tn—2 tn+]) ,tn-Z_tn) (tn-Z_tn-l) ' Yn-2

(t-t) (t-tP) (t-t°),

Now writing f

we have a0 o (%) (£-t€) + (t-t) (+-1) + (t-t%) (t-tP)
dalf a b c O
and — = 2 {(t-1%) + (t-t7) + (t-t~)}
dt
Thus, if we assume tn+] =t 4 at = tn—] + 2Aat = t"-2 + 3at
(i.e. uniform time steps), we obtain vn+1 and an+]\as
n+tl _f1 11 n+l _ n,3 n-1 _ 1 n-2
v —{At g U 3u 4 5 U 3 U } ‘
(2)
and an+1 = 12 {2 un+] -5u" + 4 un_] - un—Z}
t



v
' {on , :
The equation of motion of tirs t"' s o (éiii’:
§ N . uu‘\ ; . . i i
R A AL S LN SN LD VT (3)
B e oy, B . - '.A +‘ . + ~ -‘
PR 2Jb>t1 tutmg (2) in (3)' to remove @ 1 and: s 1 .gives
N TS LR o P L
(Ly s ‘1 ¢y o
ot
~ : _
we ; N
+ 'lZ' (54" -4 A" i) M
At
At e -~
nl n_ 3 . n-1.1 n-2 , Y
P_u-%-At(Bu ~2-u t'B-U )'C_ . ) (4)
OwW assume we can approximate Inﬂ = 10 ¥ g% Au
LLLES LETaYY
Nl n
{(au = u -u)
n+l noo_. . J - )
and assume C' . = C", since C is never accurately known.
L 57.,}, S N
Then (4) becomes s s
2
(S m+ ”6110 AT T VR A 4
AtS -
R A B T
at :
] n 3 n-1, 1. n-2
e (3u ~Hu U ',) C

5
s

Subtract “7(— M+ —6-——- ¢") u? from both sides to obtain an in-
At Ty T
crementa] form:

(-2—M+—1lc +K)Au= Fnﬂ - I"+—1—-(3 u" “‘4““-1 “"Uﬂ-Z) H
at? bat at?

. 14 .n 3 n-l 1 n-2 ~
+Z:€(-6'U "?'U +—3-U. )C (5)




This equation provides an sme. .oh aotuiion scheme: Splve (5) < 7
. n+i i . . +1 +
for au, hence obtain u = ¢ 4+ au and sg, usiINg (2), obtain " ! and a" 1.

Two points should be kept in mind -

(1) (5) is based on uniform time steps and so must be modified

when time step size is changed.

(2) A special starting procedure is necessary since un, un‘] and

un_2 appear in (5).

Recasting of Houbolt in terms of accelerations and velocities, a + v

From (1) and its derivatives, again assuming uniform time steps,

n_ 1, n¥l 1 .n_ -l 1 n-2
V= 4t (3 u * U u tgu )
and a" = —l?—(un+1 -2+ u"")
at
Rearranging,
un—1 - AtZ N un+1 + 2 an
and so
N2 = gat? a" + 6at V" - B G+ 9 "
Thus {2) may be re-written as .
ntl _ 1 n+1 n n 1 ,,2._n
\Y = 1T {3 u -3 u -2rv > AtT a }
and (6)
2"t = —12' {6un+.l - 6u" - 6at V" - 21t a"}
At .
Substituting in the equation of motion (3) gives
(—§§-M + Z% c) un+1 + 1n+1 = Fn+1 + »lg-M (6un + 6At Vn_+ 2At2 a")
at at .
1 n n, 1 2 .n
+ —C (3 + 2t v + 5ol a )
at 2 (:)



0

I : ) . -
So that approximating , . - (Eii)

¥

N+ oy

+ Kau,

We have

> " -
B “

6 3 . ghtl _ 4n
(Pr1+EC+K)AU F 1 . ‘

1 n ’ T
+:EE~M (E‘V + th é ) (7)
+ 0 (2 v+ %—At a")

Note that with this technique, no special starting procedure (other

than computing the accelerations at t =f04from the total equations of motion)

is necessary. .

_ Equation' {(7) may be solved for the au, hence = 0+ e and
equations (6) compiete the step to time (n+1). Note that uniformity of time
step was assumed throughout the derivation.

Equation (7) contains residual load correction ihp]icit]y. To remove
this, w2 assume

SR LS LU AL A

So that (7) becomes
\

(;%'4+Z%C+K) Au=AF+th'M (6v" + 3at ;n)
+ ¢ (3 + %-At a") o (8)
DAHEING
With the assumption
C=aM+ 8K . (u, B8 scalars)




TR Oy e U gy LY Bl s

[+ 2 # (%’;% R ST A

s L2+ 2a) v+ (24 §5a) A"

+8 K [2v" + 5 at a") ,

N}~

With residual load correction,

“and E

6 3oy W -
[ (Z:Z" e M e 1) K] bu = oF

At

+BK(3vn+J2-—At an)

+ M [ (Z% + 3a) V' + (34 5 a) a" ]

(7a)
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